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Chapter 1

Executive Summary

In the past five decades many important discoveries have been made in electron-proton scat-
tering experiments. The finite size of the proton was measured in Hofstadter’s pioneering
experiment in which electrons of 188 MeV energy were elastically scattered off a hydrogen
target [1]. It demonstrated conclusively that the proton is not a Dirac particle but has a
finite size. Hofstadter was awarded the Nobel prize in 1961 for this discovery. The energy of
Hofstadter’s accelerator was not high enough to resolve the internal structure of the proton
but it laid the groundwork for a vigorous research program of inclusive electron scattering. It
took another decade, and the construction of the powerful electron accelerator and the large
magnetic spectrometers at the Stanford Linear Accelerator Center (SLAC), to “see” deep into
the proton’s interior. At energies of 20 GeV, experimental groups led by Jerome Friedman,
Henry Kendall, and Richard Taylor discovered “scaling”, i.e. the independence of deeply in-
elastic structure functions of the proton on the virtuality of the electromagnetic probe [2, 3].
These results could only be interpreted in terms of electron scattering off point-like “partons”
inside the proton. They were also a triumph for the quarks postulated earlier by theorists
Murray Gell-Mann [4] and George Zweig [5] as the fundamental building blocks for hadrons.
Gell-Mann received the Nobel prize in 1969. For the experimental discovery of the proton’s
quark structure Friedman, Kendall, and Taylor shared the Nobel prize in 1990. The small
but significant deviations from scaling that were observed in the SLAC experiments also had
significant impact on the development of the theory of Quantum Chromodynamics (QCD),
and are fully explained by the emission of gluons from the struck quarks.

Deeply Inelastic Scattering (DIS) experiments, where only the scattered electron is de-
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tected, have been carried out up to the highest energies at CERN and at DESY. The longitu-
dinal momentum and spin densities of the quarks have been mapped out in detail. We have
also learned that the quarks are not the only tenants of the proton, but that more than 50% of
the momentum of the proton is carried by the glue needed to bind the quarks together. More
recently, inclusive polarized electron scattering off polarized protons led to the “spin puzzle”,
the finding that the quark spin contributes less than 25% of the total spin of the proton,
leaving much to be understood about the origin of spin [6]. DIS experiments will continue
to play an important role in further unraveling the valence quark structure, especially under

extreme conditions, e.g. when one quark carries nearly the full proton momentum.

GPDs D ¢ GPDs

"Proton Proton ™ # Proton Baryon

Figure 1.1: The “handbag” diagrams for deeply virtual Compton scattering (a), and for deeply
virtual meson production (b). Four GPDs describe the “soft” proton structure part. They depend
not only on z, but on two more variables: the momentum imbalance of the quark before and after

the interaction, &, and the momentum transfer to the proton, ¢.

A glorious past and present is a good basis but not a guarantee for a successful future. So,
what is the new physics that we are confident will shape the future of nuclear physics with
electromagnetic probes for the coming decades? While the major discoveries in electromag-
netic physics have so far come from electron scattering experiments where only the scattered
electron is measured in magnetic spectrometers, in particular measurement of elastic form
factors and longitudinal parton densities, they are not sufficient to unravel the full structure

and internal dynamics of the proton. Semi-exclusive measurements, in which one hadron is
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observed in addition to the scattered electron, are needed to study its flavor structure, and
only fully exclusive processes in which all final products are reconstructed can unravel the
complete internal dynamics of the proton. The experimental and theoretical tools for such
an endeavor are now on the horizon: electron machines such as CEBAF at 12 GeV, with
its CW beams and large acceptance detectors operating at high luminosities, are needed for
the experimental part of such a program, while the new formalism of Generalized Parton
Distributions (GPDs) provides the theoretical framework for the interpretation of the new
experiments [7, 8, 9, 10, 11]. The basis for this approach are the “handbag” diagrams shown
in Fig. 1.1. Here the electron knocks a quark out of the proton by exchanging a deeply virtual
(massive) photon. The quark then emits a high energy photon (a) and is put back into the
proton. Alternatively, a ¢g pair (meson) is created, and one of the quarks is returned into
the proton (b). At sufficiently high energies and high virtuality of the exchanged photon
(“Bjorken regime”) these processes are controlled by perturbative QCD, and the results can
be interpreted in terms of “soft” correlation functions, the GPDs. They describe the full
complexity of the proton’s structure and dynamics.

What can these experiments tell us about the proton beyond what previous experiments
have? Elastic scattering and deeply inelastic scattering give us two orthogonal one-dimensional
projections of the proton: The quarks in the proton are subject to quantum fluctuations,
resulting in variations of the proton size at a time scale of < 1072 seconds. Elastic scattering
measures the probability of finding a proton with a transverse size b, matching the resolution
of the probe given by the momentum transfer t: b, ~ 1/ \/m . The expression relates the
momentum transfer to the transverse size of the proton probed in the interaction. Deeply
inelastic scattering probes the longitudinal momentum distribution of the quarks, but has
no sensitivity to the transverse dimension. These two aspects are illustrated in the first two
panels of Fig. 1.2 [13]. The information resulting from these two types of experiments is
disconnected, and does not allow us to construct the image of a real 3-dimensional proton.

Deeply exclusive scattering processes connect both transverse and longitudinal information
including their correlations as described by GPDs. This is shown in the third panel of Fig. 1.2.
The GPDs now depend on 3 dimensions (z,&,t). Once the GPDs are measured they allow
the construction of a 3-dimensional image (two in transverse space and one in longitudinal
momentum) of the proton in what has been called “nucleon-tomography” [12]. GPDs will

allow the study of the mass and angular momentum distributions of quarks, and the forces
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Figure 1.2: Representations of the proton properties probed in elastic scattering (left), deeply
inelastic scattering (center), and deeply exclusive scattering processes (right). Elastic scattering
measures the charge density p(b,) as a function of the impact parameter b,. DIS measures the
longitudinal parton momentum fraction density f(z). GPDs measure the full correlation function
f(x,b1,&) where £ represents the longitudinal momentum imbalance of the struck quark before and

after the interaction. The graph shows the correlation function at & = 0.

and pressure distributions in the proton.
On very general grounds we expect a correlation between the transverse and longitudinal

variables that, for example at £ = 0, could be of the form [12]:

Hy(x,0,t) ~ gp(a) exp =20 (1.1)

where ¢s(z) is the forward parton distribution of flavor f and a is a scale parameter charac-
terizing the transverse size. While the exact shape of this function needs to be determined ex-
perimentally, it must qualitatively contain the correlation between these parameters. Fig. 1.3
illustrates the physical significance of Eq.(1.1) [12]. The graphs show the strong correlation be-
tween the t-dependence (transverse size b, ) and the z-dependence (longitudinal momentum).
For the spin-independent GPD H(x,&,t) the left panels show the dramatic change in trans-
verse profile as a function of longitudinal momentum z, while the image remains isotropic. A

spatial anisotropy in the proton is observed for the spin-dependent GPD FE(z,&,t) shown in
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Figure 1.3: Simulated proton tomography images for the d-quarks, showing the strong correlation
between the transverse size and the longitudinal momentum|[12]. For small quark momentum z, the
proton has a large transverse size, and it becomes very dense at large x. Left column: unpolarized

proton, right column: transversely polarized proton.

the right panels.

Electron scattering is the fundamental tool to determine the structure of atoms, nuclei,
protons, and hadrons. This program must remain the flagship of an electromagnetic laboratory
aimed at making fundamental contributions at the frontier of hadronic physics. This continues
to be true for measurements of form factors and inclusive processes at high z. The new
physics contained in the GPDs will be the climax of electron scattering and revolutionize
nucleon structure physics. With the 12 GeV upgrade, JLab will be in the unique position to
carry out a major part of the program using its powerful electron accelerator and its versatile
instrumentation. The upgraded CLAS12 detector will make major contributions in many areas
of hadron physics. In particular, CLAS12 will have design features that are essential for probing

the new physics of the GPDs.
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Chapter 2

GPDs and Quark Distributions in

Transverse Space

2.1 Introduction

The challenge of understanding nucleon electromagnetic structure still continues after five
decades of experimental scrutiny. From the initial measurements of elastic form factors to the
accurate determination of parton distributions through deep inelastic scattering (DIS), the ex-
periments have increased in statistical and systematic accuracy. Only recently it was realized
that in fact the parton distribution functions represent special cases of a more general, much
more powerful, way to characterize the structure of the nucleon, the generalized parton distri-
butions (GPDs) [14, 15, 10, 11]. The GPDs are the Wigner quantum phase space distribution
of quarks in the nucleon — functions describing the simultaneous distribution of particles with
respect to both position and momentum in a quantum-mechanical system, representing the
closest analogue to a classical phase space density allowed by the uncertainty principle. In
addition to the information about the spatial density (form factors) and momentum density
(parton distribution), these functions reveal the correlation of the spatial and momentum dis-
tributions, i.e. how the spatial shape of the nucleon changes when probing quarks and gluons
of different wavelengths.

The concept of GPDs has led to completely new methods of “spatial imaging” of the
nucleon, either in the form of two-dimensional tomographic images (analogous to CT scans in

medical imaging), or in the form of genuine three-dimensional images (Wigner distributions).
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GPDs also allow us to quantify how the orbital motion of quarks in the nucleon contributes to
the nucleon spin — a question of crucial importance for our understanding of the “mechanics”
underlying nucleon structure. The spatial view of the nucleon enabled by the GPDs provides
us with new ways to test dynamical models of nucleon structure.

The mapping of the nucleon GPDs, and a detailed understanding of the spatial quark and
gluon structure of the nucleon, have been widely recognized as the key objectives of nuclear
physics of the next decade. This requires a comprehensive program, combining results of mea-
surements of a variety of processes in electron—nucleon scattering with structural information
obtained from theoretical studies, as well as with expected results from future lattice QCD
simulations.

GPDs, in basic terms, describe the structure of the nucleon probed in reactions in which a
high-energy, short-distance probe interacts with a single quark in the nucleon. Mathematically,
this is the quantum-mechanical amplitude for “taking out” a quark from the wave function
of a fast-moving nucleon and “putting it back” with different momentum, thereby imparting
a certain momentum transfer to the nucleon. It depends on the fractions of the nucleon
momentum carried by the quark before and after the process, x + & and x — & (£ defines
the longitudinal momentum transfer to the nucleon), as well as on the transverse momentum
transfer to the nucleon, A . In the special case of zero momentum transfer, ¢ = 0and A, =0,
this amplitude reduces to the usual parton density of quarks in the nucleon, measured in
inclusive deep-inelastic eV scattering. Similarly, in the case of non-zero transverse momentum
transfer, A # 0, the integral of the GPD over x reduces to the nucleon form factor at invariant
momentum transfer ¢ = —A2 | measured in elastic eN scattering. Thus, the GPDs combine
the traditional concepts of parton density and elastic form factor within a single structure.
The presence of spin — both of the nucleon and the quark — as well as quark flavors (u,
d, s) leads to the appearance of various independent spin/flavor components of the GPDs.
Together, they provide a comprehensive description of the quark structure of the nucleon.

The GPDs, however, contain much more information than the parton densities and elastic
form factors alone. They describe the correlation of the quark longitudinal momenta (z+¢&, z—
€) with the transverse momentum transfer to the nucleon (A ). This information permits a
simple interpretation in terms of a spatial distribution of quarks in the nucleon. For £ = 0, the
two-dimensional Fourier transform of the GPD with respect to A | describes the distribution of

quarks with longitudinal momentum fraction x over the transverse distance, b, from the center
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of the nucleon (impact parameter). The integral of this spatial distribution over b gives the
total parton density at a longitudinal momentum fraction x. This 1+2-dimensional “mixed”
momentum and coordinate representation corresponds to a set of “tomographic images” of
the quark distribution in the nucleon at fixed longitudinal momentum, z.

A fully 3-dimensional spatial image of the nucleon is obtained when taking the Fourier
transform of the GPD also with respect to the longitudinal momentum transfer to the nu-
cleon, &, thus localizing the nucleon also in longitudinal space. In this case the GPD turns into
the Wigner phase space distribution of quarks in the nucleon, describing their simultaneous
distribution with respect to longitudinal momentum z and the conjugate coordinate. A quan-
tum phase space distribution describes the distribution of particles over both coordinate and
momentum (or, more generally, pairs of conjugate variables) in a quantum mechanical system
and represents the closest analogue to a classical phase space density allowed by the uncer-
tainty principle. Fig. 2.1 shows the spatial shape of the nucleon (contours of equal density)
for quarks of different longitudinal momentum fraction, x, as obtained from a model GPD
consistent with present parton density and form factor data. One sees that the effective shape
of the nucleon changes with the quark momentum fraction probed in a certain reaction. This
new 3D representation offers unprecedented possibilities not only for visualizing the nucleon as
an extended object in space, but also for understanding the space-time evolution of scattering
processes probing the quark and gluon structure of the nucleon.

Further motivation for the study of GPDs comes from the fact that certain moments
of the GPDs — integrals over the quark momentum fractions — are related to fundamental
static properties of the nucleon that cannot directly be accessed experimentally otherwise. In
particular, the second moment of the GPDs gives the fraction of the nucleon spin carried by
the quarks, including their spin and orbital angular momentum. Starting with the historic
measurements by the EMC collaboration 20 years ago, determining how the spin of the nucleon
is composed from the spins of the quarks and gluons and their orbital motion has been the
central goal of polarized deep-inelastic scattering experiments. Measurements of the GPDs
would give access to the quark orbital angular momentum, thus providing information about
another crucial piece of the nucleon “spin puzzle”.

The momentum transfer, Q?, in eN scattering defines the spatial resolution of the probe.
The description of hard exclusive processes in terms of GPDs applies to the limit of large Q?,

where the reaction is dominated by the scattering from a single, quasi-free quark (“leading—
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longitud.

x=01 x=0.3 x=0.8
Figure 2.1: “3D images” of the nucleon as obtained from a model phase space distribution incor-
porating phenomenological information about GPDs. Shown are constant-density surfaces of the
spatial distribution of u-quarks, for three values of the momentum fraction z. In the valence quark
region (z > 0.1) the nucleon has a spherical shape. At large x the size shrinks and the shape becomes
oblate (disk-like). At small z, the quarks spread out in the longitudinal direction, and the shape

becomes prolate (cigar-like).

twist approximation”). At lower Q?, effects related to the interaction of quarks during the hard
scattering process, or coherent scattering involving more than one quark, become important
(“higher—twist effects”). The minimum value of Q? required for the GPD description to be
applicable in practice depends on the final state, and can ultimately only be determined
experimentally. For DVCS (see Fig. 2.2), the experience with inclusive DIS and other two-
photon processes such as y*y — 7° (measured in eTe~ annihilation) suggest that the leading-
twist approximation should be reliable already at @? ~ few GeV2 Thus, DVCS can be
used to extract information about GPDs at the momentum transfers accessible in fixed-target
experiments. For meson production, the experience with the pion form factor at high @Q? and
available meson electroproduction data suggest that higher-twist effects are significant up to
momentum transfers of Q% ~ 10-20 GeV?. While such effects can be reduced by forming ratios
of observables, or can be accounted for in phenomenological models, it seems likely that the
use of meson production data for a quantitative extraction of GPDs requires measurements
at significantly higher momentum transfers than in DVCS.

In the eN — eN+ cross section, the DVCS amplitude interferes with the known amplitude
of the Bethe-Heitler (BH) process, in which the final-state photon is emitted from the electron
(see Fig. 2.3). The total cross section is given by [16]:
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Figure 2.2: Reactions in eN scattering probing the generalized parton distributions. Deeply-virtual
Compton scattering and meson production probe the GPDs at non-zero longitudinal and transverse
momentum transfer, £ # 0, A = 0. Different mesons (p, 7, K) select different spin-flavor compo-

nents of the GPDs.

2
dotP—repy a3$By

drpdydNde — 1672Q°/1 + €

T

e3

(2.1)

where € = 203 M /@), y is the fraction of the electron energy lost in the nucleon rest frame and

¢ is the angle between the leptonic plane (e, e’) and the photonic plane (v*,7).

DVCS BH

I I
@ (b) (©)

Figure 2.3: Diagrams contributing to the electroproduction of a real photon. The DVCS process

(a) is shown along with the interfering Bethe-Heitler diagrams (b) and (c).

The total amplitude 7 is the superposition of the BH and DVCS amplitudes:

TP = [Teal®+ [Toves/” +T (2.2)
1 = ‘TD*VCS’E?H + 'EJVCS'E;H, (2.3)

where Tpycs and Tgg are the amplitudes for the DVCS and Bethe-Heitler processes, and 7
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denotes the interference between these amplitudes. The individual contributions to the total

ep — epy cross section can be written as (up to twist-3 contributions) [16] as:

2 FBH(xBaQQat) BH - BH BH _:
|7;3H| - Pl (QO)P2(Q0) Co + Z Cn COS(’H,QO) + §1 sSmy 3 (24)

n=1

2
[ Toves|” = Toves(es, @,1) {CODVCS + Z[CSVCS cos(ngp) + s, “° sin(ngp)]} , (2.5)

n=1
I_WI(va Q27 t)

- W] {Co + Z[Cn cos(np) + s, Sin(nw)]} ; (2.6)

where P; () and Ps(p) are the BH electron propagators and c¢;, s; are azimuthal moments in

n=1

the corresponding cross section contributions.
Depending on whether the beam helicity or target spin is flipped, different GPD con-
tributions enter the cross section azimuthal moments (o1, opz). In practice, cross section

asymmetries are experimentally easier to determine:

_do“ —do” P a(em, Q1) slsin ¢ + sk sin 2¢p
T dot +do AP VBE L LT pePVOS 4 (BH 4 ol + TPV cos g’

2.7)

where "4, I'p are known kinematical prefactors.

DVCS measurements thus allow one to separate the imaginary and real parts of the DVCS
amplitude (cf. Fig. 2.2) by measuring combinations of cross sections and asymmetries with
respect to the beam spin (helicity), beam charge (e*/e™), and/or target or recoil polarization.
The imaginary part of the amplitude probes the GPDs at x = £ = x/2, the real part probes
a certain integral over the quark momentum fractions.

The different nucleon spin components of the GPDs can be extracted by measuring target
spin asymmetries. Measurements of the ¢ (A ) dependence provide the information neces-
sary for transverse nucleon imaging. Information about the flavor decomposition requires
measurements with both protons and neutrons. Additional information about the spin/flavor
separation can come from meson production data. Studies of DVCS and meson production
processes will require a combination of high energy and high beam intensity, and are generally
much more challenging than traditional inclusive scattering experiments.

The CLAS12 setup will provide unprecedented capabilities for exploring nucleon structure in

the valence quark region. In particular, it will provide the combination of high beam intensity
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(luminosity), high energy, high beam polarization, and advanced detection capabilities to
provide a unique opportunity for studying nucleon GPDs in exclusive processes in the valence

region.

2.2 Present Experimental Results on Hard Exclusive

Processes

Measurements of exclusive processes at large momentum transfers have been carried out in
eN scattering experiments with existing fixed—target facilities (HERMES at DESY, JLab
with 6 GeV beam energy) and the HERA collider. These studies have demonstrated the basic
feasibility of such measurements, and have provided crucial evidence for the applicability of a
GPD-based description of such processes. They are also providing the first useful constraints
for GPD phenomenology.

Experiments at fixed—target facilities aim to extract the interference terms between the
DVCS and the Bethe-Heitler (BH) amplitudes in the eN — €N+ cross section. The in-
terference terms are experimentally accessible from combinations of measurements of the
spin—dependent and independent cross sections and relative asymmetries, as well as from
measurements of the beam charge dependence (e /e™) of the cross section. In kinematic re-
gions where the BH amplitude is much larger than the DVCS amplitude, the interference with
the BH amplitude acts as a natural “amplifier and filter” for the DVCS amplitude, boosting
it to comfortably measurable levels.

Measurements of the beam spin asymmetry in eN — ¢’ N+ have been performed by HER-
MES (0.02 < z5 < 0.3) [17], CLAS [18, 19] and Hall A (0.15 < z5 < 0.55) [20]. Fig. 2.4
shows the kinematic coverage of the CLAS detector at 5.7 GeV, as well as the results for the
asymmetry in a typical (5, @?) bin. A new inner calorimeter was used to detect photons at
small scattering angles. The azimuthal angle dependence of the asymmetry clearly exhibits
the sin ¢ behavior characteristic of the BH-DVCS interference. This asymmetry can be re-
lated to a linear combination of GPDs at x = £; the experimental results are consistent with
the predictions of present GPD models. An important point is that with the CLAS detector
data in all (z5, Q% t) bins are taken simultaneously, making it possible to extract information

about the GPDs over a wide kinematic range.
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While the unpolarized GPD H dominates the beam spin asymmetry at small ¢ [16], o7 ~
FH— szﬁ, the target single spin asymmetry at small ¢ has a significant contribution from
the polarized GPD H [16]: oy ~ FiH— EFyH. Therefore, a combined analysis of the beam
and target single spin asymmetries will allow for separation of H and H.

Recently published results by the CLAS collaboration on the first measurements of the
target spin asymmetry [21] confirmed again that the factorization is likely to be applicable at
Q? values as low as 2 GeV2. These measurements eventually will allow one to separate the
contributions from unpolarized and polarized nucleon GPDs. An order of magnitude more
data are expected from JLab during the next two years, which would allow for more accurate
extraction of GPD parameters.

The measurements of the DVCS cross sections and beam spin asymmetries carried out by
JLab with 6 GeV beam energy support the theoretical expectation of dominance of the single-
quark reaction mechanism (leading-twist approximation) for DVCS for momentum transfers
Q? of a few GeV?, essential for the GPD interpretation of the eN — ¢’ N+ data. They also
demonstrate the feasibility of accurate differential measurements of the ¢-dependence of the
cross sections needed for the GPD-based reconstruction of the spatial images of the nucleon.

The HERMES collaboration measured for the first time the beam charge asymmetry of
the cross section, which probes a dispersive integral of the GPDs over the quark momentum
fractions [22]. DVCS cross sections at high Q* were measured at HERA [23, 24], including its
t-dependence; the results are well described by leading-order (LO) and next-to-leading order
(NLO) QCD calculations incorporating QCD evolution of the GPDs, thus fully confirming

the applicability of QCD factorization to exclusive processes at high energies.

2.2.1 GPD Measurements with Jefferson Laboratory at 12 GeV

CLAS12 will provide a unique combination of high beam intensity (luminosity), high energy,
and large—acceptance detectors, which will enable studies of exclusive processes such as DVCS
and meson production in the valence quark region.

Detection of the photon in the CLAS inner calorimeter, in addition to the recoil proton
and scattered electron, provides the exclusivity condition crucial for complete control over
different background processes. Using the epX sample has its own advantages with regard to
background suppression (7°) and azimuthal angle coverage. The two samples probe ep — e'yp

in regions of different relative magnitudes of the DVCS and Bethe-Heitler amplitudes. In this
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way, GPDs can be extracted using both absolute cross section and polarization asymmetry
data. The possibility to use both methods in experiments at a single facility represents a
crucial advantage of CLAS12.

To separate the different spin components of the GPDs, measurements of a variety of
polarization observables (beam and target spin) will be performed. The longitudinal beam
single spin asymmetry, Ay (see Fig. 2.5), will access mainly the unpolarized Dirac GPD,
‘H. Combined analysis of the DVCS data on a longitudinally polarized target single spin
asymmetry (see Fig. 2.6) with the beam single spin asymmetry will provide separation of con-
tributions from unpolarized and polarized GPDs. The double spin asymmetry for longitudinal
target polarization, Ay, provides information on the real part of the corresponding GPDs,
complementary to beam charge asymmetries.

The results of these measurements can directly be translated into transverse spatial images
of the nucleon. As an example, Fig. 2.7 shows the projected results for the Dirac GPD, H,
as a function of x and ¢, and its corresponding transverse spatial representation. Comple-
mentary information can be obtained about integrals of the GPDs over the quark momentum
fraction. With the help of GPD parameterizations, this information can be used to construct
2-dimensional tomographic images of the nucleon.

Additional information about the flavor structure of GPDs will come from ratios of meson
production cross sections in channels with the same spin/parity quantum numbers, such as
n/m® and K*/p*. These channels will be measured simultaneously with DVCS, not requiring
any extra beam time.

Measurements of exclusive meson production in non-diffractive channels in CLAS12 would
allow for detailed studies of the spin, flavor, and spatial distributions of quarks in the nu-
cleon in the valence region, complementing the information from DVCS measurements. Very
interesting information can already be gained by comparing observables for different mesonic
channels, without detailed modeling of the GPDs. For example, a comparison of 7° and 7
provides model-independent information about the ratio of the quark spin distributions Au
and Ad and their spatial distributions. Comparison between 7+ and K+ production, as well
as between p* and K**, allows one to study SU(3) flavor symmetry breaking in the nucleon’s
quark distributions in different spin/parity channels. More information about the spatial dis-
tribution of quarks can be obtained from the GPD analysis of absolute cross sections (o7y,)

in these channels. Separation of the various response functions (L, T, etc.) would provide a
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crucial test of the dominance of the single-quark reaction mechanism at large Q2.

Another interesting class of processes that could be studied are exclusive reactions with
N — N* transitions. Such processes probe the “transition GPDs” — the probability amplitude
for the nucleon to undergo a transition to an excited state when “taking out” a quark and
“putting it back” with different momentum. In these reactions the hard scattering process can
be regarded as an operator inducing an N — N* transition. CLAS12 is capable of performing

such measurements requiring detection of decay products of the recoiling nucleon resonances.

2.3 GPD Studies with a Transversely Polarized Target

Asymmetries in the exclusive production of photons and vector mesons with a transversely
polarized target were identified as the most sensitive observables providing access to the total
orbital angular momentum. Eight observables, namely the first harmonics cos ¢ and sin ¢ of
the interference term, are accessible in polarized beam and target experiments [16]. Thus,
experiments with both longitudinally and transversely polarized targets can measure all eight
Fourier coefficients ¢{ 4 and s 4 and with A = {unp, LP, TP,, TP,}.

The DVCS single spin asymmetry (SSA) for a transversely polarized target is the most
sensitive observable to the elusive GPD &, providing access to the orbital angular momentum.
First results on DVCS single spin asymmetries from the HERMES Collaboration for transverse
target polarizations [26] indeed indicate great sensitivity of target single spin asymmetries to
the contribution of u-quarks to the total angular momentum. The most sensitive to the GPD-&

asymmetry appeared to be the cos ¢ moment of the spin-dependent contribution oy [16],

(2-z)RE. (2.8)

Transverse target DVCS SSA measurements in addition to unpolarized SSA and longitu-
dinally polarized SSA measurements will provide the full set of data needed for the extraction
of Compton form factors and corresponding GPDs. Ayt is especially sensitive to the GPD &,
and as such will constrain any extraction of the angular momentum J.

The projection curves for CLAS12 running with a transversely polarized target have been
calculated assuming a luminosity of 5x 103* cm 257!, with an N H; target polarization of 85%
and a dilution factor 0.14, with 2000 hours of data taking and an overall efficiency 50% (see
Fig. 2.8).
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The theoretical uncertainty in the factorization procedure on the amplitude level for the
meson sector is translated into large variations of the physical cross section. However, in the
single-spin asymmetry, given by the ratio of the Fourier coefficients of the cross section, the
ambiguities approximately cancel [28]. Thus, the perturbative predictions for this quantity
are rather stable. The NLO effects result in ﬂ?% corrections to the LO prediction for 0.1 <
g < 0.5.

The GPD-based calculations were performed for the case when the incoming virtual pho-
ton is longitudinally polarized. The cross section for the transversely polarized photons is
suppressed by a power of @) [29], but at CLAS energies it may still be significant. Insensitivity
to the higher-order corrections make single spin asymmetries appropriate quantities for exper-
imental study at JLab, and will provide an important test of the applicability of GPD-based
predictions at JLab energies.

Even though the power corrections for the absolute cross section of exclusive meson elec-
troproduction analyzed in terms of generalized parton distributions are expected to be large,
there are indications of a precocious scaling in the ratios of observables [28]. The measurement
of spin asymmetries could therefore become a major tool for studying GPDs in the Q? domain
of a few GeV2. Projections for CLAS12 for measurements of transverse asymmetries for vector
mesons are shown in Fig. 2.8. The transverse asymmetries for p mesons (neutral and charged)
are widely accepted as an important source of independent information on the GPD £. SSA
measurements in hard exclusive processes will allow mapping of the underlying GPDs and will
provide access to the orbital angular momentum of quarks.

The quark angular momentum in the nucleon, J,, can be estimated if one uses the results
of measurements of DVCS and meson production observables to constrain GPD parameteri-
zations, which incorporate information about GPDs obtained from other processes (inclusive
DIS, form factors). These parameterizations allow one to estimate the second moment of the
GPDs, based on the information about the GPDs at x; = x5 and the momentum fraction
integrals probed in the observables. Fig 2.8 shows the constraints on J, and J; from DVCS
and p asymmetries, which is particularly sensitive to the Pauli form factor-type GPD, £. One
sees that accurate measurements of the asymmetries will be able to constrain J; in this way.
While not fully model-independent, this method of extracting .J;, will become more and more
accurate as amplitude calculations and GPD parameterizations become more refined as a re-

sult of measurements of a variety of other DVCS and meson production observables. High
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statistics data will allow us to constrain the quark angular momentum in the proton.

The data from CLAS with a transversely polarized target focussing on hard exclusive photon
and meson production, combined with data from unpolarized and longitudinally polarized
targets, will provide a complete set of measurements required for the separation of all four
leading-twist, chiral-even GPDs, and in particular, will provide a constraint on the quark

orbital angular momentum.

2.4 Summary

GPDs unify the momentum-space parton densities measured in inclusive deep-inelastic e/N
scattering with the spatial densities (form factors) measured in elastic scattering. They de-
scribe correlations between the momentum and spatial distributions of quarks, which are
revealed in exclusive processes in eN scattering at large momentum transfer (deeply virtual
Compton scattering, meson production).

A full program to extract GPDs from measurements requires coverage of a large kinematic
range in &, ¢, and (Y%, along with measurements of several final states together with the
use of polarized beam and polarized targets (both longitudinal and transverse polarization).
The 12-GeV upgrade of the electron accelerator and of the equipment required for the GPD
program will provide the kinematic coverage needed for a broad program of DVCS and meson
production measurements. The JLab 12-GeV upgrade will allow us to map the nucleon GPDs

in the valence quark region at large z, exploring its quark structure in unprecedented detail.
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Figure 2.4: Measurements of the beam spin asymmetry, Ay, of the eN — ¢’ N+ cross section from
CLAS at 6 GeV. The plot in the lower left corner shows the kinematic coverage in zz and Q2. The
main plot shows the beam spin asymmetry vs. ¢ integrated over all kinematics (the average values
are shown in the upper left of the plot. In the upper right of the plot, the beam spin asymmetry is
shown for one of our many kinematic points as an illustration. The sin ¢ dependence is characteristic
of the BH-DVCS interference cross section. The magnitude of the asymmetry can be related to a

linear combination of the GPDs at z = £.
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Figure 2.5: On all figures: points in red represent data with statistical error bars. Lines are models
with different input parameters, none of which includes twist-3 contributions: The full line is a model
with a Regge-type t-dependence and D-term. The dotted line includes the Regge-type t-dependence
but has no D-term. The dash-dotted line has the D-term but the ¢ dependence only comes from
form factors. Left figure: Beam spin asymmetry (BSA) as a function of ¢ for < zp >= 0.2,
< Q% >= 3.3 GeV?, and < —t >= 0.45 GeV?. Middle figure: BSA as a function of —t for
< zp >= 0.2, < Q® >= 3.3 GeV?, and ¢ = 90°. Right figure: BSA as a function of zp for
t = 0.45 GeV?, < Q? >= 3.3 GeV? and ¢ = 90°.
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Figure 2.6: (a). Target spin asymmetry versus ¢ for Q?=4.1 GeV?, 5=0.36, and —t=0.52 GeV?.
The black points show the values from Ref. [25] using CTEQ6 PDF's with the estimated errors from
the proposed measurement. The red solid curve is using MRST02 PDFs with E = EzO, and for the
blue dashed curve is H is also set to zero. (b). sin¢ moments of the target spin asymmetry versus
—t at Q?=4.1 GeV? and £3=0.36, and (c). versus zp at @Q*>=4.1 GeV? and —t=0.52 GeV2. The

projected error bars represent the statistical uncertainties only.
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Figure 2.7: Left: Projected results for the Dirac GPD of the proton, H(z = &, t), as a function of z
and ¢, as extracted from the DVCS beam spin asymmetry, Az, measured at JLab at 12 GeV. Shown
is the ratio of the GPD to the the proton’s Dirac form, Fi (). Right: Transverse spatial image of the
proton obtained by Fourier-transforming the measured GPD. The errors were estimated assuming a

dipole-like ¢-dependence.
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Figure 2.8: Projected transverse spin asymmetry (A?}an’) in exclusive photon production at 11 GeV.
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data [27].
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Chapter 3

Parton Distributions at Large x

3.1 Parton Distributions

Knowledge of parton distributions forms the basis of our understanding of hadronic matter in
terms of its fundamental constituents. However, extracting parton distributions in the large
x domain is notoriously difficult. One difficulty comes from the requirement to stay away
from the region where partonic initial and final state interactions play important roles. This
imposes a minimum Q? threshold of at least a few GeV? and W greater than a few GeV in
addition to the large = constraint. For polarized parton distributions, an additional problem
stems from the lower luminosity available with polarized targets. In the unpolarized case,
luminosities are adequate and free proton targets exist, so proton data are satisfactory. For
the neutron no such targets exist and deuteron is used. The difficulty is to control sufficiently
well nuclear final state interactions (FSI) and binding effects to allow for a systematically
accurate extraction of the neutron information.

The consequences of these difficulties can be readily seen in Fig. 3.1. The lack of experi-
mental constraints allows for a variety of predictions that needs to be sorted out to establish
the proper phenomenology. Studies of parton distributions have already been undertaken at
JLab, with z < 0.6. The BONUS experiment [30] gathered neutron data from quasi-free neu-
trons within unpolarized deuterons. The FSI and binding effects were minimized by measuring
recoiling protons and selecting events for which the two nucleons were not interacting. On the
polarized data front, data were collected up to z ~ 0.6 in Halls A and B [31, 32]. An exciting
outcome is the apparent failure of leading order (LO) pQCD to describe the data, hinting
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Figure 3.1: World data on the d/u parton distribution ratio from unpolarized measurements of
F2/F? (left) and on the photon asymmetry A7 from polarized data (right). The substantial system-

atic (left) or statistical (right) errors at large z do not permit constraints of the various predictions.

that the validity domain of LO pQCD is not reached yet or that quark orbital momentum
(an important but experimentally elusive contribution to the nucleon spin) may be sizable.
In particular, LO pQCD predicts that the d-quark polarization (lower panel Fig. 3.2) should
become positive and approach +1 at large x, which is in contradiction to the data.

An 11-GeV beam will allow us to reach x ~ 0.8. The luminosity expected with an unpolar-
ized deuterium gas target needed for the recoil proton tagging method is 2 x 103* cm=2s71. It
will be about 10%° cm~2s™! for the polarized target currently under design. Those luminosities
and the large solid angle of CLAS12 makes it a superior choice to measure parton distributions
at large x, sort out mechanisms of SU(6) symmetry breaking and of quark-hadron duality,
and explore the role of quark orbital momentum. In addition to their intrinsic interest, quark
distributions at large = are crucial for studying physics beyond the Standard Model at high
energy colliders [33]. To extend the BONUS results to higher x, a proposal [34] for 35 days
of running on gaseous deuterium and 5 days on gaseous hydrogen at 11 GeV was submitted
to JLab PAC30 and conditionally approved. The experiment will use the standard CLAS12
equipment with the additional recoil detector already used in E03-012 [30]. The anticipated
results can be seen in Fig. 3.3 for F'/FY (left) and u/d (right). Clearly the F'/F? data
obtained using the new method will allow us to differentiate unambiguously between different
expectations for this ratio.

JLab PAC30 also approved E12-06-109 [35] which will, in particular, study polarized parton
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Figure 3.2: Quark polarizations (Au + Az)/(u + @) and (Ad + Ad)/(d + d) as extracted from A7,
A?, and A9 [31, 32]. Several NLO fits to previous measurements are shown, while the leading-order

pQCD predictions require both polarizations to tend to +1 as z — 1.

distributions at large x. Using standard detection equipment, a redesigned polarized target
adapted to CLAS12 and 30 (50) days of running on a longitudinally polarized NH3 (NDsj)
target, high precision measurements can be achieved as shown in Fig. 3.4. These data will
disentangle models in the large-x region. While the results shown in Fig. 3.4 are with a
W > 2 GeV constraint, hadron-parton duality studies (see page 47) will tell us by how
much this constraint can be relaxed, possibly increasing the = range up to 0.9. The expected

accuracy for (Ad + Ad)/(d + d) is shown in Fig. 3.5.

3.2 Global Fit of Polarized Parton Distributions

The large window opened by the 12-GeV upgrade over the DIS domain will permit constraints
of global fits of the parton distributions. The unique impact at large = has just been discussed.
The improvement from the 12-GeV upgrade is also significant at low and moderate z, notice-
ably for the polarized gluon distribution AG. For a more complete picture of the precision

achievable with the expected CLAS12 data, we have plotted in Fig. 3.6 an analysis of the
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Figure 3.3: Anticipated results on Fi'/FL (left) and the extracted u/d ratio (right) for 40 days of
data taking at 11 GeV with CLAS12. The arrows along the ordinate indicate model predictions. The
error bars pertaining to filled circles are statistical with a W > 2 GeV constraint. The smaller errors
(with open squares) are for W > 1.8 GeV. The systematic error is indicated by the band along the
abscissa on the left plot. The two curves on the left plot represent hadron-parton duality based
predictions with two different mechanisms for SU(6) symmetry breaking. The shaded band on the

right plot indicates our present knowledge on the d/u ratio.

impact on NLO analyses. A dramatic improvement can be achieved with the expected data
from the CLAS12 proposal E12-06-109 [35]. We emphasize that the data will not only reduce

the error band on AG, but will likely allow a more detailed modeling of its z-dependence.

3.3 Moments of Structure Functions

Moments of structure functions provide powerful insight into nucleon structure. Inclusive data
at JLab have permitted evaluation of the moments at low and intermediate Q? [37, 38, 39].
With a maximum beam energy of 6 GeV, however, the measured strength of the moments
becomes rather limited for Q? greater than a few GeV2. The 12-GeV upgrade removes this
problem and allows for measurements to higher Q2.

Moments of structure functions can be related to the nucleon static properties by sum
rules. At large Q? the Bjorken sum rule relates [ g7 "dz to the nucleon axial charge [40]. At
the other end of the spectrum, Q% = 0, the Gerasimov-Drell-Hearn (GDH) sum rule links the
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Figure 3.4: Anticipated results on A? (left) and A% (right). The four different symbols represent
four different Q? ranges. The statistical uncertainty is given by the error bars while the systematic

uncertainty is given by the shaded band.

difference of spin dependent cross sections, integrated over photon energy, to the anomalous
magnetic moment of the nucleon [41, 42]. The two sum rules are aspects of a general one
derived recently by Ji and Osborne [43] that is valid at any Q? and links the first moments of
spin structure functions to spin-dependent Compton amplitudes. Low @Q? is a testing ground
for chiral perturbation theory, while large Q> data can be compared to higher-twist series
derived within the operator product expansion (OPE) method. Lattice QCD can calculate
higher-twist terms, thus extending the validity domain of OPE to lower ?>. However OPE
is unusable at low Q2. To bridge the gap, lattice QCD can be used to compute Compton
amplitudes at any Q?. Hence, the Ji and Osborne sum rule can be computed and compared
to experiments at any %, making it a unique tool to study the transition from partonic to
hadronic degrees of freedom.

The left plot in Fig. 3.7 shows the expected precision on the measured part of I'}. The inner
error bar is statistical while the outer one is the statistics and systematics added in quadrature.
Published results and preliminary results from EG1b are also displayed for comparison. Like
the CLAS12 data, the EG1 data do not include the unmeasured DIS contribution. The hatched
blue band corresponds to the systematic uncertainty on the EG1b data points. The red band
indicates the estimated systematic uncertainty from CLAS12. The right plot in Fig. 3.7 shows
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Figure 3.7: Left plot: expected precision on I'} for CLAS12 and 30 days of running. CLAS EGla [37,
38] data and preliminary results from EG1b are shown for comparison. The data and systematic
uncertainties do not include estimates of the unmeasured DIS contribution. HERMES [44] data, and
E143 [45] and E155 data [46] from SLAC are also shown (including DIS contribution estimates). The
model is from Burkert and Ioffe [47, 48]. Right plot: same as the left but including an estimate of
the DIS contribution.

the results on I'! and T'¢ including an estimate of the unmeasured DIS contribution. The
systematic uncertainties for EG1 and CLAS12 here include the estimated uncertainty on the
unmeasured DIS part estimated using the model from Bianchi and Thomas [49]. As can be
seen, moments can be measured up to Q?=6 GeV? with a statistical accuracy improved several
fold over that of the existing world data.

Higher moments are also of interest: generalized spin polarizabilities are linked to higher
moments of spin structure functions by sum rules based on similar grounds as the GDH
sum rule. Higher moments are less sensitive to the unmeasured low-x part, so measurements
are possible up to higher Q? compared to first moments. Just like the GDH/Bjorken sum
rules, measurements of the Q?-evolution allow us to study the parton-hadron transition since
theoretical predictions exist at low and large @ [39]. In addition, spin polarizabilities are
also fundamental observables characterizing the nucleon structure and the only practical way
known to measure them is through measurement of moments and application of the corre-
sponding sum rules.

Finally, moments in the low (~ 0.5 GeV?) to moderate (~4 GeV?) Q? range enable us to

extract higher-twist parameters, which represent correlations between quarks in the nucleon.
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This extraction can be done by studying the Q? evolution of first moments [39]. Higher twists
have been consistently found to have, overall, a surprisingly smaller effect than expected.
Going to lower Q% enhances the higher-twist effects but makes it harder to disentangle a high
twist from the yet higher ones. Furthermore, the uncertainty on «; becomes prohibitive at low
Q?. Hence, higher twists turn out to be hard to measure, even at the present JLab energies.
Adding higher Q% to the present JLab data set removes the issues of disentangling higher
twists from each other and of the oy uncertainty. The smallness of higher twists, however,
requires statistically precise measurements with small point-to-point correlated systematic
uncertainties. Such precision at moderate Q? has not been achieved by the experiments done at
high energy accelerators, while JLab at 12 GeV presents the opportunity to reach it considering
the expected statistical and systematic uncertainties of E12-06-109. The total point-to-point
uncorrelated uncertainty on the twist-4 term for the Bjorken sum, f5~" decreases by a factor

of 5.6 compared to results obtained in Ref. [50].

3.3.1 The GDH Sum Rule

Despite its fundamental nature, the GDH sum rule has not yet been fully verified experi-
mentally. Combined results from MAMI and ELSA [51] are about 10% above the expected
value. This is for an upper integration limit in photon energy of about 2.8 GeV. With the
cancellation of the fixed target program at SLAC and consequently of experiment E159 [52]
that would have investigated the GDH strength at large v, JLab is now the best place to test
the convergence of the GDH sum. Using real photons or near real photons, we can measure
the contribution to the GDH sum rule up to 10.5 GeV, about 4 times the maximum energy
reached at ELSA (see Fig. 3.8). A non-convergence of the sum rule would be intriguing and
may signal physics beyond the Standard Model. In any case it will provide important insight
on soft Regge physics.

3.3.2 Moments of F, and the Precise Determination of a (M)

Simulated results for the moments [ 2"Fydxz with n < 8 are shown in Fig. 3.9. It reveals
that CLAS12 will provide a unique tool to extract moments of F, up to Q? values of 10 -
14 GeV2. These can be used to extract the strong coupling constant a,(M,). The extraction

of as(Mz) from the scaling violations of the proton structure function Fj is one of the most
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precise methods available up to now (see Fig. 3.10). Simulation shows that a new procedure

for the extraction of (M) [53] together with the CLAS12 data can allow an unprecedentedly

accurate determination of a,(Myz) with a statistical uncertainty of 0.0008 and a systematic

uncertainty of about 0.0007.
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Figure 3.9: Expected moments of the proton structure function F; obtained with the CLAS12 detector

simulations for a few days of running. The meaning of the markers and the scale factors for each

moment are indicated in the inset.

46

Physics Program



The CLAS12 Physics Program Version 5.1 July 15, 2008

r(zZ -had.) LEP

e’e” scaling viol.

e'e” 4-jet rate

jets & shapes 91.2 GeV
jets & shapes 133 GeV
shapes 161 GeV
shapes 172 GeV O
shapes 183 GeV

shapes 189 GeV

jets shapes 195 GeV

jets shapes 201 GeV

00—
00—
—0—
jets shapes 206 GeV 00—
[ W—
—0—
_O_
_—

1- decays —0—
QQ states —0—
Y decays —_—
e'e” FY - o0—
e’e’ Oy, O
e'e” jets & shapes 14 GeV O
e'e” jets & shapes 22 GeV P
e'e” jets & shapes 35 GeV bl o
e'e” 0,4 A
+ - .
e'e” jets & shapes 44 GeV O
e'e” jets & shapes 58 GeV _—
pp-bb X O
PP&PP —YX o
o(pp-jets) O
——
O
—0—
—_—
_
)
A

jets
jets
jets
jets

Ro R0 Ro Ro Ro Ro Ro

DS ep-jets

DI S&pp-j ets

xF; uv-DI S

DS g,

DS B SumRule

DIS G.S Sum Rul e O

JLAB 12GeV p scaling viol. ~ o
o

JLAB 12GeV p+d scaling viol.

| | | | | | | |

© © o o o o o o o

= = = = = = P = =
o = [ N N w w EEN
()] o ol (S}

Figure 3.10: Existing determinations of the QCD coupling constant ag(Mz) [54].

3.3.3 Quark-Hadron Duality

The phenomenon of quark-hadron duality relates the physics of nucleon resonances to the
dynamics of single quark scattering that governs the scaling structure functions at high energy.
JLab measurements of the unpolarized proton structure functions in the resonance region [55,
56] have sparked considerable interest in quark-hadron duality [57, 58, 59, 60]. While quark-
hadron duality has been observed in the spin-independent F, structure function [57, 58, 55],
it has not yet been firmly established for spin-dependent structure functions. Because the
g1 structure function is given by a difference of cross sections, which need not be positive,
the workings of duality will necessarily be more intricate for g; than for the spin-averaged F5
structure function. The first results from the spin structure function measurements in Hall
A [61, 62] and with CLAS [63] indicate that, if one averages over the entire resonance region,
duality roughly holds for Q? above 1.5 GeV2. To achieve a more precise understanding of
the mechanism of duality, it is necessary to determine the conditions under which duality
occurs in both polarized and unpolarized structure functions. An upgraded CLAS12 would

permit measurements of the structure functions in the DIS region with high precision. For
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unpolarized parton distributions, the tagging technique used by the BONUS experiment [30]
(see Section 3.1) can also be applied to the neutron resonance region, where at present there

are essentially no data.
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Chapter 4

SIDIS and the Transverse Structure of
the Nucleon

4.1 Introduction

The spin structure of the nucleon has been of particular interest since the EMC [64] measure-
ments implied that the helicity of the constituent quarks account for only a fraction of the
nucleon spin. The so-called “spin crisis” was subsequently confirmed by a number of other
experiments at CERN [65], SLAC [45, 66|, HERA [67, 68], and JLab [37]. Possible interpreta-
tions of this result include the contribution of the orbital momentum of quarks and significant
polarization of either the strange sea (negatively polarized) or gluons (positively polarized).

The contributions to the sum rule for the total helicity of the nucleon include the following:

% = % D A+ A + L+ LI + LI + AG, (4.1)
a

where Aq, L,, and AG are respectively the quark helicity, the orbital angular momentum of

all partons, and the gluon helicity.

Present knowledge about the spin structure of the nucleon comes mainly from polarized
deep inelastic scattering (DIS). The polarization of the individual flavors and anti-flavors were
mainly studied using fits to the inclusive data. Inclusive DIS is sensitive to only the squared
charges of the partons, and requires additional assumptions (e.g. an SU(3) symmetric sea),
which leads to certain ambiguities. Semi-inclusive deep inelastic scattering (SIDIS) studies,

when a hadron is detected in coincidence with the scattered lepton that allows so-called “flavor
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tagging”, provide more direct access to contributions from various quarks. In addition, they
give access to the transverse momentum distributions of quarks, not accessible in inclusive
scattering. Azimuthal distributions of final state particles in semi-inclusive deep inelastic
scattering provide access to the orbital motion of quarks and play an important role in the
study of transverse momentum distributions of quarks in the nucleon.

Significant progress has been made recently in understanding the role of partonic initial
and final state interactions [69, 70, 71]. The interaction between the active parton in the
hadron and the spectators leads to gauge-invariant transverse momentum dependent (TMD)
parton distributions [69, 70, 71, 72, 73|. Furthermore, QCD factorization for semi-inclusive
deep inelastic scattering at low transverse momentum in the current-fragmentation region has
been established in Refs. [74, 75]. This new framework provides a rigorous basis to study the
TMD parton distributions from SIDIS data using different spin-dependent and independent
observables. TMD distributions (see Table 4.1) describe transitions of a nucleon with one
polarization in the initial state to a quark with another polarization in the final state.

The diagonal elements of the table are the momentum, longitudinal and transverse spin
distributions of partons, and represent well-known parton distribution functions related to the
square of the leading-twist, light-cone wave functions. Off-diagonal elements require non-zero
orbital angular momentum and are related to the wave function overlap of L=0 and L=1
Fock states of the nucleon [76]. The chiral-even distributions fi; and g;r are the imaginary
parts of the corresponding interference terms, and the chiral-odd h{ and hy; are the real
parts. The TMDs f;5 and hi, which are related to the imaginary part of the interference of
wave functions for different orbital momentum states and are known as the Sivers and Boer-
Mulders functions [77, 78, 79, 70, 71, 72], describe unpolarized quarks in the transversely
polarized nucleon and transversely polarized quarks in the unpolarized nucleon respectively.
They vanish at tree-level in a T-reversal invariant model (7-odd) and can only be non-zero
when initial or final state interactions cause an interference between different helicity states.
This function parameterizes the correlation between the transverse momentum of quarks and
the spin of a transversely polarized target or the transverse spin of the quark, respectively.
They require both orbital angular momentum, as well as non-trivial phases from the final state
interaction, that survive in the Bjorken limit. Experimental results on the Sivers functions
for up and down quarks so far are consistent with a heuristic model of up and down quarks

orbiting the nucleon in opposite directions. The most simple mechanism that can lead to a
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Table 4.1: Leading-twist transverse momentum-dependent distribution functions. U, L, and T stand
for transitions of unpolarized, longitudinally polarized, and transversely polarized nucleons (rows)

to corresponding quarks (columns).

Boer-Mulders function is a correlation between the spin of the quarks and their orbital angular
momentum. In combination with a final state interaction that is on average attractive, already
a measurement of the sign of the Boer-Mulders function, would thus reveal the correlation
between orbital angular momentum and spin of the quarks.

The impact parameter space displacement of transversely polarized quark distributions
in an unpolarized target is described by a chirally odd GPD [80], and has recently been
calculated for the first time in lattice QCD [81, 82]. The resulting transverse flavor dipole
moment for transversely polarized quarks in an unpolarized nucleon suggests that the Boer-
Mulders functions are significantly larger than the Sivers functions. Moreover, consistent with
large N¢ predictions, the displacement of transversely polarized v and d quarks was found to
be in the same direction, indicating the same sign for the Boer-Mulders functions for u and
d quarks, and suggesting a further enhancement of the SIDIS asymmetry from the d quark
contribution.

Similar quantities arise in the hadronization process. One particular case is the Collins 7-
odd fragmentation function Hi- [83] describing fragmentation of transversely polarized quarks
into unpolarized hadrons. Parton model analyses [84, 85, 86, 87] of sub-leading single-spin
asymmetries observed at HERMES [88, 89] and CLAS [90] lead to the introduction of new
twist-3 T-odd distribution functions [75, 73].

The off-diagonal TMD distributions arise from interference between amplitudes with left-
and right-handed polarization states, and only exist because of chiral symmetry breaking in
the nucleon wave function in QCD. Their study therefore provides a new avenue for probing
the chiral nature of the partonic structure of hadrons. The universality of the TMD correla-

tion functions has been proven, resulting in a sign change for two T-odd TMD distributions
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between Drell-Yan and DIS [70, 75], an exciting prediction that has to be confirmed by future
experiments.

The JLab 12-GeV upgrade will provide the unique combination of wide kinematic coverage,
high beam intensity (luminosity), high energy, high polarization, and advanced detection
capabilities necessary to study the transverse momentum and spin correlations allowing studies
of semi-inclusive processes both in the target and current fragmentation regions. The study of
the quark distributions in the valence quark region is one of the key objectives of the upgrade

project [91].

4.2 Present Experimental Results on Spin-Azimuthal

Asymmetries

In recent years, semi-inclusive deep inelastic scattering (SIDIS) has emerged as a powerful tool
to probe nucleon structure through transverse single spin asymmetries (SSAs) [88, 92, 93]. In
contrast to inclusive deep inelastic lepton-nucleon scattering where transverse momentum is
integrated out, these processes are sensitive to transverse momentum scales on the order of
the intrinsic quark momentum Pr ~ k. Measurements of SSAs in SIDIS provide access to a
list of novel physics observables including transversity (hq) [94, 95], and the time-reversal odd
Sivers distribution function (f;3) [77, 78, 69, 70, 71].

For transversely polarized targets, several azimuthal asymmetries already arise at leading

order. Four contributions related to the corresponding distribution functions were investigated

in Refs. [83, 96, 97, 69, 71, 98]:

o7r? o AeSry(l —y/2) cos(d — bs) Z eq2gir(z)Di(2), (4.2)
oy’ o Sr(l—y)sin(6+es) ) ezxq; (x)H;"(2)
+ Sr(1—y+y/2) sin(«ﬁqf ¢s) D eqfir (@) Di(2)
+ Sp(1—y)sin(3¢ —¢s) Y ezxq;zqfﬁ(:c)HfQ(z), (4.3)
o7

where ¢ and ¢g are the azimuthal angles of the hadron and transverse spin in the photon frame,

z,y, z define the fractions of the proton momentum carried by the struck quark, electron
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Figure 4.1: Projected transverse spin asymmetry from the Collins effect (A?}I}((H(bs ) ) in single 7

production with CLAS at 11 GeV.

momentum carried by the virtual photon. and the virtual photon momentum carried by
the final state hadron, respectively. DY(z) and H;%(z) are the spin-independent and spin-

dependent fragmentation functions.

The leading-twist transversity distribution h; [94, 95| and its first moment, the tensor
charge, are as fundamental for understanding of the spin structure of the nucleon as are the
helicity distribution g; and the axial vector charge. The transversity distribution h; is charge
conjugation odd. It does not mix with gluons and for non-relativistic quarks it is equal to
the helicity distribution g;. Thus, it probes the relativistic nature of quarks and it has a very
different Q? evolution than g;. The tensor charge is reliably calculable in lattice QCD with
0% =3, fol dz(hi — hj{) = 0.562 + 0.088 at Q*=2 GeV?, which is twice as large as the value
of proton axial charge [99]. A similar quantity (§X &~ 0.6) was obtained in the effective chiral
quark soliton model [100].

A detailed study of the Q% and zp dependencies as a function of the azimuthal angle
¢ will allow the separation of contributions from different mechanisms. During the last few
years, first results on transverse SSAs have become available [92, 93]. HERMES measurements

for the first time directly indicated significant azimuthal moments generated both by Collins

53 Physics Program



The CLAS12 Physics Program Version 5.1 July 15, 2008

i i
‘» 0.05 |- 2 HERMES . =
S - A CLAS12 - -
q>_) 0.04 |- % - B
@ 003 |, | - 5
5 0.02 ﬁAZ# \ 8 -
< 0.01 | R i
L lfé’%#(l“iﬁr— 7‘7‘7‘7‘7,
S ST S S | A
0.01 - |
0 05 O 05 O 0.5
X
Figure 4.2: Projected transverse spin asymmetry from the Sivers effect (A?}r}(qj_d)s )) in single 7

production with CLAS12 at 11 GeV.

(Fig. 4.1) and Sivers (Fig. 4.2) effects.

Spin-orbit correlations are also accessible in SIDIS with longitudinally a polarized target,
where they give rise to the Mulders leading-twist distribution function h{;. It is related
to the real part of the interference of wave functions for different orbital momentum states,
and describes transversely polarized quarks in the longitudinally polarized nucleon. For a
longitudinally polarized target the only azimuthal asymmetry arising in leading order is the

sin 2¢p moment,

o051 2? oc Sp2(1 — y)sin2¢ Y _ elwhif(z) Hy (2). (4.4)
a9

The physics of oy, which involves the Collins fragmentation function H;- and Mulders
distribution function hi;, was first discussed by Kotzinian and Mulders in 1996 [96, 97, 98].
The same distribution function is accessible in double polarized Drell-Yan, where it gives rise
to the cos 2¢ azimuthal moment in the cross section [101].

Measurements of the sin2¢ SSA [98], thus allow the study of the Collins effect with no
contamination from other mechanisms. A recent measurement of the sin 2¢ moment of oy,

by HERMES [88] is consistent with zero. A measurably large asymmetry has been predicted
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only at large x (z > 0.2), a region well-covered by JLab [84].

The kinematic dependence of the SSA for 77, measured from the CLAS EG1 data set at
6 GeV is consistent with predictions [84]. The 7™ SSA is dominated by the u-quarks; therefore
with some assumption about the ratio of unfavored to favored Collins fragmentation functions,
it can provide a first glimpse of the twist-2 Mulders TMD function. The distribution function
hi; was extracted using the 7T target SSA [102], which is less sensitive to the unknown ratio
of unfavored (d-quark fragmenting to %) to favored (u-quark fragmenting to 7*) polarized
fragmentation functions (see Fig. 4.5). The curve is the result of the calculation by Efremov
et al. [84], using hi; from the chiral quark soliton model evolved to @*=1.5 GeV2. The
extraction, however, suffers from low statistics and has a significant systematic error from the
unknown ratio of the Collins favored and unfavored fragmentation functions, the unknown
ratio of h¢; /h¥;, as well as from background from exclusive vector mesons. Current statistical
errors for 7, and in particular 7°, which is relatively free of possible higher twist contributions
[103], are large and do not allow strong conclusions from the measured SSAs. More data are
required for a statistically significant measurement of the sin 2¢ moment.

The only leading-twist contribution to the unpolarized target cross section depending
on the azimuthal angle has a term with the Boer-Mulders function coupling to the Collins

function [83]:

0882 5 2(1 — y) cos 2¢ Z egthq(x)Hqu(z). (4.5)
q,q

The physics of 03)52¢, which involves the Collins fragmentation function H;- and the Boer-
Mulders distribution function hi, was first discussed by Boer and Mulders in 1998 [104]. In
recent years, the cos 2¢ asymmetry in leptoproduction was phenomenologically studied using
different approximations for the Boer-Mulders function [105, 106, 107].

Independent information on the Boer-Mulders function hi(z,k2) can be obtained from
the study of the cos2¢ azimuthal asymmetry in unpolarized Drell-Yan processes, which has
been measured in 7N collisions [108, 109]. In Refs. [110, 111] this asymmetry was esti-
mated by computing the h; distribution of the pion and of the nucleon in a quark spectator
model [112, 113]. The cos2¢ azimuthal asymmetry in SIDIS was computed assuming that

the 7 production is dominated by u quarks and using the same distributions h; (z,k%) and

fi(z, k%) used in Ref. [111].
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The calculation of the cos 2¢ asymmetry appeared to be in rather good agreement for low
values of Pr (up to 0.5 GeV) with SIDIS data coming from the ZEUS experiment [114] at
large % values (0.01 < 2 < 0.1, 0.2 <y < 0.8, 0.2 < z < 1, Q* > 180 GeV?) where the
higher-twist contributions are not expected to be relevant.

It is important to note that both 71 and 7~ azimuthal moments may have significant
contributions from exclusive vector meson production. The fraction of 7 in the single pion
sample, coming from exclusive p° decays, is somewhat less but still significant at large 2z and
in particular for small . The two pion data from CLAS12 would allow us to extract exclusive

two pion asymmetries and estimate their contribution to the single pion SSA.

4.3 TMD Measurements with JLab at 12 GeV

Projections for target single-spin asymmetry measurements with CLAS12 at 11 GeV are plotted
in Figs. 4.1-4.2. The projected error bars have been calculated assuming a luminosity of
5 x 103" cm~2s~!, with an N Hj target polarization of 85% and a dilution factor of 0.14, with
2000 hours of data taking. The asymmetry is integrated over all hadron transverse momenta.
The target single-spin asymmetry from polarized quark fragmentation extracted for CLAS12
kinematics at 11 GeV is plotted in Fig. 4.1. The estimate was done assuming h; ~ g; and
an approximation for the Collins fragmentation function from Ref. [84]. Additional cuts were
applied on z (z > 0.5) and the missing mass of the e'7™ system (Mx(7") > 1.3 GeV).

The extraction of the transversity from AZiHTd’ could be performed using parameterizations

for the unpolarized distribution functions u(x) and d(x) and certain approximations for the
polarized Collins fragmentation function H;-. The measurement of transversity is complicated
by the presence of an essentially unknown Collins function. Recently, the Collins function for
pions was calculated in a chiral invariant approach at a low scale [115] and it was shown that
at large z the function rises much faster than previously predicted [84, 116] in the analysis
using the HERMES data on target SSA. It was also pointed out that the ratio of polarized
and unpolarized fragmentation is almost scale independent [115]. Significant asymmetry was
measured by Belle [117] indicating that the Collins function is indeed large. The transverse
asymmetry measurements were performed at HERMES [118] and COMPASS [93]. The first

extraction of the transversity distribution has been carried out recently [119] combining e*e™

and semi-inclusive DIS data [92]. The statistics, however, are not enough to make statistically
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significant predictions in the valence region, where the effects are large.

Significantly higher statistics from CLAS12 data, especially in the large = region, will
enable the extraction of the z, and Q? dependencies for different azimuthal moments in a
wide kinematic range allowing the source of the observed SSA to be revealed and will allow

extraction of the underlying distribution functions.
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Figure 4.3: Projected transverse spin asymmetry (A?}r}‘b_d’s ) in single 7° production with CLAS12

at 11 GeV. The curves are calculated using models for the Sivers function from Efremov et al. [120],

d opl
Fir= ZZ egfug-

The measurement of the transverse asymmetry from the Sivers effect (see Fig. 4.3) with
7% will provide a model-independent extraction of the Sivers function. Furthermore, measure-
ments with proton and neutron targets will provide model-independent information on flavor
partners of the Sivers function.

The transversely polarized target measurements also provide access to the leading-twist
TMD g?,(z) appearing in convolution with the unpolarized fragmentation function D{(z)
in a cos ¢ moment of the cross section. Significant asymmetries were predicted recently for
CLAS12 [121] providing access also to g{;(x), describing longitudinally polarized quarks in the
transversely polarized nucleon. Measurements of transverse momenta of final state hadrons in
SIDIS with longitudinally polarized targets will provide complementary to transverse target
information, probing the longitudinal nucleon structure beyond the collinear approximation.
The P,-dependence of the double-spin asymmetry, measured for different bins in z and zx

will provide a test of the factorization hypothesis and probe the transition from the non-
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perturbative to perturbative description. At large Pr (Agep << Pr << @) the asymmetry is
expected to be independent of P, [74]. There are indications that the double-spin asymmetry
(see Fig. 4.4) at small Pr tends to increase for 7~ and decrease for 7%. A possible interpretation
of the Pp-dependence of the double spin asymmetry may involve different widths of transverse
momentum distributions of quarks with different flavor and polarization [122] resulting from a
different orbital structure of quarks polarized in the direction of the proton spin and opposite
to it [123, 124]. This interpretation may demand a different width for d-quarks than for u-
quarks, consistent with observation from lattice QCD studies of a different spread in transverse
distances for d-quarks compared to u-quarks [81]. The same effect may be responsible for the
relatively large cos ¢ moment of the double spin asymmetry (see Fig.4.4, right panel).
Detailed measurements of Ay; and its cos¢ moment as a function of Pr in different
bins in x, z, @ combined with measurements of azimuthal moments of the unpolarized cross
section proposed for CLAS12 will allow study of the flavor dependence of transverse momentum

distributions.
ep-e'TX

ep-e'mX
+ -
.,_[+ T[' Tt Tt

ACLAS 5.7 GeV
| ACLAS12

0.4 )

| LA
ey

ALL
o
(63}
ACOS®
LL

ACLAS 5.7 GeV
0.1 Faciasi B B

0.2 *
01p |

P; (GeVic) P;
Figure 4.4: The double spin asymmetry Ay, (left) and its cos ¢ moment (right) as a function of the

transverse momentum of hadrons, Pr, averaged in the 0.4 < z < 0.7 range.

Projections for the resulting kinematic dependence of the leading-twist SSA are shown in
Fig. 4.5. Calculations were done using hi; from the chiral quark soliton model evolved to
Q*=1.5 GeV? [84], f; from GRV95 [125], and D, from Kretzer, Leader, and Christova [126].
Three different curves correspond to Hj*>7" /H">" = 0,—1.2,—5 [127]. Corresponding

projected error bars for the Mulders TMD parton distribution are shown in Fig. 4.5. An im-
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Figure 4.5: (Left) The projected z-dependence of the target SSA at 11 GeV. The triangles illustrate
the expected statistical accuracy. The open squares and triangles show the existing measurement of
the Mulders TMD from HERMES and the CLAS 5.7 GeV EGI1 data sets, respectively. The curves are
calculated using Ref. [127]. (Right) Projection for the Mulders distribution function for the u-quark
from the 7t SSA from CLAS12 (predicted) compared with the CLAS EG1 data set at 5.7 GeV.

portant ingredient for the estimates are so-called “Lorentz-invariance relations” that connect
hi; with hy [96]. Meanwhile these relations are known not to be valid exactly [128, 129]. It
is of importance to find out experimentally to which extent such relations can provide useful
approximations, or whether they are badly violated, since there is little theoretical intuition
on that point.

Proposed measurements of SSAs in SIDIS will pin down the corresponding TMD distri-
bution and will constrain the ratio of favored to unfavored polarized fragmentation func-
tions. The new data will also allow a more precise test of the factorization ansatz and
the investigation of the ) dependence of sin2¢, sin ¢, and cos ¢ asymmetries. This will
enable us to study the leading-twist and higher-twist nature of the corresponding observ-
ables [130, 95, 116, 85, 86, 87, 75].

The Boer-Mulders contribution, being leading twist, is expected to survive at higher Q? and
that can be tested at the large Q? accessible with CLAS12. At large transverse momentum, i.e.
Py, > Aqcp, the transverse-momentum dependence of the various factors in the factorization

formula [74] may be calculated from perturbative QCD. Following the similar arguments in
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Ji-Qiu-Vogelsang-Yuan [131], the cos 2¢ azimuthal asymmetry has the following behavior at
Aqep € P < Q,

1
OCPEJ_.

When the transverse momentum is compatible with the large-scale @), the above results

<COS 2¢> |Ph_L>>AQCD (4'6)

will be modified, because the gluon radiation from the pQCD diagram will dominate, and
contribute to the azimuthal asymmetry not being suppressed by any hard scale. At Q? values
accessible at JLab (1.0 < Q% < 10 GeV?), however, the reduction of the Boer-Mulders asym-
metry due to Sudakov form factors arising from soft gluon contributions [132] is not expected
to be significant.

Measurement of the Pr dependence of the Boer-Mulders-asymmetry (see Fig. 4.6) will
allow for checking of the predictions of a unified description of SSA by Ji and collaborators [74,
131] and for study of the transition from a non-perturbative to a perturbative description.
The cos 2¢p asymmetry for semi-inclusive deep inelastic scattering in the kinematic regions of
CLAS12 is predicted to be significant (a few percent on average) and tends to be larger in the
small-z and large-z region. The preliminary data from CLAS at 6 GeV indeed indicate large

azimuthal moments both for cos ¢ and cos 2¢.
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Figure 4.6: The cos 2¢ moment (Boer-Mulders asymmetry) for pions as a function of z and Pr for
Q? > 2 GeV? (right) with CLAS12 at 11 GeV from 2000 hours of running. Values are calculated

. + -
assuming H{%27" = —H{v27 .

The combined analysis of the future CLAS12 data on (cos2¢) and of the previous ZEUS
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measurements in the high-Q? domain (where higher-twist effects are negligible) will provide
information on the Boer-Mulders function, shedding light on the correlations between trans-
verse spin and transverse momenta of quarks. Significantly increasing the kinematic coverage
at large Q? and Pr, CLAS12 (see Fig. 4.6) will map the quark TMDs in the valence region allow-
ing study of the transition from a non-perturbative description at small Pr to a perturbative
description at large Pr.

Measured single and double spin asymmetries for all pions in a large range of kinematic
variables (zp, Q% z, P., and ¢) combined with measurements with unpolarized targets will
provide detailed information on the flavor and polarization dependence of the transverse mo-
mentum distributions of quarks in the valence region, and in particular, on the xg, 2z, and
P, dependence of the leading TMD parton distribution functions of v and d quarks. Such
measurements across a wide range of z, Q?, and Pr would allow for detailed tests of QCD
dynamics in the valence region complementing the information obtained from inclusive DIS.
They would also serve as novel tools for exploring nuclear structure in terms of the quark and

gluon degrees of freedom of QCD.

4.4 Summary

In summary, with upgraded energy and luminosity, CLAS12 can study single- and double-spin
asymmetries, involving essentially unexplored chiral-odd and time-odd distributions functions,
including transversity [94, 95], Sivers [77, 69, 70, 71], Boer-Mulers [104], and Collins [83] func-
tions, providing detailed information on the quark transverse momentum and spin correla-
tions [83, 97, 96, 79, 133].

Measurements of semi-inclusive processes combined with inclusive and exclusive measure-
ments with an upgraded JLab will allow us to study the quark structure of the nucleon with
unprecedented detail. Understanding of spin-orbit correlations, together with independent
measurements related to the spin and orbital angular momentum of the quarks, will help to
construct a more complete picture of the nucleon in terms of elementary quarks and gluons

going beyond the simple collinear partonic representation.
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Chapter 5

Properties of QCD from the Nuclear
Medium

5.1 Introduction

While the strong interaction seems to be well described by QCD at high energies, in the non-
perturbative domain it remains largely unsolved and untested. Further, little is known from
experiment about the space-time characteristics of QCD at any energy scale. Exploration of
the QCD phase diagram for hot, dense matter is a large effort in QCD physics, and these
studies can take advantage of pQCD, however, a QCD-based description of cold, dense matter
still represents a formidable challenge. Lattice QCD, in combination with chiral effective
theory, will partly address the non-perturbative physics and the hot, dense matter, but space-
time processes and non-zero baryon density are still inaccessible via lattice techniques.

New experimental access to a number of properties and consequences of QCD will be-
come available at 12 GeV. Properties of deconfined quarks, such as their lifetimes and energy
loss, can be extracted. The time evolution of ¢ pairs can be deduced from studies of color
transparency. The process in which hadrons are formed out of energetic quarks can be char-
acterized, both in terms of formation times and formation mechanisms. The properties of
strongly interacting nucleons and their connections to cold, dense matter can be accessed
with precision over a broad kinematic range, potentially connecting to astrophysical systems
such as neutron stars. These are exciting prospects that will provide profound new insights

into the space-time characteristics of fundamental QCD processes and the nature of cold QCD
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matter.

5.1.1 pr Broadening and the Lifetime of Deconfined Quarks

The confinement of quarks into hadrons is the most important manifestation of the non-
Abelian character of QCD. Achieving a quantitative understanding of confinement is one of
the highest priority endeavors of nuclear and hadronic physics, and ranks as one of the great
quests of modern science. The effort to understand confinement is multi-pronged, typically
involving hadron spectroscopy interpreted through the use of models and lattice calculations,
which aim to characterize the effective potential between quarks. In addition to the effec-
tive potential, another important piece of confinement is the process of color neutralization,
wherein a deconfined colored quark finds colored partners, such that the resulting system is
a color singlet. Experimental access to the characteristics of the deconfined quark can be
obtained using semi-inclusive deep inelastic scattering on nuclei in specific kinematic regions.

In deep inelastic scattering (DIS) kinematics with = > 0.1, quark-pair production by the
virtual photon is suppressed [134] and the target quark absorbs all of its energy and mo-
mentum. Thus, neglecting the intrinsic quark momentum, the initial quark energy is v and
its direction is given by the direction of the virtual photon. The quark propagates for some
distance until its color is neutralized, at which point it is contained in a “pre-hadron” that
subsequently evolves into a fully formed hadron [135]. In the event that the neutralization
takes place outside of a nuclear target, the interactions of the struck quark with the nuclear
medium are limited to partonic-level multiple scattering, primarily due to the emission of
medium-stimulated gluons [136]. This multiple scattering broadens the distribution of mo-
mentum transverse to the virtual photon direction, which is observable by measurement of
the final state hadron’s p2 distribution. Subtracting the intrinsic quark p% distribution as

measured in deuterium yields the basic observable of p; broadening:

Apy = p7(A) — pr(*H). (5.1)

One property of the deconfined quark that can be accessed is its lifetime, known as the
production time 7, [137]. This is accessed by studying the dependence of p2. on v for several
nuclei. Since 7, is time dilated in proportion to v, the v dependence of p% for a series of nuclei of

known dimensions can be deconvoluted to reliably yield an estimate of 7,. While measurements
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with a 5-GeV electron beam have demonstrated the feasibility of the method [138, 139], with
an 11-GeV beam a much wider range in v will be accessible. An example of a measurement

of this type is shown in Fig. 5.1, where Ap? is shown for three nuclei in a range of v from 2

to 9 GeV.
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Figure 5.1: A plot of Ap% vs. v for three different nuclei. Plateaus are observed in the carbon and
iron targets for larger values of v, indicating the production length 7, is longer than the full thickness

of either nucleus, but still less than that of the lead nucleus.

A second property of the deconfined quark is the rate of its loss of energy due to gluon
emission. This partonic energy loss has a simple relationship to Ap2 under certain simplifying
assumptions. This energy loss can be written as:

dE 3

o~ ZasAp%. (5.2)

This energy loss has been estimated previously using the Drell-Yan reaction [140, 141], al-
though theoretical ambiguities have hampered the extraction. In addition, energy loss by
gluon radiation is the primary evidence for the quark-gluon liquid discovered at RHIC [142]
through the phenomenon known as jet suppression or mono-jet production [143]. Thus these
measurements have important interdisciplinary connections. In a simple picture, the energy
loss can be estimated simply from data such as that shown in Fig. 5.1 from the functional form
and the known properties of the nucleus. A picture such as that shown in Fig. 5.1 implies the

observation of the novel result that the total energy loss is proportional to the square of the
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distance traveled through the medium, a result long predicted [144]. This implies a coherence
behavior in QCD analogous to the QED effect known as the Landau-Pomeranchuk-Migdal
(LPM) effect, in which electron bremsstrahlung is suppressed by coherent scattering from
multiple scattering centers [145, 146, 147].

Models for the energy loss of quarks typically contain a parameter called the transport
coefficient or jet quenching parameter, ¢. While difficult to calculate in lattice QCD, this
parameter can be calculated for a hot medium [148] using the AdS/CFT correspondence that
connects nonperturbative phenomena in hot, strongly coupled gauge theories onto calculable
problems in a dual gravity theory [149, 150, 151]. While this technique cannot be applied to
a cold medium, an extrapolation procedure such as that employed by Baier et al. [152, 153]

could potentially extrapolate from hot to cold media.

5.1.2 Color Transparency and the Time Evolution of gq Pairs

The color transparency (CT) phenomenon illustrates the power of exclusive reactions to isolate
simple elementary quark configurations. For a hard exclusive reaction, such as vector meson
electroproduction on the nucleon, the scattering amplitude at large momentum transfer is sup-
pressed by powers of Q? if the hadron contains more than the minimal number of constituents.
This is derived from the QCD-based quark counting rules. Therefore, the hadron containing
valence quarks only, participates in the scattering. Moreover, each quark, connected to an-
other one by hard gluon exchange carrying momentum of order @), should be found within a
distance of order 1/Q. Therefore, at large Q* one selects a very special configuration of the
hadron wave function where all connected quarks are close together, forming a small size color
neutral configuration called a Point Like Configuration (PLC). Such an object is unable to
emit or absorb soft gluons. Therefore, its strong interaction with the other nucleons becomes
significantly reduced, and then the nuclear medium becomes more transparent. The nucleus
offers a unique laboratory to study quark dynamics. Indeed, the nucleus can be used as a
revealing medium of the evolution in time of elementary configurations in the hadron wave
function. The time necessary for a quark to cross distances typical of the confined systems is
of the order of 1 fm. By taking into account the relativistic time dilation factor, the charac-
teristic time scale corresponds to length scales on the order of a few fm. The only medium
available at this scale is the nucleus, offering to us a new generation of experiments where the

nucleus functions as bubble chamber!
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Experimentally, we would like to understand this spectacular phenomenon by studying the
hadron attenuation as it propagates through the nuclear medium. These measurements will
allow us to not only access the special configuration of the hadron wave function, but also
to study how this configuration dresses with time to form the fully complex asymptotic wave
function of the hadron. This puts us in the heart of the dynamics of confinement. Furthermore,
the onset of CT is related to the onset of factorization, which is an important requirement for
accessing Generalized Parton Distributions (GPDs) in deep exclusive meson production. The
p° meson is our hadron of choice because it offers many advantages. It is believed that the
onset of CT is expected at lower ? in the (gq) system than in the (gqq) system, as it is much
more probable to produce a small-size system of two quarks than one of three quarks [154].
In addition, the p® is a vector meson similar to the virtual photon. Therefore its production
mechanism is fairly well understood because the virtual photon fluctuates into a (¢g) pair
which then materializes into the p meson. The size of the produced (qg) can be directly
connected to the virtuality of the photon. Therefore, smaller sizes can be reached at larger
Q.

More than two decades of experimental investigations have lead to only one clear signal
of CT at high energies. It was observed in experiment E791 [155] at Fermilab. The A-
dependence of the diffractive dissociation into di-jets of 500 GeV pions scattering coherently
from carbon and platinum targets was measured. It was found that the cross section can be
parameterized as ¢ = 09A%, with « = 1.6. This result is quite consistent with theoretical
calculations [156, 157, 158] including CT and obviously inconsistent with a cross section
proportional to A%3, which is typical of inclusive pion-nucleus interactions. At moderate
energies, the situation is more complicated. No evidence of CT was found in quasi-free A(e, €'p)
reactions [159, 160, 161, 162] even for Q? values as large as 8 GeV?. While the outcome of
quasielastic (p, 2p) scattering from nuclei [163, 164, 165] was very controversial due to the fact
that the results do not support a monotonic increase in transparency with Q? as predicted by
CT, the transparency increases for Q2 from 3 to 8 GeVZ, but then decreases for higher Q?,
up to 11 GeV2. This subsequent decrease was explained as a consequence of soft processes
that interfere with perturbative QCD in free pp scattering but which are suppressed in the
nuclear medium [166]. Other measurements studied the attenuation of the p° vector meson
in the nuclear medium via exclusive p° lepto-production off nuclei. The results from the two

measurements [167, 168] are very suggestive of a CT signal, but they are statistically limited.
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The exclusive, diffractive, incoherent electroproduction of vector mesons off nuclei has been
suggested [169] as a sensitive way to detect CT. In the laboratory frame, the photon fluctuation
can propagate over a distance /. known as the coherence length. The coherence length can be
estimated relying on the uncertainty principle and Lorentz time dilation as I, = 2v/(Q*+ M%),
where v is the energy of the virtual photon in the laboratory frame, (-Q?) is its squared mass,
and M,; is the mass of the (¢g) pair. In the case of exclusive p° electroproduction, the mass
of the (¢q) is dominated by the p° mass. The produced small-size, colorless hadronic system
will then propagate through the nuclear medium with reduced attenuation because its cross
section is proportional to its size. The effect of the nuclear medium on the particles in the
initial and final states can be characterized by the nuclear transparency T'4. T4 is defined as
the ratio of the measured exclusive cross section to the cross section in the absence of initial
and final state interactions. It can be measured by taking the ratio of the nuclear per-nucleon
(04/A) to free nucleon (o) cross sections:

o

T, = 2. 5.3
A AO’N ( )

The signal of CT would be an increase of the nuclear transparency as Q? increases. It was
shown by the HERMES collaboration [170] that the nuclear transparency increases when .
varies from long to short compared to the size of the nucleus. This is due to the fact that the
nuclear medium seen by the (¢q) fluctuation becomes shorter. Thus the (¢g) pair interacts
less. This situation occurs when Q? increases at fixed v. This so-called coherence length effect
(CL) can mimic the CT signal. Therefore one should keep [. fixed while measuring the Q>
dependence of the nuclear transparency.

CLAS12 is the ideal detector for such measurements. It offers large acceptance, good particle
identification, and high luminosity. Using an 11-GeV electron beam, one can extend the Q?
region up to 5.5 GeV2. An indication of the quality of the data that can be obtained is shown
in Fig. 5.2. The nuclear transparency for several targets (C, Fe, and Sn) could be measured.
This is important in order to study the formation time of the hadron as it propagates through
different nuclear sizes. These measurements would also be a natural extension of a previous
CLAS experiment [171], where the preliminary results indicate a clear evidence of a CT signal

despite the limited Q? range to 2 GeV?.
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Figure 5.2: A plot indicating the expected error bars for the 11-GeV measurements of nuclear
transparency for py production on Fe from incoherent p electroproduction (12 days of beam time),

and the predictions of Ref. [169].

5.2 Hadron Attenuation and the Formation Time of

Color Fields

In the preceding discussion, the focus was on the kinematics in which the color of the quark
is neutralized outside the nucleus. In those kinematics one learns about the properties of
the propagating quark through its partonic-level multiple scattering in the medium. In this
section the focus is on the case when the color neutralization happens within the nuclear
medium, creating a color singlet object referred to as a pre-hadron. The pre-hadron evolves
to a full hadron over a period of time 7, the formation time. The pre-hadron and the final
hadron can both interact with the nuclear medium and the most probable interaction is a
highly inelastic reaction. Relative to the same kinematics on deuterium, in a heavy nucleus
these interactions move hadron flux at high energies to lower energies (or lower z) and higher
multiplicities. This is referred to as hadron attenuation. It is quantitatively measured by the

hadronic multiplicity ratio R%;:
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o (N (NPT

T sy

(5.4)

where N,? 54 is the number of hadrons of species h produced in DIS kinematics on nucleus
A, NPI5A4 is the number of DIS electrons from nucleus A, and the denominator refers to
the same quantities for deuterium 2H [172]. R", may in principle depend on a number of
kinematic variables such as Q?, v, z, pr, and ¢. Isolating the multi-variable dependence of
R!, is a powerful discriminator between models based on different physical pictures. At the
current time, two different physical pictures dominate model descriptions. The first [173, 174]
assumes that hadronization takes place outside the nucleus. The second [135, 175] assumes
that hadronization can take place inside the nucleus, and cite the interaction of the pre-hadron
as the main cause of the attenuation. Both approaches provide adequate descriptions of the
HERMES data, which is statistics limited to one or at most two dimensional analyses. A
full multi-dimensional analysis spanning a wide kinematic range is feasible with CLAS12, and
such an analysis will be certain to strongly constrain theoretical descriptions. In addition to
spanning a range of kinematic variables, it is feasible to measure a wide range of hadron masses
with varied flavor content, as may be seen in Table 5.1, which lists hadrons with c7 greater
than nuclear dimensions for which measurements with CLAS12 are feasible. With a dataset
of this quality and breadth, a comprehensive program to extract hadron formation lengths is
practical to carry out. Such a program will yield insights into the systematic behavior of how

hadrons form, a heretofore unknown sector of nonperturbative QCD in the spacetime domain.

5.2.1 D(e,e’p;s) and the Quark Structure of Neutrons in a Cold

Dense Medium

For a complete understanding of QCD at hadronic scales, we need to learn more about the
interplay between the internal (quark) structure of nucleons and the interaction between two
nucleons. In particular, it is of high interest whether nucleons in close proximity to each
other (effectively at non-equilibrium high density) change their internal structure or perhaps
even lose their separate identity to fuse into a “six quark cluster” [176]. Some less dramatic
modifications of the nucleon structure that have been proposed include off-shell effects [177],
Q? rescaling effects, and the suppression of small-size configurations (PLCs) in the nucleon

wave function [178, 179]. Deuterium is the optimal system to study such “tightly bound
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hadron cT mass | flavor | detection | Production rate
(GeV) | content | channel | per 1k DIS events
70 25nm | 0.13 | wadd vy 1100
Tt 78m | 0.14 ud direct 1000
T 7.8 m 0.14 du direct 1000
i 0.17nm | 0.55 | utddss Yy 120
w 23fm | 0.78 | uuddss | 7w x° 170
n 0.98 pm | 0.96 | utddss | ntrn 27
) 44 fm 1.0 | uuddss | KTK~ 0.8
f1 8 fm 1.3 utddss TTTT -
K+ 3.7m 0.49 us direct 75
K- 3.7m 0.49 us direct 25
K° 27 mm | 0.50 ds Tt 42
P stable 0.94 ud direct 530
P stable 0.94 ud direct 3
A 79 mm 1.1 uds pr 72
A(1520) | 13 fm 1.5 uds prT -
rt 24 mm 1.2 us pr? 6
0 22 pm 1.2 uds Ay 11
=0 87 mm 1.3 us An® 0.6
=" 49 mm 1.3 ds A~ 0.9

Table 5.1: Final-state hadrons potentially accessible for formation length and transverse momentum
broadening studies in CLAS12. The rate estimates were obtained from the LEPTOQO event generator
for an 11-GeV incident electron beam. (The criteria for selection of these particles was that ¢r should

be larger than the nuclear dimensions, and their decay channels should be measurable by CLAS12.)
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pairs”, since there are no additional nucleons interacting with the pair under study and the
pair is at rest in the lab, with completely defined kinematics. While the probability for a
small inter-nucleon distance configuration in deuterium is rather small compared to heavier
nuclei, such configurations can be “tagged” by the emission of a fast proton in the backward
hemisphere relative to the momentum transfer vector. We therefore propose to measure the
reaction D(e, e'py) X with coincident detection of the scattered electron in the forward part of
CLAS12 and the fast (above 300 MeV) backwards proton in the central detector.

In the simple spectator picture, the backwards-moving proton does not participate in the
scattering process and can serve as a tag of the initial state momenta of both nucleons. By
measuring the momentum of this backward proton, we can correct the observed electron
kinematics for the initial motion of the unobserved struck neutron and extract the modified
neutron structure function Fi“/”)(z, 92, p?). The emphasis here is not on nearly on-shell
neutrons, but rather on the opposite kinematic extreme of fast-moving neutrons, where off-
shell effects and other internal structure changes are much more pronounced. We can extract
the dependence of the structure function £’ (efh) (z,Q? p?) at fixed x and Q? on the spectator
momentum p in the range from about 70 MeV to 700 MeV. We will simultaneously cover a
large range in z and 2, allowing us to make detailed comparisons with the different models
mentioned above, including the rather striking change in the shape of the structure function
F, predicted for a non-trivial six quark configuration [176].

For the proposed experiment, we will use CLAS12 in the standard configuration, with
a liquid-deuterium target and the fully instrumented central detector to tag the backward
proton. We estimated the expected number of counts for a 20-day run with full luminosity
(10%® cm™2s7'). The results are shown in Fig. 5.3 as a function of the “ordinary” Bjorken
variable z = Q?/2mv in the lab and for several bins in the light cone fraction « of the backward
proton. One can clearly see the kinematic shift due to the motion of the struck neutron, which
we can fully correct using the proton kinematics. We clearly will have good statistics for a
large range in z and in « (the highest bin corresponds to more than 600 MeV momentum
opposite to the direction of the ¢ vector), drastically extending the kinematic coverage and

statistical precision of the existing data from the analog experiment at 6 GeV (E94-102) [180].
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Figure 5.3: Kinematic coverage in Bjorken—z and proton light-cone fraction ag for the proposed
experiment. The count rates have been estimated for a 20-day run with the standard CLAS12 con-

figuration.

5.3 z > 1 and the Properties of Cold Dense Matter

Measurements with z > 1 have been demonstrated to provide insight into the properties
of nucleon-nucleon correlations [181, 182]. With CLAS12, the combination of increased lu-
minosity and large acceptance promises to permit investigation of the hadronic final states
associated with x >> 1, which means that the properties of cold nuclear matter fluctuat-
ing ephemerally to conditions of high density can be accessed experimentally. Together with
theoretical extrapolations to equilibrium conditions, one can hope to explore such exotica as
stable strange matter as an equilibrium component of neutron stars. A possible experimental
avenue to explore these ideas is to measure strangeness production on a series of nuclei in
x > 1 kinematics. A significant enhancement in kaon production increasing with z may be a
signature that can be connected to equilibrium conditions at high nuclear density which have
a persistent strangeness component. These studies complement investigations in heavy-ion
reactions [183] where kaon yields have recently been shown to be consistent with thermal pro-
duction in high-density nuclear matter. These exclusive or semi-inclusive studies with x > 1

are the natural next step following the inclusive experiments to date.
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5.3.1 The Polarized EMC Effect and the Quark Structure of Nuclei

The well known “EMC effect”, which shows a modification of the F, structure function in
nuclei relative to the proton, has been a puzzle for over two decades. Nearly 1000 papers have
been written on the subject to try to explain the EMC effect and its associated phenomena.
The best models generally use a modification of the nucleon structure within the nuclear
medium to explain the effect. It is known from lattice QCD that the region surrounding a
baryon or a meson has a suppressed chiral condensate, and it is reasonable to infer that the
nuclear medium continues this pattern. In a quantum field theory picture of the nucleus,
the structure of bound baryons is dominantly affected by the scalar field of the nucleus,
which essentially polarizes the nucleon and modifies its structure, particularly that of the
lower component of the relativistic wave function. Calculations of the polarized EMC effect
indicate it is approximately twice as big as the unpolarized effect [184]. A plot indicating the

achievable uncertainties is shown in Fig. 5.4.
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Figure 5.4: A plot of the polarized EMC effect for an 11-GeV beam, 40% target polarization, 80%
beam polarization, and 70 PAC days measured in CLAS12. The two curves are for the two dominant
structure function multipoles for this (J* = 3/27) nucleus; the solid line is for K = 1 and the dashed

line is for M = J.
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Chapter 6

Spectroscopy

6.1 Introduction

Spectroscopy of hadrons (mesons and baryons) is one of the key tools for studying the theory of
strong interactions, Quantum Chromodynamics (QCD), in the non-perturbative (i.e. confine-
ment) regime. Hadron spectroscopy has been an essential component of the physics program
with CLAS [185, 186, 187, 188, 189, 190, 191, 192]. To date, a large amount of experimental
data on electromagnetic production of hadrons has been collected by CLAS. However, more
data will be necessary to guide improvements in hadronic phenomenology and to compare
with lattice QCD calculations.

The majority of the data obtained so far with CLAS is restricted to the lowest mass states
formed with the lightest quarks, up, down, and strange. A complete picture of QCD in the
strong-coupling (non-perturbative) regime requires extension of hadron spectroscopy studies to
higher masses and/or higher transferred momenta. Fulfillment of this task requires upgrading
the electron beam energy to about 12 GeV, along with the necessary upgrade of the detector
package, with a large-acceptance spectrometer being an obvious choice for studies of multi-
particle final states.

The key experiments in hadron spectroscopy that we plan for the upgraded CLAS detector
(CLAS12) will study reactions produced by both quasi-real and virtual photons. They include:

e Studies of high-mass mesonic states (consisting of ordinary mesons, hybrids, and mesons

with exotic J¥¢) using Hy and light nuclear targets;
e Higher mass baryon production, e.g. ¥ and = baryons;
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Along with traditional bremsstrahlung photon beams, we are planning to use quasi-real
photons produced when electrons are scattered at very forward angles (i.e. scattering angles
<1.5°). We plan to use a small-angle forward electron tagger in coincidence with the detection
of multi-particle final states with the CLAS12 detector to study electroproduction at Q? values
of < 1072 GeV?2. Electroproduction at these very small values of Q? using unpolarized electrons
is equivalent to photoproduction using partially linearly polarized photons [193].

The physics program using the very small-angle electron scattering facility will take ad-
vantage of polarized photons and relatively high photon fluxes. The use of high precision,
high intensity electron beams will allow us to achieve the required luminosities on very thin
targets (i.e. gas targets) without jeopardizing the signal to accidental ratio. In turn, this
will allow detection of low-energy recoils (e.g. coherent scattering experiments) and specta-
tors (e.g. scattering off of the neutron in the deuteron). High-flux, linearly polarized photon
beams, together with the use of the nearly 47 coverage for hadronic final states of CLAS12,
will allow the study of hadron spectroscopy in a competitive and complementary experimental

environment to the already planned GlueX coherent bremsstrahlung production experiment
in Hall D.

6.2 Physics Motivation

Perhaps the most fundamental question of interest to hadron physicists is that of under-
standing the mechanism of confinement. It has been more than thirty years since QCD was
postulated as the theory of strong interactions. While much progress has been made in under-
standing perturbative phenomena, the non-perturbative regime, the regime of hadrons, their
excitations, and their couplings, has remained largely impervious to our varied assaults. Only
recently, with improvements to calculations of lattice QCD, has it become possible to make
predictions of the spectrum of hadrons [194, 195] directly from QCD, based on very few pa-
rameters (such as the bare quark masses). New experimental efforts to determine the hadron
spectra are timely and are important for theoretical progress in non-perturbative QCD.

In order for this lattice effort to make significant progress in addressing confinement, and in
order for this investment to pay off, lattice calculations for the masses and couplings of baryons
and mesons must be compared with information extracted from precision experiments. Lattice

QCD is not only capable of studying masses of bound systems of quarks and gluons, but it
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can also give insight into a space-time picture of electromagnetic interactions of these systems
through studying the Q? dependence of electro-excitation form factors. We can have confidence
that lattice calculations are indeed simulating QQCD only when it successfully reproduces a
wide range of hadron properties. Some of the precision experiments needed have been, and
are being, carried out at Jefferson Lab, and at other facilities around the world.

While mesons and baryons may be viewed differently, their phenomenology reflects com-
mon aspects of strong interaction dynamics. Searching for mesons with exotic quantum num-
bers gives us an opportunity to capture gluons as constituent particles that have their own
identity, along with quarks, in forming hadronic bound states. On the other hand, considering
interactions between three quarks in a baryon, one finds that the presence of meson-type quark
correlations may be crucial in describing baryon properties, reflecting fundamental features of
the QCD vacuum. In addition, multi-quark configurations in baryons are possible.

A number of legitimate questions about why this research is important might be asked.
For instance, some may question the need for more experiments in hadron spectroscopy, since
many experiments have already addressed some of the issues discussed here. However, the
experimental coverage is incomplete. Many individual experiments have been carried out with
the aim of addressing single aspects of hadron phenomenology. Like a map drawn by many
hands, the picture of hadrons that has emerged is incomplete in some areas, and inconsistent
in others. The goal of further experimentation in this area is compelling: to continue our
efforts to arrive, as far as possible, at a clear, complete, and consistent description of hadrons
and their properties.

In order to understand the dynamics of QCD in the confinement region, a systematic
study of many states, including their couplings to other states, is needed. Many of the current
experiments at JLab, in combination with a systematic analysis effort, will have (in principle)
information primarily on non-strange baryons, the nucleons and the Deltas. This information
is not sufficient for us to arrive at a complete and consistent picture of the dynamics of QCD in
the confinement region. Information on hyperons is a crucial element needed for constructing
such a picture. For instance, the SU(3) singlet As play key roles in identifying the states of the
70-plets and the 20-plets. At present, only one paper from CLAS on the excited A*s [196] has
been published, and this study was statistically limited by the low production cross sections
at the currently available beam energies. Other studies of the excited hyperon states are in

progress at CLAS and further work can be done with the availability of higher energies.
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Some information on hyperons can be extracted from ongoing experiments, but the kine-
matic reach of the current JLab accelerator at present does not allow the kind of systematic
study that is essential. The higher energies provided by the upgraded facility will allow for
more detailed analysis of the spectrum and interactions of the hyperons, through processes
like yN — KKN and YN — KKE.

The proposed CLAS12 experimental program is in step with current developments in
hadronic phenomenology and lattice QCD, where the main thrust is a comprehensive study

of the spectrum of conventional hadrons, along with hybrid and exotic mesons and baryons.

6.3 Meson Spectroscopy

A complete mapping of meson resonances in the mass region of 1 to 3 GeV will be particularly
important for a better understanding of the QCD confinement mechanism. QCD predicts the
existence of several new types of states beyond the naive quark model, e.g.: glueballs, hybrids,
and multi-quark ¢gqq states [197, 198]. Gluons play a central role in strongly interacting matter
— quark confinement is due to gluonic forces. The clearest most fundamental experimental
signature for the presence of dynamics of gluon degrees of freedom is the spectrum of gluonic
excitations of hadrons. Gluonic excitations of mesons with “exotic” quantum numbers, i.e.
quantum numbers not accessible to the ¢ system, would be the most direct evidence for these
states. Determining the properties of such states would shed light on the underlying dynamics
of quark confinement.

The identification of these states has been difficult, as high-mass resonances are generally
broad and overlapping, and often have similar quantum numbers (mixing). Photoproduction
cross sections are small, so statistics have been limited. Ideally, for a complete mapping of
the mesons in this mass region, we will need to study each resonance through as many decay
channels and production mechanisms as possible in order to disentangle mixing. To determine
meson quantum numbers, we use partial wave analysis (PWA) (in a broad sense, fits to the
angular distributions of final states). A complete PWA requires high event statistics, as well
as high resolution and geometrical acceptance of the detector. Meson spectroscopy at CLAS12,

using the low-Q? tagger, will fulfill many of these stipulations.

7 Physics Program



The CLAS12 Physics Program Version 5.1 July 15, 2008

6.3.1 Coherent Photoproduction on Light Nuclei

In the electromagnetic production of t-channel meson resonances at moderate energies, the
main physics background arises from associated production of baryon resonances that decay
into the same final state particles. Often these particles in both production reactions occupy
the same phase space, and therefore, it becomes impossible to separate them using kinematic
cuts. The contribution of baryon resonances to the final state makes PWA analysis rather
complicated. The production of meson resonances coherently on nuclear targets, when the
recoiling nucleus remains intact, is a clean way to eliminate baryon resonances. A particular
case of such processes is coherent production off of light nuclei, e.g. *H, 3He, and *He. For
these reactions, the recoiling nuclei can be detected in order to ensure that they remain intact.

We propose a program to study charged and neutral meson resonances in the coherent
production reactions on light nuclei, v*3H — 3He M~, v**He — 3HM™, and v**He —
“He M°, using the CLAS12 detector and the 12-GeV electron beam. The key feature of these
measurements is the detection of the recoiling nuclei.

For meson masses from 1 to 3 GeV, the minimum transferred momentum, t¢,,;,, at beam
energies up to 10 GeV, ranges from 0.02 to 0.2 GeVZ2. At these transferred momenta, reduction
of yields due to the nuclear form factor is expected to be only a factor of a few, while the
energy obtained by the recoiling nucleus, 5 to 30 MeV for *H, 3He, and *He, will be enough
to detect them using thin gas targets. Such experiments can only be conducted with high-
intensity electron beams, where the low density of the target can be compensated for by a high
flux of quasi-real photons. High precision electron beams, with sub-millimeter cross sections,
will allow us to use a small diameter target cell, consequently to have thin windows at high
pressure, a critical component for the detection of low-energy recoiling particles. FElectron
scattering at very small angles is a unique technique for experiments on thin targets.

Besides the elimination of baryon resonances, coherent production on nuclei has other
advantages as well. In many cases it imposes constraints on the allowed helicity states of
the produced meson, and on the possible exchange particles. These will significantly aid the
PWA.

Examples of such reactions include coherent production of 77 and 77’ final states on
“He [199]. The attractive feature of these final states is that in the P-wave they have exotic

JPC

quantum numbers, = 1=*. Photoproduction of 77 and 77’ on the nucleon proceeds only

via C-odd p or w exchanges. Since *He has isospin 0, only w exchange is allowed, and as ‘He
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has spin 0, the helicity of the final state (at small angles) should be equal to the helicity of
the incoming photon (SCHC).

6.3.2 Electroproduction on the Proton at Very Small Q?

The general idea of PWA is to parameterize the intensity distribution in the space of quantum
numbers available to the observed final states. The intensity distribution is written as a sum
of interfering and non-interfering amplitudes (partial waves). A maximum likelihood fit is
done to the intensity distribution by a set of given partial waves and reasonable assumptions
of the production mechanism. The goodness of the fit is related to the statistics (number of
events per binned data), the rank of the production matrix, and the number of parameters
to be fitted. The fit could then be improved by using higher statistics or (equivalently) by
reducing the rank of the fit by having more information about the production mechanism.

The knowledge of photon polarization simplifies the PWA by giving direct information on
the production mechanism, and therefore, reducing the rank of the fit. In electroproduction
at very low Q?, we will be able to measure, on an event-by-event basis, the linear polarization
of the photons.

Spectroscopy studies of mesons have started with CLAS at lower energies [200]. Prelimi-
nary results of these experiments show the viability of such studies using the current CLAS
configuration, where PWA of simple final states (777) has already been carried out success-
fully. However, with the limited acceptance of the present CLAS and only circular polarization
of the electron beam, there are many analysis ambiguities created by the assumptions on
the production mechanism and the baryon backgrounds. These ambiguities will be mostly
resolved when using linearly polarized, high-energy (greater than 8 GeV) photons, and larger
acceptances. At higher energies we will be able to map out the mesons in the interesting 1 to
3 GeV mass range and, most importantly, to better kinematically differentiate mesons from
baryons. More specifically, we plan to study mesons decaying into multiple final states (e.g.

pT, NI, ¢777 b17r7 KK*) o )

6.4 Baryon Spectroscopy and Structure

Ground and excited baryon states provide a wealth of information on non-perturbative QCD

in addition to that available using mesons. First, baryons are the simplest systems that

79 Physics Program



The CLAS12 Physics Program Version 5.1 July 15, 2008

manifest the non-abelian nature of QCD. This results in a complex internal structure whose
degrees of freedom and dynamics may depend on the distance scale probed. Second, the
predicted mass spectrum involves many transitions to a variety of spin-flavor multiplets (56,
70 and 20-plets) which partially overlap in excitation energy. Some of these states have not
yet been seen. Understanding and unraveling this rich structure requires experimental data
of high precision using a variety of exclusive channels, final hadronic state invariant masses
and photon virtualities. The enhanced kinematic range available at 12 GeV will make feasible
a study of the evolution of baryon structure and quark binding mechanisms in the transition
between QCD strong coupling and asymptotic freedom.

Recent experimental measurements of transition form factors [201, 202] have provided a
better understanding of the role played by the nucleon’s meson cloud in baryon excitation at
low to moderate Q?. For the N — A(1232) transition, there is evidence of strong longitudinal
photocouplings and helicity non-conservation out to @Q?=6 GeV?, which is consistent with
significant meson cloud contributions. There is also substantial evidence that meson-baryon
interactions may dominate quark-gluon dynamics for Q? < 1 GeV? in the P;;(1440) (Roper)
and D13(1520) transitions. This interpretation has been substantiated by dynamical meson-
baryon calculations [203] and chiral quark models. On the other hand, for the Si;(1535)
transition, the pion cloud plays a lesser role, and the transition form factor scales with Q? as
expected from scattering off bare quarks.

Computations using the Dyson-Schwinger equation [204], as well as explicit lattice QCD
calculations [205], show a dynamical dressing of bare quarks which persists down to distances
equivalent to Q*=4 GeV2. Baryon structure physics at 6 GeV is thus limited to the regime
where the meson cloud obscures the direct view of the quark and gluon structure in baryons. A
recent lattice calculation [206] of the QCD action clearly shows a compact Y-shaped structure
binding the 3 valence quarks in the nucleon. To access the genuine gluon dominated QCD
interaction thus requires a short distance probe, either high Q? for light quark systems, or the

photoproduction of heavy quark baryons.

6.4.1 Cascades

The double-strangeness cascades have several advantages when it comes to baryon spec-
troscopy. First, two of the three valence quarks are heavier (m; ~ 100 MeV) than light

quarks, which reduces the uncertainties in extrapolations of lattice gauge calculations for the
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cascade mass. Second, the width of the cascades are typically about a factor of ten smaller
than their N* counterparts. Third, the detached decay vertices for many cascades allows ex-
periments to more easily separate cascades from various backgrounds. These advantages can
only be utilized if there is a sufficient beam energy to produce the =s in reasonable quantities.

Recently, experiments with the CLAS detector have shown that the ground state = and the

first excited =*

can be clearly seen [190] in photoproduction from the proton. The Particle
Data Group [207] shows that there are many excited =*s with fairly narrow widths based on
older bubble-chamber or hadronic-beam experiments. However, in some cases, the data for
E*s is not very consistent (some experiments that have reported a =* should have seen other
E*s in their mass window, but did not). In addition, of the 22 = candidates expected in the
SU(3) multiplets, only six are well-established.

Lattice gauge theory will be a useful theoretical tool to tell us the relative masses of the =*
states [208, 209, 210]. An important goal of lattice QCD is to correctly identify the quantum
numbers of states, and especially to separate high-spin excitations, which is a particularly
delicate problem in the baryon sector. It has been realized, for instance, by the LHP (lattice
QCD) Collaboration, that studying the hadronic spectrum around the strange quark mass,
instead of attempting to attain the lightest possible quark masses in the computations, allows
one to reach the above goal in shorter times. In addition it can take advantage of a more
straightforward, and tractable, behavior of the states such as cascade baryons in quenched
chiral perturbation theory. Unfortunately, experimental information about these states is
incomplete, and our proposal aims at filling this gap.

Because the =* states are expected to have narrow widths, the experimental determination
of their masses should be rather simple. However, the cross section for cascade production
decreases dramatically as the beam energy goes down [211], and a systematic study of cascades
is only possible with beams of 6 GeV or higher. Data on =*s, which can be compared with
the spectrum calculated from lattice QCD, will be greatly enhanced by the energy upgrade.
Furthermore, measurements of the various decay branches of the =*s will be useful to compare

with theoretical models. There is a richness of physics here that cannot be passed up.
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6.5 Summary

The simultaneous study of both mesons and baryons using the upgraded CLAS12 detector with
12-GeV electron beams is our goal. By using a small-angle forward electron tagger, a high
flux of polarized photons is obtained. This allows thin gas targets to be used, making possible
detection of low-energy recoils and spectators.

The physics to be learned is motivated by a combination of lattice QCD and phenomenol-
ogy. Lattice calculations are useful for understanding of the non-perturbative structure of
QCD vacuum, spectroscopy, and dynamics of bound systems of quarks and gluons. At the
same time, a consistent experimental program aimed at describing hadron properties requires
a broad systematic approach (not limited only to quantities the lattice can presently calcu-
late). In order to understand the dynamics of confinement, many states and their decays
must be studied. Furthermore, a proper partial wave analysis should include both baryon
and meson amplitudes applied to high statistics data over a wide range of kinematic phase
space. This program is limited at the current beam energies, but will be hugely improved with
the linearly polarized, quasi-real photons at CLAS12, along with the energy upgrade. Using a
combination of lattice QCD and systematics, the physics of mass spectroscopy and possible
exotic mesons and baryons can be investigated. Individual experiments have been (are being)
designed (and will be presented to the PAC) to show specifically how this program will be

carried out and how the measurements are connected with the physics of confinement.
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Chapter 7

Baryon Form Factors

7.1 Introduction

The structure of the nucleon is a defining problem for nuclear physics. The most basic observ-
ables that reflect the composite nature of the nucleon are its EM form factors (FFs). Indeed,
historically the first direct indication that the nucleon is not elementary came from measure-
ments of these quantities in elastic ep scattering [212]. The elastic electric and magnetic FFs
characterize the distributions of charge and magnetization in the nucleon as a function of spa-
tial resolving power. The transition FF's reveal the nature of the excited states of the nucleon.
Further, these quantities can be described and related to other observables through the use
of generalized parton distributions (GPDs). Therefore, this topic connects strongly to other
thrusts of the 12-GeV program and is central to answering one of the questions in the DOE

Nuclear Physics Long Range Plan, ‘What is the structure of the nucleon?’ [213].

7.2 Context and Motivation

The nucleon elastic FFs are defined via matrix elements of the EM current, J, = E’y,ﬂ/), as:

2M

where P and P’ are the initial and final nucleon momenta, and ¢ = P — P’ is the 4-momentum

(N(P)|J,(0)|N(P)) = a(P') (w (@) + Tt FQ(QQ)) u(P), (7.1)

transferred to the nucleon, with Q% = —¢?. The Sachs electric and magnetic FFs are defined

in terms of F} and F, as:
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Ge(@Q®) = F(Q%) - (Q*/4M?) F>(Q?), (7.2)

Gu(Q") = R(Q)+R(Q). (7.3)
EM transition FFs may be similarly defined. In this case the final state is no longer a nucleon,
but rather may be a resonance state: (R(P’')|J,(0)|N(P)).

The elastic FFs at low Q? approximately follow a dipole form, Gp(Q?) o< 1/(1 + Q?/Q%)?,
with @2 ~ 0.71 GeV?. This behavior can be qualitatively understood in a VMD picture
where the virtual photon interacts with the nucleon after fluctuation into a virtual vector
meson. Deviations from this form have been observed (see Fig 7.1), and it is important to
understand their nature. At asymptotically large 2, the elastic FFs can be described in terms
of perturbative QCD [214]. Here the short wavelength of the highly virtual photon enables
the quark substructure of the nucleon to be cleanly resolved.

Just where the perturbative behavior sets in is still an open question. Evidence from recent
experiments at JLab and elsewhere suggests that non-perturbative effects still dominate the
FFs for Q% < 10 GeV2. The Q? dependence of G and G, which is expected to be the same
in perturbative QCD, is observed to be rather strong in the Gg/G s ratio for the proton out
to Q% ~ 6 GeV? [215, 216].

Understanding the transition from the low to high Q? regions is vital not just for deter-
mining the onset of perturbative behavior. FFs in the transition region are very sensitive to
mechanisms of spin-flavor symmetry breaking, which cannot be described in principle within
perturbation theory. A classic example is the electric FF of the neutron, G% [217], which is
identically zero in a simple valence quark picture, and whose non-zero value can only be un-
derstood in terms of non-perturbative mechanisms, such as the hyperfine interaction between
quarks [218] or a pion cloud [219].

Theoretical guidance on the FFs in the transition region can be obtained from lattice
QCD. These calculations will have achieved a high degree of accuracy by the time CLAS12 is
taking data [220] and challenging these fundamental calculations with high-precision data for
both the proton and the neutron out to high @? will be an important test.

The Q? dependence of the nucleon elastic FFs reflects the dynamics of the quark con-
stituents in a region where confinement plays an important role. Because the EM current
couples to the charged quark constituents, one can decompose the FFs into a sum over the

quark contributions Gg . (Q%) = > e, G%’,)M(Q2), where e, is the quark charge and the sum
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Figure 7.1: The normalized elastic proton and neutron magnetic form factors (Garn/Gppn,
Gup/Gppp) [221, 222]. The proton data have been shifted upward by 0.3 for clarity. Note the
lack of high-quality data for the neutron at large Q2. The red circles are preliminary results from the

CLAS Eb5 data set. The dark green circles are anticipated results for a 45-day CLAS12 measurement.

is over the valence quarks. To determine Gg,)M from each individual quark flavor requires
measurement of the FFs of both the proton and neutron. However, at present, precision data
at high Q? exists only for the proton (see Fig. 7.1), which extends beyond 30 GeV?.

Recent work on GPDs has provided a unifying framework within which both FFs and
structure functions can be simultaneously embedded [223, 11]. GPDs hold the promise of
providing a 3D image of the nucleon (two spatial, one momentum), but require a variety of
measurements. The elastic and transition FFs can be related to each other in dynamical
quark models of the nucleon, and more rigorously, in the large N¢ limit of QCD. Therefore,
within this new framework, they measure different combinations of the same set of GPDs and
provide an essential constraint on theory. In particular, the elastic FFs are related to the 0%

moments of the GPDs, e.g. HY(z,&,t) is given by [223]:

/_ S Ha, ) = Fi(), (7.4)

where ¢ is the momentum transfer, x is the longitudinal momentum fraction, £ is the skewness,
and the sum is over the valence quarks. The various FF measurements accessible in CLAS12 are
therefore interrelated and can be interpreted within a unified analysis. They complement and
support other deeply virtual exclusive reactions that are part of the JLab 12-GeV program.
From another perspective, the interplay between FFs and structure functions is central

to the phenomenon of quark-hadron duality [224, 55, 225, 226, 227], and the transition from
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quark to hadron degrees of freedom in QCD. FFs obtained in exclusive reactions can be
related through local quark-hadron duality to deep-inelastic structure functions measured in
inclusive processes. For elastic scattering, the FFs can be used to predict the behavior of
structure functions in the limit x — 1 [224, 228, 229, 230], which is a difficult region to access
experimentally. For example, the F} structure function of the nucleon at large Q* [224, 230]
is proportional to dG?%,(Q?)/dQ?. Conversely, from data on structure functions at very large
x, one can extract the elastic FFs as a function of Q? and compare them directly with data
[55, 225]. One can similarly use quark-hadron duality to study not just the elastic case, but
the entire spectrum of excited final states, and more generally, the transition from resonance
production to scaling in deep-inelastic scattering [231].

Nucleon ground and excited states represent different eigenstates of the Hamiltonian,
therefore to understand the interactions behind nucleon formation from the fundamental con-
stituents, the structure of both the ground and excited states should be studied. Nucleon
resonances are clearly seen in inelastic inclusive structure functions off nucleons. Moreover,
the Q? evolution of the non-resonant parts of the inclusive structure functions may be de-
scribed reasonably well by QCD-based approaches [232], while the evolution of the N* ex-
citation strength with @2 strongly depends on the quantum numbers of the excited state
[201]. Therefore, N* states contain important information on binding interactions, which is
complementary to that obtained from the studies of the ground state.

Obviously the data on the Q?-evolution of N* electrocouplings offer just phenomenological
information. Lattice simulations represent the most straightforward way to relate this phe-
nomenology to fundamental QCD. Lattice studies of N* states are making steady progress
(233, 234, 235, 236, 237], and on the time scale for the 12-GeV upgrade, we may expect lattice
predictions for the @Q2-evolution of the electrocouplings of the lightest N*s in each partial
wave. This is an important goal in the current activity of the Theory Center at JLab.

Recent QCD calculations on the lattice [238] show evidence for a “Y-shape” color-flux tube,
indicating a genuine 3-body force for baryons with stationary quarks as shown in Fig. 7.2. This
3-body force is a unique feature of a 3-quark baryon system in QCD. Lattice simulations [239]
also relate the fundamental QCD Lagrangian to quark confinement potentials, which are
responsible for the formation of the ground state and a variety of excited nucleon states, and
determine the behavior of the N* EM FFs as a function of ?>. These FFs may be estimated
in various models [240, 241, 242, 243, 244], which are potentially capable of relating them to
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the binding potential and quark-quark interactions at various distance scales.

///
)

Figure 7.2: Lattice QCD calculation of the 3D color-flux distribution for a baryon. The calculation
was carried out to study the abelian color-flux distribution in a static 3-quark system. The “Y-shape”
configuration is evident, indicating the presence of a genuine 3-body force. The graph shows high
density at the quark locations and in the center. The A-shaped flux configuration, characteristic of

2-body forces, would have a depletion in the center.

The CLAS N* program with energies up to 6 GeV has already provided valuable data on
resonance electrocouplings [201, 245]. Further extension of this research with CLAS12 in the
Q? region up to 10 GeV? will open new opportunities to study N* states at still unexplored
distance scales, where considerable contributions from the bare quark core are expected.

Studies of CLAS data on nucleon resonance transitions at increasingly short distances have
resulted in strong empirical evidence of large meson-baryon dressing contributions to the
resonance excitations at large and medium distances. This is particularly evident in the
region of the v* NA transition where constituent quark models using point-like v*-¢g couplings
are unable to explain the much larger strength of the magnetic dipole transition from what is
predicted from quark contributions alone [201].

The JLab Excited Baryon Analysis Center (EBAC) is developing an approach capable of
evaluating contributions of meson-baryon dressings to N* electrocouplings based on coupled-
channels analyses of the world data [246]. Isolating hadronic dressing effects, we eventually
get information on bare quark core contributions. Preliminary studies have shown that these
contributions become increasingly important as Q% increases.

In Fig. 7.3 we show recent results from CLAS data on é€p — enm™ in terms of the leading,
helicity-conserving A,/ amplitudes to the excitation of the P;;(1440), D13(1520), S11(1535),
and Fy5(1680). The amplitudes are multiplied by @3, the expected dependence for point-
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Figure 7.3: Helicity amplitudes 4, /o(Q?) scaled by @ for the Roper P11 (1440) (triangles), S11(1535)
(circles), D13(1520) (squares), and F15(1680) (stars). At the highest Q? the dependence is consistent

with a flat behavior.

like coupling to the quarks. The quantity Q® - A, /2 (@?) is consistent with a constant for all
resonances above =3 GeV?, an encouraging sign that a considerable contribution from the
bare quark core may be reached with the energy upgrade.

This regime in N* excitations is governed by light front wave functions (LFWFs) [247].
The data on N* electrocouplings at high Q? enable us for the first time to access LFWFs
for excited nucleon states. Substantial progress has been made in calculations of LEWFs
from first principles in QCD, including lattice gauge theory [248], transverse lattice [249], and
discretized light front quantization [250]. All of these developments offer promising avenues
to relate data on N* electrocouplings at high Q? to fundamental QCD.

The studies of N* electrocouplings at high Q? are of considerable interest for various
12-GeV upgrade research programs. Data on N* electrocouplings are needed in the studies
of inclusive structure functions at large z; for reliable treatment of resonant contributions.
Credible estimates of the resonant parts in various meson electroproduction amplitudes at

high Q? may allow us to extend GPD studies toward the N*-excitation region.

7.3 Form Factor Measurements

The program we describe here is part of a broad assault on the nucleon elastic and transition
FFs at JLab [222, 215, 216]. All four elastic FF's are needed to untangle the physics including
the different quark contributions. In the upgraded CLAS12 we have proposed measuring G7,
out to @*=13 GeV? using a ratio method described below. A proposal (PR12-07-104) for this
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experiment was approved by the JLab PAC in 2007 [251]. Another proposal to measure the
ratio G%,/G%, in the upgraded Hall A (PR12-07-109) was also approved to push our knowledge
of G out to Q*=13 GeV? [251]. There are plans to measure G% in the upgraded Hall A out
to Q?=7.2 GeV? and to explore the baryon transition FFs with CLAS12 and in Hall C. The N*
program in CLAS12 will measure the electrocouplings of almost all the known N* states up to
Q?=10 GeV?. The CLAS12 detector, coupled with the unprecedented quality of the upgraded
CEBAF beam, will be the only facility worldwide capable of accessing the N* transition EM
FFs in the unexplored domain of high Q?, from 5 to 10 GeV?.

7.3.1 Nucleon Elastic Form Factors

The FF G%; will be accessible out to @ ~ 13 GeV? (see Fig. 7.1) by extending the method
used in JLab experiment E94-017 [252]. An unpolarized cryogenic liquid-deuterium target
is employed as a “neutron target”, and the ratio of e-n events to e-p events off deuterium
is measured. A cut on W selects quasi-elastic (QE) kinematics, and in the conceptual limit
where the n and p are considered as free in the deuteron, the e-n/e-p ratio can be directly
related to the free FFs of the nucleons. Using the more accurately determined proton FFs
and an estimate of G, one extracts G}, from the deuteron QE cross section.

There are a number of factors that affect the accuracy of the measured G7,. While these
are the same for low and high @2, their relative importance changes. As long as G7, is much
larger than G, uncertainty of the latter does not contribute significantly to the uncertainty
in G%,;. The proton FFs must be well known. In QE kinematics, corrections to the ratio due
to the binding of the nucleons within the deuteron will become increasingly smaller at high
Q?. At Q? ~ 4 GeV? the correction was found to be ~0.2% [253, 254, 255].

The neutron detection efficiency, which must be known accurately in this method, will be
more stable at high Q2. The intrinsic detection efficiency in the calorimeter reaches a nearly
constant value for neutron momenta above ~1.75 GeV [255]. The detection efficiency was
continuously monitored in E94-017 using a novel dual-cell deuterium-hydrogen target which
allowed two target cells to be simultaneously in the beam. The neutron detection efficiency
was thereby continuously measured using the exclusive reaction p(e, e'7*)n from the proton
target. Our preliminary studies of this method in CLAS12 are promising.

Two factors are expected to become more important at high Q2. The first is the QE

scattering rate becomes small relative to inelastic processes nearby in the W spectrum. The
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tails of these processes become an important contamination beneath the region of QE scat-
tering. The second effect is the kinematic broadening of the W peak. Taking these two effects
together will reduce the QE peak in the W spectrum for @? > 8 GeV?, independent of
experimental resolution. Previous measurements of G%, at high Q?, using inclusive electron
scattering, encountered this limitation [256]. These difficulties can be overcome in CLAS12
using two types of cuts that do not introduce bias into the ratio measurement. First, the
angle between the virtual photon and the detected nucleon is very small for QE kinematics.
Eliminating angles that are not consistent with the QE process removes much of the inelastic
background. Second, the hermiticity of CLAS12, and its increased capability for detection
of neutrals, means that events with in-time charged particles that are inconsistent with QE
scattering can be vetoed with high efficiency, as can neutral hit pairs reconstructing to the 7°
mass. The events of interest can be separated from inelastic events. The expected quality of
the measurements feasible is seen in Fig. 7.1. The errors are dominated by systematics even

at the highest Q? as a result of the increased luminosity limit from the upgraded detectors.

7.3.2 Electromagnetic Transition Form Factors

As the first step in the CLAS12 N* program, we plan to determine in combined analysis of the
single and double pion electroproduction, the electrocouplings for almost all well established
N* states at high Q% from 5 to 10 GeV2. Together, 17 and 27 processes account for a
major part of the total meson electroproduction cross section in the N* excitation region.
Moreover, they are strongly coupled due to hadronic FSI [257]. Therefore, data on 17 and 27
production amplitudes are needed for credible evaluation of N* electrocouplings in any meson
electroproduction channel. Phenomenological studies have clearly shown that in both of these
major channels, the resonant/non-resonant amplitude ratio increases with Q? [258].

The CLAS Collaboration has already produced the most extensive, high quality data avail-
able for 17 and 27 electroproduction [201, 245]. Two phenomenological approaches [259, 260]
were developed for extraction of the N* electrocouplings from the single pion data. In
Ref. [259] the electrocouplings were determined based on almost model-independent dispersion
relations. The Unitary Isobar Model [260] enables a good description of all multipoles with
[ <4 up to W=2.0 GeV. In Fig. 7.4 we present the P;;(1440) and D;3(1520) electrocouplings
for the first time determined from CLAS data on single pion electroproduction. It was shown

in Ref. [258], that the approaches of Refs. [259, 260] may be extended for analysis of the data
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at high % available with an 11 GeV beam.
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Figure 7.4: Helicity amplitudes for the P;;(1440) (left) and D;3(1520) (right) states from analysis
of CLAS 17 (red points) and 27 (blue points) data. Also shown are the combined 17/27 data at
Q?=0.65 GeV? (magenta points). The PDG photocouplings are in black.

The measurements of the 777~ p exclusive channel with CLAS provided for the first time an
entire set of unpolarized single-differential cross sections, and consisted of 9 single-differential
cross sections in each (W,Q?) bin [257, 185]. The JLab-MSU collaboration has devel-
oped [257, 261] a phenomenological model (JM06) with tree-diagram mechanisms and ad-
ditional phenomenological terms to analyze 77~ p electroproduction data sets from the avail-
able world data. Several new mechanisms were established for the first time. A reasonable
description of the CLAS and world data was achieved. Pj;(1440) and D;3(1520) electrocou-
plings determined from analysis of recent CLAS 27 data are shown in Fig. 7.4. They are
consistent with those extracted from the 17 data, as well as with those obtained in combined
17w /2m analysis [262]. Analysis of the data on 27 electroproduction allowed us for the first
time to obtain accurate information on electrocouplings for several high-lying states, which
decay preferably with 27 emission. The JM06 approach may be used for the evaluation of N*
electrocouplings in still unexplored areas of high Q2.

A combined fit of all observables in 17/27 exclusive channels within the framework of
a coupled-channels formalism would enable us to determine the most reliable data on N*
electrocouplings. We are going to carry out a coupled-channels analysis within the framework
of the most advanced approach [246], for the first time fully accounting for FSI complexity
both in the 2-body and 3-body final states.

Extensive simulation of 17 and 27 electroproduction measurements with CLAS12 were
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Figure 7.5: Projected A,y electrocouplings for the D13(1520) and Fy5(1685) states (open circles)
expected from CLAS12 17 /27 data. Preliminary results from CLAS 1m data (blue) and combined
17 /27 analysis at Q?=0.65 GeV? [262] (red) are shown. Previous world data are shown in black.

carried out in Ref. [258]. It was found that a 60-day measurement would provide observables
of the same or better quality than those measured with the CLAS detector at lower photon
virtuality. The expected A;/, electrocouplings for the D;3(1520) and F5(1685) states are
shown in Fig. 7.5.
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Chapter 8

PAC Reviewed 12-GeV Proposal

Overview

The Jefferson Laboratory Program Advisory Committee (PAC) held meetings on August 21-
26, 2006 (PAC30) and August 6-8, 2007 (PAC32). These were the first two PACs to consider
experimental proposals to use the base equipment currently planned for the 12-GeV upgrade.
In Hall B, 11 proposals and 6 letters-of-intent were presented for the new facility utilizing
the CLAS12 detector system (note that two of the letters-of-intent presented to PAC30 were
defended as full proposals to PAC32).

PAC reviewed the physics and equipment with respect to their appropriateness for data
taking with the base equipment of CLAS12 during the first five-year running period with the
12-GeV beam. The presentations covered a broad physics program that reflected almost a
decade of discussions and preparations focussed on the physics possibilities opened up by the
availability of 11 to 12 GeV electron beams at JLab and the planned experimental equipment.
The physics proposals presented reflect the main topics that provided the physics case for the
12-GeV upgrade, which were extensively discussed during the PAC18, PAC23, and PAC27
meetings.

The core of the first five-year running period with CLAS12 consists of experiments in the

following areas:

e Generalized parton distributions and hard exclusive processes;

e Semi-inclusive deep inelastic scattering and single-spin asymmetries;
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Deep inelastic structure functions of the nucleon;

Elastic and transition form factors of the nucleon;

e Experiments using the nucleus as a laboratory;

Hadron spectroscopy.

Each of these areas was represented by proposals and letters-of-intent at PAC30 and
PAC32. The experiments that were presented in each of these areas are discussed briefly
below. The proposals and letters of intent are listed in Tables 8.1 and 8.2, respectively.
Fig. 8.1 shows the current allocation of approved beam time in each experimental Hall for the

12-GeV upgrade as a function of beam energy.

¢ Generalized Parton Distributions and Exclusive Processes

1). PR12-06-108: Hard Ezclusive Electroproduction of m° and n with CLAS12
Spokespersons: K. Joo, V. Kubarovsky, P. Stoler, M. Ungaro, C. Weiss

This experiment will provide 7° and 7 electroproduction cross sections from the proton over a
broad range of @2, W, and t. The data will have an important impact on the GPD program and
will provide a means to constrain the axial GPD of the proton. Both pseudoscalar meson channels

are interesting because they provide information on the quark flavor components of the axial GPD.

2). PR12-06-119: Deeply Virtual Compton Scattering with CLAS at 11 GeV

Spokespersons: A. Biselli, H. Egiyan, L. Elouadrhiri, D. Ireland, M. Holtrop, W. Kim, F. Sabatie

GPDs are physical observables that can provide deep insight into the internal structure of nucle-
ons. DVCS is one of the cleanest processes to measure these functions. This experiment extends the
current DVCS program at CLAS to higher energy, expanding the kinematic coverage in z and Q?2,

and allowing the structure of the nucleon to be probed at much smaller distance scales.

¢ Semi-Inclusive Deep Inelastic Scattering

1). PR12-06-112: Probing the Proton’s Quark Dynamics in Semi-Inclusive Pion Production
Spokespersons: H. Avakian, K. Joo, Z.E. Meziani, B. Seitz

This experiment will perform an extensive study of the transverse momentum proton structure

functions and fragmentation functions, which arise from parton transverse momentum and its cou-
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pling to spin within the nucleon. Due to immense theoretical progress in recent years in this area

and that of GPDs, the true three-dimensional nature of the proton is beginning to be explored.

2). LOI12-06-108: Transverse Polarization Effects in Hard Scattering at CLAS12
Spokesperson: H. Avakian

This experiment is designed to perform a program of measurements of semi-inclusive deep inelastic
scattering and of hard exclusive processes using a transversely polarized proton target. The use of
a transversely polarized target has been revealed in recent years to be the ideal test bed for the
exploration of quark orbital angular momentum and its correlation with transverse spin, both within

the nucleon and in the fragmentation process.

3). PR12-07-107: Studies of Spin-Orbit Correlations with a Longitudinally Polarized Target
Spokesperson: H. Avakian

This experiment will perform semi-inclusive measurements with a longitudinally polarized proton
target to measure single and double-spin asymmetries for charged and neutral pion production.
These data are sensitive to the helicity distributions and the transverse momentum and polarization

distributions of the different quark flavors in the proton.

4). LOI12-07-101: Lambda Polarization in the Target Fragmentation Region
Spokespersons: H. Avakian, D.S. Carman

This experiment will measure the beam-recoil polarization transfer to the A hyperon in semi-
inclusive and exclusive processes at large momentum transfer in the target fragmentation region.
These measurements are expected to provide information on the strange sea in the nucleon and
may shed light on the proton spin puzzle. They will significantly improve the accuracy of previous

measurements and allow for decisive tests of models of the reaction mechanism.

5). LOI12-07-103: A Detailed Study of Semi-Inclusive Deep Inelastic Pion Production on Unpo-
larized Proton and Deuteron Targets with the CLAS12 Detector

Spokesperson: X. Jiang

This experiment involves a detailed study of hadron multiplicities, their relative ratios, as well
as studies of the azimuthal and transverse momentum dependencies of semi-inclusive deep-inelastic
production. Data from electron beam energies of 6.6, 8.8, and 11 GeV will be used to study single
pion production from unpolarized proton and deuterium targets. The goal of this work is to firmly

establish the kinematic region over which semi-inclusive deep-inelastic scattering pion production can
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be reliably interpreted to NLO QCD in terms of parton distributions and fragmentation functions.

¢ Deep Inelastic Structure Functions of the Nucleon

1). PR12-06-109: The Longitudinal Spin Structure of the Nucleon

Spokespersons: D. Crabb, A. Deur, V. Dharmawardane, T. Forest, K. Griffieon, M. Holtrop, S. Kuhn, Y.
Prok

This experiment will measure with high accuracy the g; spin structure functions of the proton
and deuteron for higher z, where the valence quark structure is dominant. This determination of
g1 will test quark model predictions at large z and constrain Ag using NLO-based global parton
analyses. Measurements from the resonance region will be used to determine the lowest moments of

g1 over a broad range in Q2.

2). PR12-06-113: The Structure Function of the Free Neutron at Large x

Spokespersons: S. Bueltmann, S. Kuhn, H. Fenker, W. Melnitchouk, M. Christy, C. Keppel, V. Tvaskis,
K. Griffioen

The ratio of the proton to neutron spin-independent structure functions Fyy, /Fy, in deep-inelastic
scattering is poorly known at large z due to theoretical uncertainty in the free neutron structure
function. This experiment will minimize the effect of the nuclear corrections by insuring that the

scattering occurs on an almost on-shell neutron by tagging the spectator proton.
3). LOI12-07-102: Tagged Neutron Structure Function in Deuterium with CLAS12
Spokesperson: S. Bueltmann, K. Griffioen, S. Kuhn

This experiment represents an extension of PR-12-06-113 to extract the neutron structure func-
tion by tagged deep inelastic scattering of deuterium. Here higher-momentum backward-going pro-
tons in the range from 0.2 to 0.7 GeV will be selected as a way of identifying the off-shell neutrons in
a regime where final state interactions are minimized. The data are expected to provide important

insights into the EMC effect and to discriminate between different models.

¢ Elastic and Transition Form Factors of the Nucleon

1). PR12-07-104: Measurement of G%, at High Q? with the Ratio Method on Deuterium
Spokesperson: G. Gilfoyle

This experiment will measure the ratio of quasi-elastic en/ep scattering on the deuteron to
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determine the ratio of the neutron to proton magnetic form factors in the range of Q? from 2 to
14 GeV?. With the well measured proton magnetic form factor, this experiment will enable the
extraction of the much more poorly measured neutron magnetic form factor. Its measurement is
part of a broad effort to understand how nucleons are constructed from the quarks and gluons of
QCD. This form factor, along with the other elastic nucleon form factors G, Gﬁ/[, and G%, are

provide key constraints on the generalized parton distribution functions.

o Experiments Using the Nucleus as a Laboratory

1). PR12-06-106: Study of Color Transparency in Exzclusive Vector Meson Electroproduction off
Nuclei

Spokespersons: K. Hafidi, B. Mustapha, L. El Fassi, M. Holtrop

In QCD color transparency would manifest itself by a reduced attenuation of hadron transmission
in nuclear matter when it is in a point-like configuration. Studies of this effect with vector mesons
will provide strong control of the initial state. In this experiment the coherence length related to the

production time will be fixed, shifting the focus solely on the transparency phenomenon.

2). PR12-06-115: Study of the Short Range Properties of Nucleons at Q? < 12 GeV? Using
d(e, e'p)n Reactions with CLAS12

Spokespersons: K. Egiyan, N. Grigoryan, L. Weinstein

This experiment will search for the possible modification of the properties of deeply bound nu-
cleons and search for point-like configurations of the nucleon. These new data could help in testing
our knowledge of nuclear models and nucleon modification over a broad kinematic range. This

experiment was deferred by PAC30.

3). PR12-06-117: Quark Propagation and Hadron Formation

Spokespersons: W. Brooks, K. Hafidi, K. Joo, G. Niculescu, I. Niculescu, M. Holtrop, K. Hicks, L.
Weinstein, M. Wood, G. Gilfoyle, H. Hakobyan

The goal of this experiment is to characterize the hadronization process during the time the
struck quark travels unconfined through the nuclear medium carrying a net color charge, and during
the time when it travels as a pre-hadron through the nuclear medium. This experimental program

will study a variety of hadrons to characterize important and subtle aspects of hadron formation.

¢ Hadron Spectroscopy
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1). PR12-06-116: Nucleon Resonance Studies with CLAS12 in the Transition from Soft to Partonic
Physics

Spokespersons: V. Burkert, R. Gothe, K. Joo, V. Mokeev, P. Stoler

This experiment will study the excited baryon spectrum by measuring photocouplings of estab-
lished baryon resonances as a function of Q2, where it is expected that resonant signals rise relative
to the backgrounds as Q? increases. Photocouplings of these baryons will provide information on the
confining mechanism for three-quark hadrons and will provide valuable input to ongoing coupled-

channels analyses. This experiment was deferred by PAC30.

Figure 8.1: Current PAC approved experiment allocation (PAC days) for each of the experimental

Halls for the upgrade as a function of beam energy.
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a Longitudinally Polarized Target

Experiment Status Beam Request
PR12-06-106: Study of Color Transparency in Exclusive | Approved 40 days
Vector Meson Electroproduction off Nuclei

PR12-06-108: Hard Exclusive Electroproduction Approved 120 days
of 7 and n with CLAS12

PR12-06-109: The Longitudinal Spin Structure of Approved 80 days
the Nucleon

PR12-06-112: Probing the Proton’s Quark Dynamics Approved 60 days
in Semi-Inclusive Pion Production

PR12-06-113: The Structure of the Free Neutron at Conditionally 40 days
Large z Approved

PR12-06-115: Study of the Short Range Properties of Deferred 32 days
Nucleons at Q% < 12 GeV? Using d(e, €'p)n Reactions

with CLAS12

PR12-06-116: Nucleon Resonance Studies with CLAS12 | Deferred 60 days
in the Transition from Soft to Partonic Physics

PR12-06-117: Quark Propagation and Hadron Formation | Approved 60 days
PR12-06-119: Deeply Virtual Compton Scattering Approved 200 days
with CLAS at 11 GeV

PR12-07-104: Measurement of G%, at High Q? with Approved 56 days
the Ratio Method on Deuterium

PR12-07-107: Studies of Spin-Orbit Correlations with Approved 103 days

Table 8.1: Summary of experiments presented to JLab PAC30 and PAC32 focussing on 12-GeV

experiments and the base equipment that will be part of CLAS12.
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Experiment Status | Beam Request
LOI12-06-108: Transverse Polarization Effects in ok —
Hard Scattering at CLAS12

LOI12-07-101: Lambda Polarization in the Target ok —

Fragmentation Region
LOI12-07-102: Tagged Neutron Structure Function in ok —
Deuterium with CLLAS12
LOI12-07-103: A Detailed Study of Semi-Inclusive Deep | ** —

Inelastic Pion Production on Unpolarized Proton and

Deuteron Targets with the CLAS12 Detector

Table 8.2: Summary of letters-of-intent presented to JLab PAC30 and PAC32 focussing on 12-
GeV experiments and the base equipment that will be part of CLAS12. For all LOIs, PAC strongly

encouraged submission of a full proposal for review.
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Chapter 1

Design Overview

1.1 System Description

The 12-GeV Upgrade project scope is divided into three major systems: 1) Accelerator System,
2) Physics System, and 3) Civil Construction System. The Physics System is further divided
into four systems: 1) Hall A Upgrade, 2) Hall B Upgrade, 3) Hall C Upgrade, and 4) Hall D.

The Physics System equipment planned for the Upgrade project takes full advantage of
the apparatus developed for the present program. In HallB, the CEBAF Large Acceptance
Spectrometer (CLAS), which was designed to study multi-particle, exclusive reactions with
its combination of large acceptance and moderate momentum resolution, will be upgraded
to CLAS12 and optimized for studying exclusive and semi-inclusive reactions (emphasizing
the investigation of so-called Generalized Parton Distributions and Transverse Momentum
Dependent Parton Distributions) at high energy. It will also be used for selected valence
quark structure studies involving neutron “tagging” or polarized targets capable of supporting
only very low beam current. Most importantly, the maximum luminosity will be upgraded
from 10** ¢cm 25! to more than 10%® cm 25~ 1. The present time-of-flight counters, Cerenkov
detectors, and electromagnetic calorimeters will be retained, but the tracking system and
other details of the central region of the detector will be changed to match the new physics

goals.
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1.2 Upgrade Hall B System Requirements
The Hall B System shall meet the following requirements:

e 11 GeV polarized electrons beam,

e Capability to run at luminosities of 10%> cm=2s7 1,

e Operation of a longitudinally polarized target,

e Capability to detect forward-going, high momentum particles from 5 - 35°,

e Capability to detect recoil baryons at angles >35°,

e Large momentum range for the separation of electrons, pions, kaons, and protons.

The safety of personnel and equipment must be implemented in all phases of the CLAS12

detector upgrade, including R&D, design, construction, and commissioning.

1.3 Technical Approach to Meet the Upgrade Hall B

System Requirements

1.3.1 Introduction

The Hall B Upgrade System, also termed the CLAS12 detector, has evolved from the CEBAF
Large-Acceptance Spectrometer, or CLAS, to meet the basic requirements for the study of
the structure of nucleons and nuclei with the CEBAF 12-GeV Upgrade. A major focus of
CLAS12 will be to determine the Generalized Parton Distributions (GPDs). CLAS12 will be
able to carry out the core program for the study of the internal dynamics and 3D imaging
of the nucleon, and quark hadronization processes. Both of these programs impose broad
requirements for measuring multiple uncorrelated particles over a wide kinematic range with
good resolution in momentum and angles. These studies are carried out by measuring exclusive
and semi-inclusive processes from hydrogen and nuclear polarized and unpolarized targets.
The access to GPDs at high photon virtuality requires use of large acceptance detectors

capable of operating at high luminosity. Moreover, a program to access GPDs requires use of

103 Design Overview



CLAS12 Technical Design Report Version 5.1 July 15, 2008

polarized solid state targets that can only operate at a limited luminosity. CLAS12 will provide
the large acceptance to measure these processes well.

CLAS12 makes use of many existing detector components. Major new components include
the superconducting torus coils that cover only the forward angle range, a new gas Cerenkov
counter for electron/pion separation, additions to the electromagnetic calorimeters, and the
central detector. In the following the modifications and new components are briefly described.

Forward detector: The forward detector system will use several of the existing com-
ponents: the low threshold gas Cerenkov counters, all electromagnetic calorimeters, and the
time-of-flight scintillators. New components include the high threshold Cerenkov counter, the
torus magnet, and the forward drift chambers, which will cover an angle range from 5 to 40°.
The large drift chambers in CLAS will be replaced by new detectors that will cover the 5 to 40°
angle range. Two of the existing detector systems, the time-of-flight system and the electro-
magnetic calorimeter system, need some upgrading to allow measurement of high momentum
forward-going particles. A pre-shower detector will be inserted in front of the existing CLAS
electromagnetic calorimeters to allow high energy photon detection and separation of single
photons from neutral pion events. Improved particle identification will be accomplished by
several means: the timing resolution of the scintillation counters will be improved by adding
an additional layer of scintillators with 40% the widths of the existing layer and by using
PMTs with better timing characteristics.

Central detector (CD): A main component is a compact superconducting solenoid mag-
net, which has a triple function: it provides magnetic shielding of all tracking detectors from
charged electromagnetic background, mostly Mgller electrons and particles from secondary
interactions. It provides the magnetic field for the momentum analysis of charged particles at
large angles, and it provides the uniform 5-T field needed for the operation of a dynamically
polarized solid state target. The CD will detect charged particles from 35 to 125°. Several lay-
ers of silicon strip sensors will provide momentum analysis. Particle identification is achieved
by the combination of momentum analysis and time-of-flight measurements in the scintillation
counters.

Beamline and targets: Most of the existing beamline components will be re-used with-
out changes. This includes the photon tagger and pair spectrometer, the polarized photon
instrumentation, a polarized target for photon experiments, and beam position and current

monitors.
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1.3.2 Design Solutions to Fulfill the Requirements

Requirement 1 (11-GeV beam capability) is satisfied by upgrading the 11-GeV Hall B beamline
transporting electrons from the extraction region into the hall. This scope resides within the
Accelerating Systems Beam Transport WBS 1.3.4 and the Hall B Upgrade Beamline WBS
1.4.2.5.

Requirement 2 (luminosity capability) requires a factor of 10 increase over the existing
CLAS luminosity. This requirement drives two parts of the Hall B upgrade: the development

of improved Mgller electron shielding and changes in the drift chamber geometries.

Improved Mgller Electron Shielding

The present luminosity limit for electron scattering experiments comes from Mgller electrons
produced in the target that interact either directly (first region of drift chambers) or through
primary photons and the production of secondary particles in the support structures and
torus coils with all three regions of drift chambers. A large fraction of the Mgller electrons
affecting the first region are already shielded using a small toroidal magnet that does not block
higher-energy charged particles from reaching the drift chambers, but which deflects the Mgller
electrons into the outer surface of massive shielding where they are absorbed. This method

—1. In the course of CLAS operation of

allows CLAS to operate at a luminosity of 1034 cm™2s
polarized targets using Helmholtz coils, it was determined that solenoidal shielding would be
more effective at suppressing Mgller electrons, because these electrons are ‘trapped’ starting at
their point of origin and they can be transported and dumped on the interior of a conical pipe,
rather than on an exterior surface. Subsequent simulations have validated this conclusion, and
in addition showed that a strong solenoidal field with a large [ Bdl gains another factor of
~1.5 in luminosity increase, showing the luminosity increase is expected to be a factor of ~3 in
this approach. However, use of solenoidal shielding is not practical in the current CLAS except
for experiments where the particles of interest are confined to small angles, since a solenoid
magnet will block larger-angle particles that are needed for many experiments. The technical
solution for CLAS12 is to use solenoidal shielding where detector elements within the magnet
bore cover the angles that would otherwise be blocked. The discussion of Requirement 5 will
elaborate further on this solution. Requirement 4 (forward-angle range from 5 to 35°), which

specifies a minimum angle of 5° at 50% acceptance in azimuthal angle for measured particles,
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means that the cone of Mgller electrons must be confined to a significantly smaller angle so
as to not flood the active detector volumes with low-energy tracks. This requires that the
| Bdl provided by the solenoid magnet downstream of the target must be sufficiently high
to confine the Mgller electrons into a small forward cone where they can be safely absorbed.
In detailed simulations of the field needed for this it was determined that a 5-T field was
required with [ Bdl =2.5 Tm downstream of the target, thus fixing the maximum solenoid
field specification and its length. The other limit of Requirement 4, a maximum angle of 35°,
constrains the geometry of the massive components of the magnet. This requirement means
that the downstream end of the solenoid needs to be a conical aperture allowing 35° particles
from the cryo-target to pass through, thus fixing the downstream geometrical specification of

the solenoid magnet.

Drift Chamber Geometry

Since improving the Mgller shielding yields a factor of ~3 increase in the luminosity limit, a
remaining factor of 3-4 needs to be obtained relative to the existing drift chambers by reducing
the solid angle of the drift chamber cell sizes in order to achieve Requirement 2. The rate due
to charged particles is approximately proportional to the drift chamber cell radius for a fixed
distance between the target and the chamber. The new Region 1 forward chamber will be at a
2.5 times larger distance from the target than the existing chamber (200 cm vs. 80 ¢cm), which
by itself will provide a luminosity limit increase of approximately a factor of 2.5. Further rate
reduction (factor ~2) is obtained by using a reduced time window due to the use of a higher
field gradient, a slightly reduced wire spacing, and an additional reduction due to the better
shielding of the large [ Bdl of the solenoid field. The 5-35° angle coverage in Requirement
4, together with the design choice of six-layer superlayers (to maintain the existing level of
redundancy) and the wire spacing reduction, determines the forward drift chamber channel
counts. All three regions have 112 channels/layer/sector, and there are 12 layers per region,
which for six sectors yields a total channel count of 112x12x3x6 = 24,192 drift chamber cells.
Region 2 and Region 3 also need significantly lower rates, which are achieved by a combination
of reduced production of secondary background particles and the reduced solid angle coverage
due to the larger distance from the target, although this effect is smaller for the Region 2
(factor ~1.7) and the Region 3 (factor ~1.3) than for Region 1 (factor 2.5). The combined

increase in luminosity due to improved Mgller electron shielding and the reduced sensitivity of
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the drift chamber cells was obtained in a detailed simulation and event reconstruction analysis
with realistic physics background that resulted in comparable occupancies and reconstruction
efficiencies for the CLAS12 and CLAS configurations at 10 times higher luminosity for CLAS12.

Requirement 3 (longitudinally polarized target) is satisfied by adapting the design of the
existing polarized target to the geometry and conditions resulting from addressing Require-
ment 2 as discussed above. Specifically, the polarized target cell operates in magnetic fields
of high intensity, typically 3 to 5 T, and high uniformity, and that is oriented along the beam
axis. The 5-T solenoid field required to satisfy Requirement 2 can be used for this purpose,
as long as the field uniformity required can be achieved. The field uniformity required is 10~*
within a cylindrical volume 3 cm in diameter and 10 cm in length. This requirement sets the
field uniformity specification for the solenoid magnet.

It should be noted that there are a number of differences between the existing polarized
target and the CLAS12 polarized target. The most important one is that the CLAS12 polarized
target is fully contained in a cylindrical cryostat of 10-cm diameter and uses the 5-T field of the
solenoid as the polarizing field. It can thus be used in conjunction with the tracking detectors
in the CLAS12 central detector. The existing polarized target has its own large 5-T magnet
coils integrated into the same vacuum system, and cannot be used together with the CLAS12
central tracking detectors and the solenoid magnet. Also, the target mounting mechanism
must be of a different geometry than the existing design. All of these considerations are being
taken into account.

Requirement 4 (capability to detect high-momentum particles from 5 to 35°) has been par-
tially discussed under Requirement 2 above. High-momentum charged particles are detected
by the combination of the forward part of the silicon vertex tracker, the drift chambers, the
magnetic field from the torus magnet, and the time-of-flight scintillators. The silicon vertex
tracker is addressed in the discussion of Requirements 5 and 6. The design solution for the
drift chambers that satisfies Requirement 2 as discussed above is adequate to satisfy Require-
ment 4 as well. The resolutions achievable with the wire spacing given and the planned drift
chamber gas are consistent with the missing mass resolution needed to reconstruct missing
particles. The timing information from the time-of-flight counters is needed to perform the
time-based tracking needed for the drift chamber analysis. The magnetic field needed to
momentum-analyze the detected charged particles is determined by the energy ranges of the

particles and the geometries of the detectors and magnets. The maximum field value and
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the profile of its intensity have been determined and specified by these considerations. The
azimuthal angle coverage extends down to polar angles of 5° where it is 50% of 27. The min-
imum angle coverage in the CLAS standard configuration is limited to about 10° and covers a
smaller range in azimuthal angle. The fall-off in integrated field strength is also significantly
different from the existing torus, and is well-matched to the momentum spectra of the charged
particles anticipated.

Neutral particles at high energies will be detected using the forward calorimeters. Because
of the increased beam energies, neutral pions at high momentum are no longer able to be
detected with the existing CLAS forward calorimeter, necessitating the addition of the pre-
shower calorimeter that has a finer-grained readout that can resolve the two photons from
neutral pion decay. The parameters of the pre-shower calorimeter have been optimized for
this purpose, determining the specifications for the device. Neutrons will be detected in the
pre-shower calorimeter, as well as the existing calorimeter, increasing the overall efficiency
of neutron detection. The increase in granularity also translates into an improved angular
resolution for neutrons detected in the pre-shower calorimeter. While the design was optimized
for neutral pions, as driven by Requirement 4, the improvement in neutron detection is an
important additional benefit.

It should be noted that the fulfillment of Requirement 4 is supported in an important way
by Requirement 6 (particle identification over a wide momentum range), since ‘detecting’ a
particle generally requires a determination of the particle type.

Requirement 5 (detecting recoil baryons at large angles) is addressed by the central detector
package. This detector set is mounted inside the solenoid magnet. It includes the barrel
portion of the silicon vertex tracker, a time-of-flight array, and the provision of space for
a compact detector for neutral particle detection. Determination of the charged particle
momentum is performed by recording the hit positions of the helical trajectories in the silicon
vertex tracker in the solenoid magnetic field. Identification of the particle type is performed by
combining the momentum information with the time as measured by the time-of-flight system.
The parameters of the barrel portion of the SVT, such as strip pitch, level of redundancy, and
thickness of materials are chosen to optimize detection of recoil particles.

Requirement 6 (particle identification over a large range in momentum) has been addressed
by a number of design choices. A second gas Cerenkov counter that has a higher pion detection

threshold was added to increase the range of electron-pion separation to approximately 5 GeV.
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This high threshold Cerenkov counter (HTCC), which is located in front of the Region 1 drift
chamber, is designed to have minimal mass to reduce its impact on the tracking information.
To further reduce the impact of this added mass, the forward part of the Silicon Vertex Tracker
(SVT) was added, which samples tracking information before the particles arrive at the HTCC
and provides a track vector to match to the forward drift chambers.

The location of the HTCC just downstream of the target and before the torus magnet and
the drift chamber system is a natural choice that does not add much length along the beam
line to the overall length of CLAS12. The relative positioning of the solenoid and the torus
magnet is largely determined by the out-of-plane forces the transverse magnetic field of the
solenoid exerts on the current in the torus coils. The transverse magnetic field must be limited
to <50 G to limit distortions of the torus coil panels to acceptable levels, which requires a
distance of at least 220 cm from the solenoid center (target center) to the torus coils. This
space is ideally suited for inserting the HTCC detector, which requires an overall length of
approximately 150 cm beginning 30 cm downstream of the target center.

A second component of the particle identification scheme is to use the existing panels of
time-of-flight scintillators in the forward region and to add a second layer with smaller scin-
tillator widths and new photomultiplier tubes to construct new time-of-flight detectors with
better timing resolution. This requirement is the basis for the specifications for their perfor-
mance. A third component is the time-of-flight counters within the solenoid magnet, part of
the central detector, which was mentioned in the discussion of Requirement 5. Identification
of the particles in this lower-momentum region is important and it drives the performance
requirements for these detectors.

Finally, as already discussed for Requirement 4, the pre-shower calorimeter is required to
identify neutral pions at the highest energies. While it has been optimized for this purpose,

it will also improve the identification of electrons, pions, and neutrons.

1.4 Superconducting Torus and Solenoid Magnets

The CLAS12 spectrometer system (see Fig. 1.1) contains two superconducting magnets, a 5-
T solenoid magnet and a toroid magnet with a maximum field of 2.5 T. The two magnets
provide magnetic analysis of charged particles in the large-angle range and the forward-angle

range, respectively. The magnets are separated in space by a distance of about 1.5 m and
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their respective fields are partially overlapping. Owing to its symmetry properties, the toroid
field drops rapidly with distance and has virtually no impact on the solenoid magnet. In
particular, since its field is zero on the beam axis, it does not affect the homogeneity of
the solenoid magnet in the critical target region. The solenoid field drops more slowly with
distance and exerts a measurable force on the coils of the toroid magnet that must be taken
into account in the mechanical design of the toroid magnet. At the closest distance between
the solenoid and toroid magnets, the coil deflection is about 1.3 mm. Since the solenoid field

is cylindrically symmetric, it affects all six toroid coils in the same way.
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Figure 1.1: (Left) CLAS12 showing the solenoid (brown) on the left and the torus (gray) between
the drift chambers. (Right) CLAS12 transverse magnetic field as a function of z for polar angles of
10°, 20°, and 30° at ¢=0°. The torus transverse field becomes weaker with increasing angle, while

the solenoid transverse field increases in strength.
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1.4.1 The CLAS12 Toroid

CLAS12 is a magnetic spectrometer based on six super-conducting coils arranged around the
beam line to produce a field primarily in the ¢ direction (see Fig. 1.2). The choice of this
configuration leads to an approximate toroidal field distribution around the beam axis. It has
been driven by the necessity of satisfying the precise requirements determined by the physics

program of:

e uniform coverage of a large angular and momentum range for charged and neutral par-

ticles;

e good momentum and angular resolution; due to the Lorentz boost, the average momen-
tum increases with decreasing emission angle from the target and the relative momentum
resolution (Ap/p) has to improve in the forward direction to maintain a constant abso-

lute resolution;

e good particle identification; the open structure of the toroid allows for long path lengths
for charged and neutral particles for good particle identification through time-of-flight
measurements, high luminosity, and counting rate capability: expected operating lumi-

nosity is 1 x 10%® cm=2s71.

+

e low background from electromagnetic processes (Mgller electrons; ete™ pairs, etc.);

e symmetry around the beam axis;

e compatibility with the operation of a polarized target; the field symmetry of a toroid
provides full field compensation on the magnetic symmetry axis and allows operation of

polarized targets near the beam axis with their own magnetic holding fields.

The toroid configuration offers a field-free region around the target and a magnetic field
that is always transverse to the particle trajectory. The first characteristic allows the instal-
lation of a polarized target with no interference between the target and detector magnetic
fields. In addition, since the ¢ pattern of the event is preserved in the toroidal magnetic field,
the determination of the azimuthal angle ¢ is decoupled from the measurement of the polar
angle # and momentum p.

The six coils have been shaped to give the desired f Bdl, and therefore, the requested

resolution as a function of #. The coil-operating temperature of 4.5 K is maintained by a
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Figure 1.2: The CLAS12 toroid magnet. The left panel shows the toroid model by itself and the
right panel shows the toroid with the full set of drift chambers attached.

forced flow of super-critical liquid helium supplied by the Central Helium Liquefier (CHL).
The total stored electromagnetic energy at the nominal operating current is 16 MJ. Table 1.1

shows the main parameters of the toroid coils.

1.4.2 The CLAS12 Solenoid

Solenoid magnets provide an ideal field distribution for the analysis of particle trajectories in
the central region, where the bending power of the solenoid field is at a maximum. In CLAS12
the choice of a 5-T strong solenoid field has been driven by the necessity of satisfying precise

requirements determined by the physics program of:

e large opening for charged and neutral particles in the forward hemisphere; high momen-
tum forward-going particles will not experience high enough transverse field components
from the solenoid field and must be momentum-analyzed in the toroidal field located

downstream of the solenoid magnet. An opening in # up to +40° is required;

e good charged particle momentum resolution in a limited radial space for polar angles 6

from 35° to 125° and momentum range from 0.3 to 1.3 GeV;

e operation of a dynamically polarized target; requires a high magnetic field with field

non-uniformity over the target volume of AB/B < 104 ;
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Conductor

NbTi

Configuration, overall dimensions

Six trapezoidal sections

Radial thickness 294 mm
No. of double pancakes in section 1

No. of turns in double pancake 2x140 = 280
Conductor length (one section) 2.43 km
Conductor length (torus) 14.56 km
Torus inductance 3.12 H
Conductor current 3150 A
Amp-turns (one section) 0.882 mA
Amp-turns (torus) 5.3 mA
Stored energy (torus) 15.5 MJ
Max. field (at the winding) 46T

J Bdl (6=40°) 0.517 Tm
J Bdl (6=5°) 3.32 Tm
J Bdl (6=20°) 1.43 Tm

Table 1.1: Parameters of the torus reference winding.
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e high luminosity operation; the solenoid field offers an effective shield of the sensitive
tracking detectors against the very high background of Mgller electrons. The longitu-
dinal field keeps low-energy electrons (and positrons) away from the sensitive tracking
detectors and guides them into areas where they can dump their energy in specially

designed heavy metal (lead or tungsten) absorbers;

e compensation of the solenoid magnetic stray field; the CLAS12 detector setup requires
locating magnetic sensitive photon detectors in areas surrounding the solenoid magnet.
The magnetic field drops only slowly with radial distance, and must be shielded with
additional superconducting compensation coils built directly into the same cryostat as
the solenoid coils and powered in series with the main coils. The field in the sensitive

regions can be compensated to values below 25 G.

The solenoid magnet provides a strong effective field needed for a dynamically polarized
solid-state target. At the same time, the solenoid field is used for particle tracking and
momentum analysis by measuring the trajectory of charged particle in the field with a high-
resolution tracking detector. Fig. 1.3 shows the magnetic field distribution associated with
the solenoid design.

The total [ Bdl on the magnetic axis is 6.0 Tm and the stored energy at the 5 T central
field is 25 MJ. The main parameters are given in the Table 1.2.

114 Design Overview



CLAS12 Technical Design Report Version 5.1 July 15, 2008

Figure 1.3: (Top) One “quadrant” of the 5-T superconducting solenoid coil system. Shown is the
inner main coil and the outer compensation coil. Also shown are lines of constant field. (Bottom)
The large distance field distribution, showing the effect of the compensation coil. At a 1.5 m radial

distance at z=0 from the symmetry axis, the field strength is below 15 G. (Coordinates given in cm.)
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Main winding

Inner diameter 943 mm
Aperture 780 mm
Max. outer diameter 1300 mm
Length 1225.6 mm
Number of turns 4000
Shielding winding

Min. inner diameter 1636 mm
Outer diameter 1804 mm
Length 1685.2 mm
Number of turns 1800
General

Inhomogeneity in working area 5 ppm
Field in center 4.5-50T
Field at PMTs <18 G
Max. field at the winding 6.8-75T
Nominal operating current 2399 — 2665 A
Inductance 6.95 H

Stored energy

19.99 — 24.68 MJ

Table 1.2: Parameters of the solenoid reference winding.
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Chapter 2

Tracking Systems — Drift Chambers &
Vertex Tracker

2.1 Physics Requirements for CLAS12 Tracking

The CLAS detector in Hall B is being upgraded to take advantage of the increase of the CE-
BAF beam energy from 6 to 12 GeV, thus the new name, CLAS12. There are several broad
areas of physics enquiry that drive these changes: spectroscopic studies of excited baryons,
investigations of the influence of nuclear matter on propagating quarks, studies of polarized
and unpolarized quark distributions, and a comprehensive measurement of generalized parton
distributions (GPDs). Many of the reactions of interest are electroproduction of exclusive
and semi-inclusive final states. The cross sections for these processes are small, necessitat-
ing high-luminosity experiments. A variety of simulated experiments rely on luminosities of
10%% cm 25! to achieve the desired statistical accuracy in runs of a few months duration.
The new kinematic range to be explored is characterized not only by smaller cross sections,
but also by more outgoing particles per event, with those particles being emitted with higher
values of momentum and at smaller laboratory angles. These basic physics criteria drive the
design.

The deep exclusive reactions, in which an electron scattering at moderate to high values
of @? results in a meson-baryon final state, provide the most stringent requirements for the
CLAS12 tracking system. A final state of a few high-momentum, forward-going particles (the

electron as well as one or more mesons), combined with a moderate-momentum baryon emitted
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at large angles, is the typical event type that determines the specifications of the tracking
system.

The higher momentum and more forward angles of most hadrons leads us to split the
design into a “forward” detector, which covers lab angles between 5° and 40°, and a “central”
detector for hadrons with angles greater than 35°. The higher luminosity goal necessitates the
use of a solenoidal magnet to shield the detector from Mgller electrons. To reduce interactions
between this solenoidal field and the main CLAS12 toroidal field, and to facilitate construction
and installation of new detector elements, the torus has been re-designed. It is more compact
than the present CLAS torus, while providing equivalent bending power. This smaller torus
design provides several advantages in the overall detector design: it decouples the design of
the central solenoid and detector from that of the torus and forward tracking system, and it
makes detector installation and removal easier.

In broad strokes, the detector must provide tracking for laboratory angles as small as 5°
and as large as 125° in order to cover as much of the hadronic center-of-mass region as possible.
We require very good momentum and angular resolution for the scattered electron in order
to determine the virtual photon flux factor, I',, to an accuracy of a few percent. Because the
average particle momenta will be higher, the resolution of the tracking system must be better
than the current CLAS values; the goal for the fractional momentum resolution is 0.5% to 1%
at a track momentum of 5 GeV. Angular resolutions of about 1 mrad are required for the
electron in order to know the virtual photon flux factor, and hence, the cross section, to a few
percent. Finally, good vertex resolution will allow detection of secondary decay vertices and
serve as a good marker for strangeness production.

Because only about 20% of the total charged particle momenta is carried by tracks in
the central region, the fractional momentum resolution requirement for the central tracking
system at a momentum of 1 GeV is 5% in order to match the absolute momentum resolution
of the forward tracking system. This momentum resolution of about 50 MeV is necessary in
order to positively identify a missing pion in these exclusive reactions. Similarly, to keep our
knowledge of the individual vector components of the momentum at the 25 MeV level, the
central trackers angular resolution should be of the order of 1.5°. Our present design has an
expected performance about a factor of two better than these simple limits.

A tracking system capable of achieving these standards was described in the PCDR [263]
and quantitatively parameterized in a “fast” Monte Carlo program [264]. A number of CLAS
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collaborators used the model of the detector as described in FASTMC in proposals presented
at JLab PAC30 and PAC32 [265, 251].

Region 3
W 2

I 1 Region 2

1 JTRegion1 -

Figure 2.1: A three-dimensional view of the proposed CLAS12 detector highlighting the various

subsystems.

2.2 Tracking System Design

As noted above, the CLAS12 detector is divided into a forward and a central detector. Fig 2.1
shows a perspective view of the CLAS12 detector. A solenoid magnet surrounds the target,
followed by a Mgller absorber on the beam-line and a high-threshold Cerenkov counter for
electron identification. Besides curling background Mgller electrons into the absorber, the
solenoid provides a nearly constant magnetic field that allows charged particle momentum
determination by a set of “central tracking chambers” consisting of 8 layers of silicon strip
sensors. This central tracking region covers polar angles from 35° to 125°. Just downstream of
the cylindrical central tracker are the “forward vertex chambers”: 6 layers of silicon strip cham-
bers. Downstream of the high-threshold Cerenkov counter is the torus magnet that supports

three “regions” of “forward drift chambers”, designated as Regions 1, 2, and 3. Surrounding

119 Tracking Systems



CLAS12 Technical Design Report Version 5.1 July 15, 2008

and downstream of the torus/drift chamber assembly are the forward time-of-flight counters,
a low-threshold Cerenkov counter for hadron identification, and two sets of electromagnetic
shower counters. This document describes each of the elements of the CLAS12 tracking system,
the central tracker, the forward vertex tracker, and the forward drift chambers.

We have designed the tracking detectors with these external constraints: a solenoid of 5 T
central field value and a radius available for tracking detectors of 25 cm, a new torus with
a different aspect ratio but with the same number of amp-turns as the present CLAS torus,
an expected background rate consistent with a luminosity of 103% cm~2s™!, and a separation
between the “forward” and “central” regions defined to be at about 40°; specifically the
forward tracking chambers are designed to cover scattering angles between 5° and 40° and the
central tracker will cover 35° to 125°. Although the torus cryostat will limit the azimuthal
coverage to about 50% at 5°, our goal is that the inactive portion of the drift chambers not
further intrude into the active volume; i.e. the dead areas of the drift chambers (endplates,
electronics, etc.) will be located in the “shadow” of the coil as viewed from the target. For
Region 2, this is not possible; but we shall try to minimize this dead area. To summarize, we

are designing the CLAS12 tracking system with the requirements shown in Table 2.1.

Fwd. Tracker | Central Tracker
Angular coverage 5° - 40° 35° - 125°
Momentum resolution dp/p < 1% dp/p < 5%
0 resolution 1 mrad 1 mrad
f resolution 1 mrad 5 - 10 mrad
¢ resolution 1 mrad/sin 6 5 mrad/sin @
Luminosity 10%° ¢cm 2?57t 10% ¢cm 2?5t

Table 2.1: General specifications for CLAS12 tracking.

2.2.1 Forward Tracking Design

The higher beam energies available to CLAS12 mean that tracks will go more forward and have
higher momenta than for the present CLAS experiments. We thus require better resolution

from the forward drift chambers. Our design should give better spatial resolution than the
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present CLAS chambers for several reasons: the use of thicker (30-ym diameter) sense wires
will result in a more linear drift velocity, all cells in a superlayer will be identical, easing the
calibration, and the simpler mechanical structure should make these chambers easier to survey.
The other feature of higher energy and associated smaller cross sections, requires the use of
higher intensity beams. The resultant higher backgrounds represent the primary motivation
for the central solenoidal magnet and Mgller absorber. The higher background can also be
mitigated by cells that cover a smaller angular range and have a smaller active time window.

Forward tracks (angles between 5° and 40°) will be momentum-analyzed by passing through
the magnetic field of the torus. The magnet provides an integral Bdl of almost 3 T-m at 10°,
falling to about 1 T-m at 30° (see Fig. 2.2).
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Figure 2.2: The integral of the B field times path length along rays from the target at various

angles.

Such forward tracks will first pass through six layers of the forward silicon vertex tracker
(FST); asilicon strip tracker with a strip pitch of 150 um arranged with alternating V-W stereo
layers with a stereo angle of +12°, located about 27 cm from the target. These tracks will
then traverse the high-threshold Cerenkov counter (HTCC) before entering the Region 1 drift
chamber at a distance of 2.1 m from the target. The track continues through the magnetic
field region and its trajectory is measured in two more drift chambers, denoted Regions 2
and 3, respectively. The Region 2 and 3 chambers are located at 3.3 and 4.5 m from the
target, respectively. The FST should localize hits with an estimated accuracy of about 50 ym

perpendicular to the strip direction, while the three regions of drift chambers are expected to
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have spatial resolutions of about 250 ym per layer. The expected momentum resolution from
such an assembly is a function of angle, ranging from about 0.3% at 5° to about 1.0% at 30°,
and nearly constant as a function of momentum. The angular resolution falls rapidly with

increasing momentum, but should be better than 2 mrad at a momentum of 1 GeV.

2.2.2 Central Tracking Design

The momentum and angular resolution goals for the central tracker are set by the requirement
that we be able to positively identify a single missing pion; roughly a 50 MeV momentum
resolution is needed, i.e. a fractional momentum resolution of 5% or better at a track momen-
tum of 1 GeV. Our design consists of 8 layers of silicon strips with alternating plus and minus
stereo angle strips. Each detector plane is formed as a polygonal shell with the silicon strips
running along the z-direction. Each single-sided layer is comprised of 300-um thick silicon.
This detector has good intrinsic resolution in the r-¢ coordinate due to the small strip pitch
(150 pm readout and 75 pm implant pitch). It relies on a small stereo angle to determine the
r-z position of tracks.

A solenoidal magnet contains the target, the silicon vertex tracker, the central time-of-flight
system (CTOF), and the Mgller absorber. Charged particles with emission angles greater than
35° follow helical paths through the 8 layers of the BST, which are arranged into four V-W
modules with “V” and “W?” referring to strip orientations. The time resolution of the CTOF
(~60 ps) will enable particle identification of the charged tracks, as well as allowing for a very

efficient rejection of out-of-time accidentals.

2.3 Silicon Vertex Tracker for CLAS12

2.3.1 Overview

The Silicon Vertex Tracker (SVT), anticipated to have ~65,000 channels, will consist of a
forward silicon tracker (FST) and a barrel silicon tracker (BST). The #-coverage of the forward
part is from 5° to 35° and that of the barrel part is from 35° to 125°. Conceptual design studies
started in 2004 [266]. For both the forward and barrel parts, the ¢ coverage is nearly 27. The
SVT will be centered inside the 1800-mm long solenoid, that has an outer and inner diameter

of 2040 mm and 780 mm, respectively .
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Figure 2.3: Side view of the solenoid magnet (units in inches — with mm in parentheses).

2.3.2 Configuration

Several configurations of the BST and the FST were studied [267] with the aim to optimize
the layout with respect to operability, performance and cost. The BST is designed to have
four regions and the FST is designed to have three regions. The BST and FST form two
independent detectors (see Fig. 2.4), providing operational flexibility in that either or both
detectors could be used in a given experiment. There are only three FST regions because the

FST will be used in conjunction with the three drift chambers in the forward region.

2.3.3 Rate Estimates

Event and background rates were estimated using a GEANT simulation [268, 269]. These
studies indicate that the maximum rate, including electromagnetic background for a full-field
setting of the solenoid (5 T) is ~40 MHz in the FST and ~60 MHz in the BST. In Fig. 2.4,
the green and red curve (full and half-field settings of the solenoid) along the beam axis is the
Mgller electron envelope, on the surface of which the rate is ~1 MHz. The rate drops rapidly
with increasing scattering angle [269].

To keep Mgller electron rates on the FST sensors less than 1 MHz, the first region of the
FST is placed at 2=256.405 mm (see Figs. 2.4 and 2.5), past the intersection of the Mgller
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Figure 2.4: Side view of the SVT showing the layout of the barrel and forward regions (all dimensions
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Figure 2.5: Close up view of the three forward SVT regions near the beam line and the Mgller

absorber.
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electron envelope for the full-field setting with the keep-out zone, defined to be a cone with a
half opening angle of 5°. The second and third regions of the FST are at z=271.405 mm and
2=286.405 mm, respectively.

2.3.4 Forward Silicon Tracker (FST)

The trapezoidal sensors of the FST are designed to be identical. Such a design requires that
the regions be parallel to the beam axis, rather than ride the 5° keep-out cone. In ¢, each

FST region consists of 15 sectors as shown in Fig. 2.6.

electronics

.300

126,022

Figure 2.6: Front view of the first region of the FST showing the layout and positioning of the

trapezoidal sensors.

In the critical region around the beam axis at » ~19 mm, because the sensors are trape-
zoidal, the V' and the W layers of a region each have ~40 strips per sector, distributed over 27,
a total of ~600 strips per layer. The rate near the beam axis has to be handled by these 600
strips. Though 600 strips per layer around the beam axis appears to be a small number, the
readout electronics associated with these strips will on average have a rate-load of ~10 kHz

that can be handled by the readout electronics.
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Figure 2.7: Rear view of the barrel section of the SVT showing the sensor partitioning in each

region.

2.3.5 Barrel Silicon Tracker (BST)

The four BST regions have ~240 mm of radial space available for tracking. Having four
regions instead of the minimum three needed for track reconstruction provides a redundant
tracking region that mitigates the risk of tracking inefficiencies due to layer problems such as
malfunctioning strips, electronics, or noise. Further, tracking simulations indicate that with
four regions instead of three, the probability of reconstructing fake tracks for a given number
of correlated background hits per region (that are randomly distributed over the four BST
regions) is reduced by a factor of three. Our simulations indicate that four regions should
be able to handle about forty background hits in the time window. The first BST region
has a diameter of ~101 mm. The second, third, and fourth BST regions have diameters of
~157 mm, ~239 mm, and ~320 mm, respectively. The radial distance, Ar, between region
four and region one of the BST has been chosen to maximize momentum resolution, which
has an inverse square dependence on Ar. In ¢, the BST regions, from the innermost to the
outermost, are partitioned in 8, 12, 18, and 24 sectors, as shown in Fig. 2.7. Studies indicate
that track loss due to the cracks between adjacent sectors in the BST is less than 5% for a

half-field setting of the solenoid, as long as the cracks are no wider than 2 mm.
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2.3.6 Dicing Layout

The dicing layout for a trapezoidal sensor from a 6-in diameter wafer is shown in Fig. 2.8.
The dicing process demands a keep-out zone of 0.25 in around the edge of the wafer.
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Figure 2.8: Trapezoidal sensor dicing from a standard 6-in wafer. All units in mm.

The BST dicing layout of a 6-in wafer, as shown in Fig. 2.9, is such that it provides the
longest sensors possible. Such a layout reduces the number of sensors needed for the BST
modules. Further, cost is reduced by maximizing the yield of sensors from a single wafer —
minimizing the total number of wafers required for the BST. All BST regions use sensors with

a cut size of 111.62 mm x 42.00 mm x 0.300 mm.

111.625 $152.400
»139.700

= 472.000==4~.000~

Figure 2.9: Barrel sensor dicing from a standard 6-in wafer. All units in mm.
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2.3.7 Module and Strip Layout

Fig. 2.10 shows the cross sectional view of the sensor. The lengths of the readout strips of the

SVT vary from 0.5 cm to 33 cm. The strip width is ~8 pym and the implant depth ~1.2 ym.
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Figure 2.10: Cross sectional view of a sensor showing the different layers and the spacing of the

strips (all units in pym).

A completed module in the BST has 256 readout channels per layer — 512 channels in all
per module. The modules of the FST have 512 channels per layer — 1024 channels total per
module. Each FST sector consists of a module — a single trapezoidal unit as shown in Fig. 2.8
that consists of a V and a W silicon layer that sandwich a 2-mm-thick Rohacell 71 carbon
fiber composite.

To reduce costs, the V and W layers for the modules of the different BST regions are
made of one or more fundamental rectangular sensors. If more than one sensor is needed for
a module, the sensors are wire-bonded together. Modules of the BST Regions 1, 2, 3, and 4
have 1, 2, 3, and 3 sensors, respectively (see Fig. 2.4). Fig. 2.11 shows 3D renderings of how
the complete SVT system is expected to look.

Table 2.2 gives the radiation length of the materials used for the sensor structure. Because
of the large variety of commercial graphite fibers available for GFRP (glass fiber reinforced
polymer) composites, they have an added bonus of being easily obtainable at an acceptable
cost. The preferred structural materials are GFRP and Rohacell. The total anticipated
radiation length for the BST is ~3.5% and for the FST ~2.7%.

The readout pitch for the strips, which is twice the implant pitch, is determined by the

minimization, as far as affordable, of spatial resolution. Based on this criterion, the strips
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Figure 2.11: Overall conceptual renderings for the SVT showing a rear view (left) and a side view

(right).
Material | Radiation Length (mm) | Thickness (mm) | Radiation Length [%XO0]
Silicon 93.7 0.300 0.320
Epoxy 443.7 0.025 0.007
GFRP 250.0 0.250 0.100
Rohacell71 9450.0 2.000 0.040
GFRP 250.0 0.250 0.100
Epoxy 443.7 0.025 0.007
Silicon 93.7 0.300 0.320

Table 2.2: Material thickness with radiation lengths for the different layers that make up the sensors
of the BST and FST.
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are designed to have an implant pitch of 0.075 mm and a readout pitch of 0.150 mm. The
expected spatial resolution for this pitch spacing is about 0.050 mm and the occupancy in a
layer of an FST region, for half-field operation of the solenoid, is less than ~1.5%. The V and
W layer strips for the FST sensors run parallel to the edges of the trapezoid (see Fig. 2.12),
with the strips intersecting at an angle of 12°.

For the BST, the 42-mm width of the sensor accommodates 256 input channels, at a
readout strip pitch of 0.150 mm, to the two SVX4 ASICs, and the required keep-out zones
around the sensor (see Fig. 2.13). The V and W strips are designed such that strip 1 is at an
angle of 0° with respect to the length axis of the rectangular BST sensors and strip 256 is at

an angle of 3°. This was done to minimize sensor dead area. Details are shown in Fig. 2.13.

dle strips total
0,984/\——77.848——

__strip nhumber
480 360 240 120~

168971

i
0835 126
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Figure 2.12: Strip layout for the trapezoidal sensors. All units in mm.
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Figure 2.13: A standard BST module showing the V and W strips. All units in mm.

2.4 Mechanical

2.4.1 Support Structure

Fig. 2.14 shows a view of the complete SVT, including its support structure. A large stainless-
steel tube is used to support the BST, and the FST is supported off of the BST. The size and
stiffness of the support tube seems extreme, but it is a simple system that has been used to
support other detectors in high magnetic fields in CLAS experiments, such as the light-weight
BONUS detector. It is expected that the total weight of the SV'T is less than 10 kg. The
calculated deflection of the support pipe is 0.033 mm.

Figure 2.14: SVT on support arm with mounting/alignment hardware to CLAS12 solenoid.

The relative mass of the support structure is more than 5 times the mass of the detector,
and it is mounted to the solenoid, which has a mass on the order of 20 metric tons, thus

vibration will not be an issue.
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2.4.2 Detector Element Deflection

Individual staves of the barrel section have been analyzed using ANSYS finite element mod-
eling software. The worst case is Region 1, where its deflection is shown in Fig. 2.15. In this
modeling, all elements of the stave were given both density and stiffness properties, as well as
the dead weight of the electronics (10 g). Deflection of the wafer material can be seen to be
less than 0.03 mm, which is much less than the required 0.1 mm that can cause self induced

noise.

&
0.00 50.00 100,00 (mm) ,/L v

25.00 75.00

Stave Deflection with a AIN heat sink (~135 pm)

Figure 2.15: BST Region 1 stave deflection analysis results (units in mm).

2.4.3 Detector Element Heat Removal

Heat removal from the SVT is a significant design issue. The design heat load for the SVT
is to remove all the on-board electronics heat using chilled-water cooling. The total power to
be removed is shown in Table 2.3.

The primary mode of heat transfer will be conduction heat transfer to a water-cooled heat
sink. We have chosen aluminum nitride because it is a non-magnetic and electrically non-
conductive ceramic material with good thermal conductivity. Two millimeter thick aluminum
nitride has been put into the core of the staves, replacing the Rohacell core material where

its mass is not in the acceptance. Finite element analysis of a Region 4 module shows that
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Heat Load for SVX4

Item Barrel | Disk
No. of modules 62 45
Chips/module 4 8
Total chips 248 360
Idle power (W) 476 | 69.1
Max power/ch (mW /ch) 3 3
Max power (W) 95.2 | 138.2
Transceiver power (W) 0.5 0.5
No. of transceivers/module 4 4
Total transceiver power (W) | 124.0 | 90
Total idle power (W) 171.6 | 159.1
(with transceiver)

Total max. power (W) 219.2 | 228.2
(with transceiver)

Table 2.3: Heat load on the SVT,
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most of the heat can be conducted away, keeping the electronics maximum temperature to
approximately 40°C with the heat sink temperature at 15°C. A very small amount of heat
(much less than 1 W) must be removed from the surface of the wafers to keep them from
warming to the maximum temperature of the chips. This can easily be done by flushing
the detector with a small purge of dry nitrogen. The temperature distribution of a stave in

Region 4 is shown in Fig. 2.16.

2

i

0,00 45.00 90,00 (mm)
I O ..

22,50 6750

Temperature Distribution in Stave with Natural Convection

Figure 2.16: BST Region 4 stave heat transfer analysis results (units in °C).

Notice that the temperature along the wafer portion of the stave is around 23°C. This is
because the dry nitrogen that will be purging the detector is assumed to be 22°C. Region 1 has
a longer conduction length, and therefore, higher temperatures are expected. Two potential
solutions are being considered. The first is to use a material with higher thermal conductivity
(such as a high thermally conductive carbon composite). The second is to locate the electronics

on Region 1 closer to the cooling plate.

2.5 Electronics

2.5.1 Readout

Both the BST and FST will be made of single-sided sensors, as single-sided sensors avoid man-

ufacturing problems and the higher costs associated with double-sided sensors. Further, the
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SVX4 ASIC, a candidate for the readout electronics, supports single-sided sensors only. The
single-sided sensors to be used are n-type, AC-coupled, and poly-biased. After an evaluation
of the readout ASICs that are available (see Table 2.4), the 128-channel SVX4 ASIC that is
fabricated on standard 0.25-pm CMOS technology, is considered to be a potential candidate.
SVX4 implements a complete readout system and is a low-power device (at 3 mW /channel).
Further, the SVX4 ASIC has a good track record and is presently the readout system of choice

for several single-sided micro-strip detectors.

Institution | Experiment Chip Manufacturer | Process
CERN ALICE HAL25 IBM 0.25
CERN ATLAS ABCD Honeywell 0.8
CERN CMS APV25 IBM 0.25
CERN LHCb BEETLE IBM 0.25
FNAL CDF SVX4 TSMC 0.25
FNAL D0,CDF SVX3D Honeywell 0.8

KEK Belle VAITA IDEAS 0.35
SLAC BaBar AToM Honeywell 0.8

Table 2.4: Available ASICs that were evaluated for use in CLAS12.

As an example of the on-board electronics, a photo-composite of a BST Region 2 module is
shown in Fig. 2.17. This assembly is called a stave. Table 2.5 lists the significant components
of the on-detector electronics. The operating bias voltage is expected to be ~200 V. For
low thermal noise and production uniformity, the poly-silicon bias resistor is required to be
~2.5 MS). The inter-strip resistance is expected to be ~1 Gf2. To minimize signal dispersion,
a strip resistance of less than 30 2/cm is desirable.

The SVX4 design handles sensor capacitances from 10 pF to 35 pF. For the FST and
the BST, the total inter-strip capacitance is expected to be <1.2 pF/cm and the coupling
capacitance is expected to be >10 pF/cm for AC-coupled strips. The equivalent noise charge
(ENC) in a channel is given by ENC = 400e™ + 42¢~/ pF. For a capacitance of 30 pF, the
typical capacitance of a long strip, plus some additional stray capacitance due to the wire-
bonds connecting the sensor and the chip, ENC is estimated to be 1800e~. This noise level is

about a tenth of the signal level generated by a minimum ionizing particle.
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Hybrid Translator Module (HTM}

Pitch Adapter

Silicon Sensors SVX4 ASIC T

Wing Cable

Hybrid

2 Flex Cables

Figure 2.17: Photo-composite of a Region 2 barrel module stave assembly.

Component

Basic Specifications

Function

Silicon sensors

Single sided, 300-pm thick, 42 mmx111.62 mm (cut),
75 pm implant pitch, 150 pm readout pitch, V/W

layers +£1.5°, n-type, 2 sensors from a 6-in wafer

Charge collection

Pitch adapters

Adapts SVX4 48-um pitch to sensor 150-um readout
pitch

Hybrid to sensor

Connection

Hybrids

BeO substrate, ~38 mmx20 mm, bonding pads for
2 SVX4 ASICs

SVX4 ASIC mounting

Hybrid Translator
Module (HTM)

LVDS signal transceivers, ~40 mmx40 mm (smaller

if possible)

Translates and repeats
module control and

data signals

Wing cable

Flex cable extension of HTM circuit board,

wire-bond pads for bottom hybrid

Connects signals from

top to bottom HTM

Table 2.5: Significant components of the on-board electronics.
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Fig. 2.18 shows a block diagram of a single SVX4 channel. The detector signals are
integrated, correlated double samples, the difference of which is stored in the analog pipeline.
Up to 42 measurements can be stored in the pipeline. Digitization is by means of a Wilkinson-
type ADC and an 8-bit counter. Timing control signals govern, among other functions, the
operation of each channel’s preamp reset, the double-correlated sampling, and the ADC. These
timing control signals must be generated by a trigger generated by other detectors in CLAS12.
Once a pipeline cell is marked by the Level-1 accept (L1A) trigger, the counter value is stored
in a FIFO buffer. An 8-bit output bus transmits the data in a sequence of bytes identifying

the chip, pipeline cell, the channel number, and the content.

. 1%
e

s Register
__D____"_’_. des . WABL m

- 3
P

Preamp Pipeline Wilkinson ADC “FIFO™

FIFO

Figure 2.18: Schematic of an SVX4 chip showing the layout for the preamp, through the pipeline
and ADC to the FIFO buffer.

Fig. 2.19 shows the floor plan of the SVX4 ASIC. The thickness of the chip is 0.25 mm.
The diced area of the chip is 6.40 mm x 9.11 mm. The channel input pads are 0.096 mm apart,
center-to-center, and the pad widths are 0.048 mm. There are two rows of input pads to which
the outputs of the silicon sensors have to be wire-bonded. Pitch adapters connect the sensor
and the hybrid. Wire-bond pads are located on both ends of the pitch adapter for connections
to the SVX4 ASICs and to the sensor. The wire-bonding pads will be compatible with the
aluminum-wire ultrasonic wedge-bonding method. A separate ceramic pitch adapter will be
glued onto the module support assembly. Fig. 2.20 shows the pitch adapter connections to the
sensor and SVX4 ASICs. Fiducial marks will be made on the pitch adapter for assembly and
alignment. In addition to routing the sensor signals and the guard ground, the high voltage will
be routed across the pitch adapter from the hybrid to the sensor bias ring. Adequate spacing

between the pitch adapter, high voltage trace, sensor guard, and ground will be provided.
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Figure 2.19: SVX4 ASIC floor plan.

S1LITCLN

Figure 2.20: Pitch adapter connections to the sensor.
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Fig. 2.21 shows a photo-composite of the proposed hybrid for mounting the SVX4 chips.
The hybrid will be outside of the active area, not on the sensor, and glued directly onto the
support structure. The proposed hybrid with approximate dimensions of 38 mm x 20 mm
will be used to mount the two SVX4 readout ASICs. The hybrid substrate uses beryllium
oxide, which is a good heat conductor and has a long radiation length. The gold bond pads
of the hybrid will be aluminum-wedge bondable to be compatible with the other components.
The high voltage for the sensors will be routed across the hybrid with an adequate wire-
bonding surface for connections to the pitch adapter and the hybrid translator module (HTM).
An RTD (resistance temperature detector) will be mounted on the hybrid for temperature

measurements.

- ni“’lli|||||||||r|ﬁ||||

Jmmmuummm.....5
It L
nl 11—‘— FELA R

Figure 2.21: Photo-composite of the hybrid board for mounting of the SVX4 chips.

Separate power supplies and grounds for the analog and digital sections will be used. The
dielectric strength of the circuit board will be >650 V/mil. SVX4 diagnostic signals have
external pull-up resistors and will be routed to the hybrid test points. Fig. 2.22 shows a
conceptual schematic of the hybrid based on the FNAL CDF design.

The connections for the priority in - priority out SVX4 readout chain allow for reading
the top side and then the bottom side of the module. The input and output for the readout
chain are then routed to HTM transceivers and then to the external connectors. The HT'M
translates and repeats control and data signals from the two hybrids on a module to the DAQ.
The HTM also routes the low voltage and high voltage supply lines from the flex cables to
the hybrid. Fig. 2.23 shows a conceptual block diagram of the SVX4 readout chain. Fig. 2.24
(top) shows a FNAL HTM that has the dimensions of 39 mm X 50 mm; at JLab a smaller
module (~40 mm x 30 mm or less) is being developed for CLAS12. Fig. 2.24 (bottom) shows
a block diagram of the HTM board. The FNAL 10-bit low voltage differential signal ASIC
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Figure 2.22: Conceptual schematic of the hybrid board layout of the SVT.
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transceiver will be used because of its high density and its good track record with silicon-strip

detectors. The transceiver comes in die form and is wire-bonded to the HTM board.

Module | — I_'_. L, Mogdiile
A BRTOLT JUPRIIN PRIOUT JPRIIN PRIOUT PRIIN PRIOUT Output

|

SVX4 SVX4 | SVX4 SVX4

Chip 1 Chip 2 | Chip 3 Chip 4
|

5, T Iy : =
I.NBR‘ ‘BNBR [ J_NBR‘ -BNBR fTNBR‘ -BNBR

Hybrid Top Side | Hybrid Bottom

|
|
|
|
| TNBR BNBR
|

< = 8—i3it Data and Contro]‘léus = >

Figure 2.23: SVX4 readout chain configuration.

The “wing” cable connects the bottom-side hybrid to the transceiver on the HTM board.
The wing cable and the HTM will be combined together into a single polyimide rigid (HTM)
and flex (wing cable) assembly. In addition to the wing cable, the two flex cables with the
data, low voltage, and high voltage connectors will be attached to the HTM board. Fig. 2.25
shows the wing cable on bottom side of the module. Fig. 2.26 shows the HTM board and
wing cable before folding. Fig. 2.27 shows the flex cable assembly. The length of the cable is
limited to ~30 cm. Fig. 2.28 shows the flow of the cables. All cables will be routed to the

electronic racks located at the rear of the detector.

2.5.2 High and Low Voltage

The system is designed with the highest low voltage and high voltage segmentation affordable,
without compromising performance and operability. Each side of the module has its own high
voltage channel, two high voltage channels per module. The five channels of low voltage for
the module consist of a hybrid analog and a hybrid digital channel for the top and for the
bottom sides of the sensor module and a digital channel for the HTM. All of these channels
operate at 2.5 V. In addition to the low voltage and high voltage, a calibration voltage for
each of the two hybrids connects to the flex cable low voltage connector.

The low voltage system consists of ~625 channels in four groups. The high voltage system

has ~240 channels. Fig. 2.29 shows the distribution of voltage and monitoring channels for the
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Figure 2.25: Wing cable on the bottom of the HTM board.
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Hybrid Translator Module
Support Structure

Figure 2.26: HTM assembly showing the wing cable to connect the top and bottom side boards and

the readout flex cable.

Figure 2.27: Photograph of the flex cable assembly.
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Figure 2.28: Cable routing diagram for the SVT detector.

SVT. The low voltage and high voltage supplies for the SVT will be modular with individual
channels provided by a module within a main supply crate. Sensors will have a controllable
and monitorable high voltage channel with over-current and over-voltage trip protection. A
calibration signal and a temperature sensor on each hybrid will be instrumented on the detector
modules. Table 2.6 shows the distribution of low and high voltage channels needed for the
sensors, the HTMs, and the sector collector modules (SCM).

The CAEN crate-based high voltage systems, including the 1527 and 1527LC, and the
WIENER universal multi-channel modular system for both low voltage and high voltage
supply are being considered. The WIENER modular system has the advantage of a common
crate that will support both high voltage and low voltage modules. Fig. 2.29 shows an overview

of the connections of the system.

2.5.3 Slow Controls

Calibration and testing of the detector modules and readout chain is accomplished by a
calibration input signal (VCAL). This external input on each SVX4 ASIC has the capability
of injecting a small charge via a charge injection capacitor (25 fF). This capacitor can be
switched in from each preamp input to a common bus line. A 128-bit programmable channel

register, downloaded in the initialize mode, can function as a mask register and determine
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Specification Region 1 | Region 2 | Region 3 | Region 4 | Total
Hybrid 2.5 V digital channels (barrel) 14 24 34 44 116
Hybrid 2.5 V digital channels (nose cone) 40 42 42 0 124
Hybrid 2.5 V analog channels (barrel) 14 24 34 44 116
Hybrid 2.5 V analog channels (nose cone) 40 42 42 0 124
HTM LV channels (barrel) 7 12 17 22 58
HTM LV channels (nose cone) 20 21 21 0 62
SCM LV channels (barrel) 2 3 4 4 13
SCM LV channels (nose cone) 4 5 5 0 14
HV channels (barrel) 14 24 34 44 116
HV channels (nose cone) 40 42 42 0 124

Table 2.6: High and low voltage channel distribution for the SVT.

Rack on Space Frame

HV Supply

SCM's & Distribution
Maunted on or near
solenoid magnet

Controller
SVT DAq
SVT DAq
SVT DAQ
SVT DAQ
SVT DAQ
SVT DAq

High Voltage Distribution

-=| Control & Dal
Sector Collector Modules e

|

|

|

|

|

Silicon
Sensors

4
Ethernet

i Callbration & Slow
Controls

(1 B [I Low Voltage Distribution F'\J\
SVT Detector Module Assembly |<——15‘—.| |._A30-H‘ LV Supplies

VME Crate N

DAQ
Computer
In Counting

House

Figure 2.29: System connections overview for the SVT.
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whether or not the injection capacitor is switched on for each channel. Fig. 2.30 (left) shows
the preamp stage of the SVX4 ASIC and the VCAL calibration input.

The slow controls system (SCS) will be responsible for controlling all essential run-time
parameters of the experiment and for monitoring the status of various hardware components.
The primary goals are to enhance safety by providing early warnings about malfunctioning
equipment and check the health of the experiment and the integrity of data. The system will
also transmit important parameters to the DAQ for insertion in the CLAS12 data stream. The
SCS will have the ability to trigger alarms to notify personnel when parameters are detected
to be outside pre-defined limits and will have the option of automatically disabling DAQ in
case of a severe malfunction of the equipment. The implementation of the SCS will need a
VME crate with an IOC and input/output boards. Some of the hardware will be connected
directly to the Ethernet network. The settings of all critical operating parameters will be
protected against computer failure. The failure of the computer in the system will only result
in the loss of monitoring. When a computer reboots, parameters will not reset to previous or
default values but remain at currently set values.

The SVT computers and vital support hardware will be protected by Uninterruptible
Power Supplies (UPS) with battery backup and software to signal an alarm and notify the
operators when external power is lost. The UPS will have surge protection and line filtering.
Monitoring and control of the system will be implemented through the use of a Motorola single
board computer embedded in a VME crate running VXworks real-time operating system. Sun
or Hewlett-Packard workstations will support the user interfaces and controls. The control
software will be built using the toolkit provided by the Experimental Physics and Industrial
Control System (EPICS), which is based on the client-server model.

2.5.4 Data Acquisition

Each channel of the SVX4 ASIC has a 42-cell deep analog pipeline. Fig. 2.30 shows the block
diagram of the ASIC. The front-end of the ASIC contains the integrator and storage pipeline,
which at a front end clock rate (FECIk) of 132 ns, allows a trigger latency of ~4 us. The
back-end of the ASIC has an ADC for digitization and the readout and driver logic.

The Level-1 accept (L1A) signal to the ASIC is used to remove a “hit” cell from the
pipeline. The hit is temporarily stored in a FIFO buffer that can store up to four cells,

corresponding to four L1As. These hits are queued for readout to the back-end. Once four
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Figure 2.30: Block diagram of the SVX4.
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cells are stored in the FIFO, additional L1As are ignored. The trigger latency is programmed
in the shift register during the initialize mode so that the right pipeline cell is read out. L1A is
normally high during acquisition and pulsed low to store a cell. L1A must go low and return
high between front-end clocks.

The pedestal pipeline cell is reserved for acquiring only pedestal data. This cell is used
during readout along with a stored cell. The back-end digitizes the difference between the
hit cell and the pedestal cell. The pedestal cell is not part of the round robin ensemble
of acquisition cells, hence the pedestal cell must be refreshed periodically. Because of the
continuous electron beam, L1A arrivals are not synchronized to the front-end clock, which
implies that the associated detector signals are Poisson-distributed with respect to this clock.

2571 were simulated to check

SVX4 data acquisition rates at a luminosity of 1 x 10%% cm~
their performance in a continuous electron beam environment. The first aspect of the SVX4
that was simulated was the L1A acceptance rate [270]. The triggers generated were Poisson-
distributed with respect to the SVX4s FECIlk. The simulation estimated the number of triggers
that had an early arrival time and also estimated the number of triggers that were missed.
The results of the simulation showed that for half-field operation of the solenoid, 2.5 T, with
an L1A rate of 10 kHz, ~0.1% of the triggers arrived early. No triggers were missed. The
simulation was run for an L1A rate of 100 kHz as well, over ten times the expected trigger
rate. For these conditions only ~1.3% of the triggers arrived early and ~0.3% triggers were
missed.

Another simulation checked the effect of issuing a reset and the associated restore op-
eration when the pre-amplifiers on the chip saturate [271]. In operating the SVX4, charge
is accumulated on the pre-amplifier and this charge needs to be periodically reset when it
reaches ~200 fC. The results of these simulations show that at half-field of the solenoid, a
~1% deadtime can be expected; at full-field operation the deadtime is ~0.4%.

SVX4 is designed for daisy-chained operation. Daisy-chaining minimizes the number of
bus and control lines required to operate the device. Fewer control lines means less space
on the high density interconnect and less mass in the system. All the chips share a common
communication bus and a common differential and back-end clock. Each chip has two pads
that are used for communication between adjoining chips. After powering up the SVX4, the
chip parameters must be downloaded before operation of the readout chips can begin. For

each SVX4 chip, 198 bits must be downloaded into the internal registers.
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Figure 2.31: SVT system data paths.

Fig. 2.31 shows the data path for the Hall B SVT system. Signals are digitized in the SVX4
ASICs on the hybrids. The control signals and data bus for a module are connected to a sector
collector module (SCM). Up to five modules are connected to an SCM that buffers and passes
the data and control signals to the DAQ system. SCMs may also be daisy-chained together
to form a longer readout chain. The readout chain requires only one detector module buffered
by a single SCM to form a valid control and data path. Unused SCM inputs are bypassed.
Increasing the number of SCMs connected together increases the daisy-chain length and the
DAQ readout time. The fastest readout is accomplished by a single silicon detector module,
SCM, and SVT DAQ module chain. Fig. 2.32 shows the daisy chain connections through an
SCM.

For the CLAS upgrade, VME systems will be used for both DAQ and slow controls. Cur-
rently, CLAS uses about 30 VME crates and several types of modules. As a standard DAQ
framework at JLab, 6U VME single board computers (SBCs) running VxWorks RTOS are
used. The Harvard-designed Silicon Readout Controller (SRC) used in FNAL-CDF was stud-
ied for possible implementation in our system. This controller was originally designed for
SVX3 readout. The CDF-SRC printed circuit board is in 9U VME format. This format is
incompatible with our 6U-sized systems. The board has nine FPGAs and only controls the
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Figure 2.32: Sector collector module daisy-chain readout.
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SVX3 ASIC. Separate VME hardware is needed to handle and store the data received from
the silicon sensors. In addition, this SRC is application specific for the pulsed accelerator at
FNAL and designed around the triggering system used at CDF.

For control and data acquisition for the SVT, a 6U VME board compatible with the CLAS
data stream format is being developed [272]. This modular SRC will control and integrate the
data received from the SVT readout chain into the DAQ system. Fig. 2.33 shows the block
diagram of the prototype SRC. The heart of the SRC design is Field-Programmable Gate
Arrays (FPGAs). The advantage of FPGA technology is that it combines the ease of software
with the speed of hardware with permanent upgrade capabilities via downloaded updates.
FPGAs have already provided the lab with versatile VME bus data acquisition and control
interfaces. Current JLab FPGA designs provide control and monitoring for numerous systems
by interfacing sensors and instrumentation with ADCs and TDCs. As shown in Fig. 2.33, data
and control signals from the readout chain connect to the SVX4 controller FPGA logic for
processing. Interface I/O signals are provided by the FPGA for external triggering, clock, and
phase lock interfaces among others. The FPGA has a memory management unit and PCI
interface that connects to the VME interface. On-board memory stores the events to be read
out. The VME slave interface completes the data and control path to the VME backplane

through bus transceivers.

PClo VME
Tnrerfice

7|F

WIE Bus System Backplane

VME Basebuard PCB

Figure 2.33: SRC prototype block diagram.

The SRC generates initialize, acquisition, digitization, and readout timing sequences for
the SVX4 ASIC. The initialization cycle is typically performed once, followed by repetitive
data acquisition, digitization, and readout sequences. Since we will be operating the SVX4

ASIC in continuous data format mode, the acquisition cycle occurs simultaneously with the
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digitize and readout sequences. After the hit cell has been digitized in the SVX4, the SRC
starts a readout cycle and the event data is stored locally. The event data will be continuously
stored until the SRC is instructed to read out the data by the VME system controller or until
the local memory is full. The VME slave interface on the SRC accepts instructions from the
VME SBC. These instructions control the SVX4 sequences and read out the stored events.
The SRC status register reports on the operating condition of the board including memory
overflow.

The SRC design includes a Joint Test Action Group (JTAG) interface that provides In
System Programming (ISP) capability. The ability to reprogram the on-board components
provides a permanent upgrade path via software updates. It also provides a way to implement
new features (even remotely) into an existing system after fabrication and installation. In
addition, JTAG technology can be used for board level interconnection and functionality
testing.

Based on the GEANT3 simulation, approximately 16 particles will be generated per trigger
in the cone part of the SVT when the solenoid is operating at half-field. The forward cone is
split into four groups, three of which have six modules and the last group has four modules.
The four group partition results in four tracks per group per trigger. Six modules have 24
ASICs in all. For each chip, the pipeline cell and ID has to be read; this contributes 96 bytes,
whether or not there is data. Four tracks in a group give rise to 6 hits, each of which requires
a byte for cell ID and a byte for content, contributing 12 bytes per track. Therefore there
are 48 bytes per track from hits alone. Therefore, there are 144 bytes per trigger. Since the
groups are independently read out, this data rate translates to 1.44 MB/s for a trigger rate
of 10 kHz, well below the 56 MB/s readout rate capable by the ASIC. Our expectations for
the time taken for digitization and readout as a function of the number of hits in a sector of
the FST have been computed and are shown in Fig. 2.34. Each sector can handle up to 2500
hits in 105 ns (25 MHz). A higher rate implies that before the digitization process can be
completed a new L1A arrives, eventually filling up the FIFO and leading to a loss of triggers.

2.6 Research & Development

R&D for the SVT system started in FY2004 [273]. The R&D goals are to evaluate silicon strip

detector systems, assess compatibility of SVX4 performance with CLAS12 requirements, study
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Figure 2.34: Readout time as a function of the number of hits in a given layer or portion of the

SVT.

the features of the FNAL stave design that could be useful for CLAS12, and gain experience
and know-how about developing support fixtures, installation, and DAQ by conducting lab
tests and installing a test stave in Hall B for in-beam tests [266].

The initial R&D effort [274, 275] focused on the DAQ system of the stave received from
FNAL. The Hall B Instrumentation Group modified the DAQ hardware and software to run
lab and beam tests. Some of the significant modifications that were made were the addition of
plots to show the number of hits in each strip, the archiving of selected real-time strip plots,
the storage of output data for off-line analysis, the ability to change the clock-base, and the
addition of the external trigger mode. For the operation of the stave, low and high voltage
control programs were researched, developed, and implemented [276, 277].

R&D activities during FY2004 culminated with the conduction of beam tests [278]. To
perform these tests, specialty cables, data buffers, data repeaters, controls and monitoring
programs for low and high voltages, DAQ software, off-line analysis software, support struc-
tures, and finite element analyses were designed, developed, debugged, and implemented. The
significant result of the FY2004 R&D effort was that it provided hands-on experience with

several facets of the endeavor to build a reliable state-of-the-art silicon vertex tracker tailored
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to meet CLAS12 requirements. For FY2005 the R&D plan was to develop a laser test stand
and a PCI-based DAQ board [279]. However, due to budgetary considerations, work was done
only on the laser test stand. Additionally, the prototype FPGA-based, PCI-bus-compatible,
printed circuit carrier board for the DAQ controller of the SVT was successfully built and
tested [280] (see Fig. 2.35).

LTI

Figure 2.35: New PCl-based CLAS12 DAQ base board.

R&D for FY2006 focused on the design of the DAQ mezzanine circuit board (shown in
Fig. 2.36) that will be compatible with a VME board. The block diagram for the circuit board
is shown in Fig. 2.37. The FPGA design of the SVT DAQ/controller board is flexible and
permits use of different silicon sensor readout ASICs.

R&D on the advanced conceptual design for the SVT is continuing. Support structures
and instrumentation strategies are being developed, and detector installation procedures are
being studied. Safety issues for each step of the detector construction and installation are

being analyzed.
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Figure 2.36: SVX4-based PMC controller card.
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2.7 SVT Commissioning and Operation

The objective of the SVT commissioning plan is to debug, fix, and calibrate system com-
ponents. Over the last several decades, much experience in this area has been gathered by
experiments at other facilities. The SVT commissioning program will draw on these experi-
ences. The commissioning plan includes studies without and with beam.

After installation of the SVT in the solenoid, a complete set of system checks will be
performed. First, a visual inspection of cables and electronics will be carried out. Control,
data, low voltage (LV), high voltage (HV), and monitoring cables will be checked for proper
strain relief, sheathing, insulation integrity, and connections.

The detector will be monitored continuously by the CLAS12 slow controls system. The slow
controls procedures to adjust critical parameters of the equipment will be checked. Power will
not be turned on until all alarms and fail-safe systems have been verified. Power-up tests
will be conducted first on dummy loads. This checkout will include all systems controlled by
EPICS as well.

Temperature and humidity conditions in and around the SVT will be monitored continu-
ously. Also, light sensors inside the SV'T will monitor the level of light infiltration.

The LV system, including LV distributions, will be checked with dummy loads. Correla-
tions between demand, monitored, and measured voltages will be logged. Once it is ascertained
that the LV system is functional, it will be connected to the SVT. The HV system will be
checked in a similar fashion.

Once both the LV and HV systems have been checked, the SVT will be powered up; the
power-up sequence will be, first the LV system, and then the HV system. The powering up
of both the systems will be done in appropriate steps. Current draw by both the systems will
be automatically recorded.

Read/write tests on the ASIC registers will check whether all ASICs are able to be pro-
grammed and whether they can be read back. Calibration of the detector modules and testing
of the readout chain will be accomplished by inputting an external signal. This external input
on each SVX4 ASIC has the capability of injecting a small charge via a small charge injection
capacitor (25 fF). Calibration will be done with different inject masks. The acquired ADC
spectra will be used to calibrate the ASICs. The performance of the system, including that

of the front-end electronics, will be checked at the channel level by inspecting the occupancy
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plots.

Hit/no hit data will indicate noisy or dead channels. An effort will be made to fix channels
with problems by appropriate measures, such as varying the threshold, low, and high voltage
values.

Once these basic tests have been completed, efficiency and tracking accuracy tests will be
performed using cosmic rays. Cosmic triggers generated by the CTOF will be used to measure
the efficiency and the track reconstruction accuracy in the Barrel Silicon Tracker. These tests
will be done for zero, half, and full fields of the solenoid. Tracks will be reconstructed in the
eight SV'T layers in the upper hemisphere and the projected track hits will be checked against
the registered hits in the eight layers of the opposite hemisphere. These tests will be repeated

with test beam.

2.8 CLAS12 Drift Chambers

2.8.1 Overview

The overall tracking requirements (0.5 - 1% fractional momentum resolution at 5 GeV and
efficient tracking at a luminosity of 103> cm2s™') are the main drivers for drift chamber design.
Because the CLAS drift chamber system [281] has operated successfully for 8 years, we plan
to re-use many of the design concepts and most of the utility infrastructure. In particular,
we plan to re-use the present gas mixing and handling system, the high-voltage and low-
voltage systems, the FASTBUS TDC system, and the post-amplifier/multiplexer systems.
The construction project thus consists of new chambers, on-board electronics, and on-board
jumper cables.

The forward tracking system consists of three regions divided into six sectors as shown in
Fig. 2.38; located just before, inside, and just outside the torus field volume, and referred to
as Regions 1, 2, and 3. Each chamber will have its wires arranged in two superlayers of six
layers each, with the wires in the two superlayers strung with +6° stereo angles, respectively.
The cell structure will be hexagonal, that is, each sense wire is surrounded by six field wires.
This arrangement is similar to the present CLAS design and offers good resolution with very
good pattern recognition properties. Refer to our article on the overall CLAS detector [282]

and our article on the drift chambers themselves [281] for details of the present detector and
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chambers. The groups responsible for the CLAS12 drift chamber construction include Old

Dominion University, Idaho State University, and Jefferson Laboratory.

CLASI2
Forward Drift Chambers

Figure 2.38: Schematic layout of the CLAS12 Forward Drift Chambers: Regions 1, 2, and 3.

The major difference in the drift chambers for CLAS12 is that the cells cover a smaller
solid angle than those in the present CLAS chambers, allowing efficient tracking at higher
luminosities because the accidental occupancy from particles not associated with the event
is smaller. Table 2.7 lists the main design parameters for each region of the CLAS12 drift
chambers. For the purposes of simulating track resolutions, we assumed that the position
resolution of the individual drift cells would be 250 pm.

There are also other differences in the design of the CLAS12 chambers compared to the
current CLAS chambers. ways. Successive superlayers have their wires arranged with a +6°
stereo angle; the present arrangement has an axial layer and a 6° stereo layer. For the present
CLAS detector, the ¢ resolution times sin # is about two times larger than the 6 resolution. To
have more equal resolution in the two angles, we doubled our stereo angle from 0 and 6° to
46°. Unlike the present chambers, all of the wires in one of the superlayers are strictly parallel,

and in a plane perpendicular to the wire direction, form perfect hexagons. This should allow a
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Region 1 | Region 2 | Region 3

Distance from target 23 m 3.5 m 4.7 m
Num. of superlayers 2 2 2
Layers/superlayer 6 6 6
Wires/layer 112 112 112
Cell size 0.75 cm 1.18 cm 2.07 cm

Active time window 150 ns 250 - 500 ns 500 ns
Resolution per wire | 0.020 cm 0.025 cm 0.030 cm

Table 2.7: Design parameters for the CLAS12 drift chambers.

more accurate drift velocity calibration than the current design with its layer-to-layer increase
in cell size. The choice of gas; a 92:08 Argon:CO, mixture is a small departure from our
present 90:10 mixture and should result in a higher and more constant drift velocity. We plan
to run with a gas gain of 5 x 10*,

Another departure from the present design is to design every chamber (in all three re-
gions) to be self-supporting in order to ensure that they are easy to install and remove for
maintenance. In the present CLAS, the Region 1 chambers are all bound together into a sin-
gle unit in order to maintain the wire tension without excessively thick endplates, and the
Region 2 chambers are actually mounted onto the magnet cryostat, with the cryostat itself
maintaining the internal wire tensions. None of the present Region 1 or 2 chambers can be
accessed individually without a lengthy “tension-transfer” process. To avoid this, we are de-
signing the Region 1 and Region 2 chambers to be self-supporting like our present Region 3
chambers. To keep a very thin endplate (to minimize dead area), some of the wire tension
in the Region 2 chambers may be borne by springs mounted to the torus cryostat, but many
fewer springs than in the present detector. The key to these improvements will be ultra-stiff
endplate assemblies that obtain their stiffness by a flanged design.

A third design change is to use 30-um diameter sense wire rather than the presently-used
20 pum wire. Our choice of wire is 30-um diameter, gold-plated tungsten for the sense wires,
140-pm diameter, gold-plated aluminum for the field wires, and 140-pym diameter, stainless
steel for the guard wires. This should make the chamber more robust to wire breakages.

Higher voltages will be required to achieve the same gas gain, and the resulting higher electric
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field in the drift cells will result in a more nearly constant drift velocity that should be easier
to calibrate. Prototypes are being built to study possible negative side-effects of the higher
voltage operation, such as leakage currents on the circuit boards and/or higher rates of cathode
emission from the field wire surfaces.

Fig. 2.39 shows GARFIELD calculations for a Region 3 drift cell with both a 20-pym and a
30-pm diameter sense wire. Here the cells with the thicker sense wire will have a significantly

higher drift velocity, which is desirable to reduce the time window, and hence the chamber

occupancy.
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Figure 2.39: GARFIELD calculations of the electric field lines (top) and drift time vs. drift distance
(bottom) for a Region 3 drift cell. The left plots show the configuration with a 20-ym diameter sense
wire and the right plots show the configuration with a 30-ym diameter sense wire. The high voltages

were set to provide the same gas gain for each configuration.
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2.8.2 Mechanical Design

The chambers are designed to position the wires with an accuracy of 100 pm and to be robust
and easily serviceable. The chambers are being designed with in-position surveying in mind.
In order to cover angles down to 5°, the dead areas of each chamber (endplates, printed
circuit boards, etc.) must be made as small as possible. The chambers in the high-field region
(Region 2) must not be susceptible to eddy-current forces that might arise in the event of a
quench of the superconducting torus.

We have arrived at different solutions for the three regions, but they share some charac-

teristics:

e a very accurately drilled, flat endplate is affixed to a much stiffer frame;

e the flanges of the frame extend beyond the endplate thickness but do not further increase

the dead area of the chamber;

e the chambers can be supported from two points only, at two ends of the outer “back-

plate”;

e the Region 1 and Region 3 chambers are fully self-supporting in any orientation relative

to gravity by the aforementioned two-point attachment;

e to further minimize dead area, the Region 2 chambers may have a portion of the wire

tension borne by springs attached to the torus cryostats;

e when out of position, the Region 2 chamber may have temporary posts in compression

taking the wire tension;

e signal translator boards (STB) will be mounted on the chamber and provide a connection

between the wire crimp pins and the on-board preamplifier hybrid units;

e similarly, on-board high-voltage translator boards (HVTB) provide a connection to the

high-voltage for each group of wires;

e on-board cables will run from the STBs and HV'TBs to a connector box on the backplate.
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Wire Layout: Cells, Layers, Superlayers

The wires are laid out in a “brick-wall” pattern with a guard wire layer followed by two layers
of field wires and one layer of sense wires in a repeating pattern. Six layers of sense wires
and their corresponding field and guard layers constitute a single superlayer. All of the wires
in one superlayer are parallel. As we progress through the three regions, the superlayers are
alternately U, V, U, V, U, V, with “U” representing wires with a +6° stereo angle and “V”,
-6°. The present CLAS detector has a similar wire layout structure and we have had very
robust track-finding ability, even in the presence of modest backgrounds (up to 4% occupancy
levels). Even in the presence of malfunctioning areas of the chambers, tracking is still efficient
even with only 5 superlayers active.

The proposed chambers are planar; all wires in a given layer lie within a plane, as opposed
to the present CLAS design where wires in a given layer lie on a cylindrical surface. This has

the advantage that all cells within a given layer are equal-sized, facilitating calibration.

Figure 2.40: Assembly drawing showing the key elements of the drift chamber box. Gas window,

electronic boards, and cables not shown.
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Endplates and Box Assembly

The chamber body consists of a precisely drilled flat endplate fitted into a stiff, machined
frame. We have already completed the design of a full-sized Region 1 prototype chamber.
Fig. 2.40 shows the essential elements of the drift chamber: the endplates, the “backplate”,
the stiffening “rails” into which the endplates fit, and the “noseplate” that fits into a common
hexagonal support ring. Fig. 2.41 shows design details for the endplate itself and Fig. 2.42
shows how the endplates fit into the associated box frame. Table 2.8 lists the design parameters
for the Region 1 prototype chamber. Fig. 2.43 shows expected deflections of the endplate

assembly after stringing (relative to unstrung).

Parameter Value
Total weight 160 kg
Total wires 4928

Diameter,tension sense wires 30 um, 20 g

Diameter,tension field wires 140 pm, 63 g

Diameter,tension guard wires | 140 pym, 285 g

Total wire tension 352 kg
Endplate span 1.75 m
Backplate span 1.75 m
Max. endplate deflection 1.6 mm
Max. gravitational wire sag 250 pm

Table 2.8: Design parameters for the single-sector Region 1 drift chamber prototype.

Wires, Feedthroughs, Crimp Pins

Table 2.9 lists the materials and specifications for our wires, feedthroughs, and crimp pins.
Our endplates are not parallel to each other, but instead are oriented with respect to each
other at an angle of 60°. For this reason, the wire position is fixed not by the location of the
crimp, but by the position at which the wire leaves the end of the feedthrough. This concept
was tested before the present CLAS construction. The nominal wire-stringing tension was

enough to force the wire to the “bottom” of the feedthrough mouth, establishing the position
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Figure 2.41: Design drawings of a Region 1 endplate showing the dimensions, hole locations, and

tolerances.
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Figure 2.42: Drawing to show how a Region 1 endplate fits into its associated frame.
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Figure 2.43: Finite-element analysis of the Region 1 prototype endplate showing expected deflections

due to wire tension. Note that the red areas correspond to the maximum deflections of about 1.6 mm.
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within an accuracy of 25 yum. Fig. 2.44 shows the details of a feedthrough penetration.

Parameter Value
end-plate material Aluminum, Stesalit
frame material stainless steel
gas-bag material aluminized Mylar
sense wire material gold-plated tungsten
field wire material gold-plated aluminum
guard wire material stainless steel
feedthrough material Noryl
crimp pin material | gold-plated copper (OFHC)

Table 2.9: Material choices for the wires, feedthroughs, and crimp pins.

Figure 2.44: Tllustration of two neighboring endplates showing the feedthrough penetration on each

and the wire strung between the two feedthroughs.

Attachment Points

The chambers are being designed to be supported from two points on the backplate without
imposing a large change of stress on the wires. This will facilitate installation. Fig. 2.40 shows

a sketch of the attachments on the backplate of the chamber.
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Survey, Alignment, and Magnetic Field Mapping

The chambers are being designed with survey and alignment in mind. For accurate tracking,
the chamber locations must be well-known in space, especially with respect to the magnetic
field. Survey points will be located on accessible faces of the chamber frame. Internal surveys
(see Section 2.8.5) will transfer our knowledge of the location of the wire holes to these faces.

The magnetic field mapping strategy has not been worked out pending a final design of the
torus magnet, but the concept will be to use hall probes to locate the positions of the energized
conductors within the cryostats to sub-millimeter accuracy, and then to calculate the fields.
We will take advantage of the very precise magnetic probe technology now available, and also
of sophisticated software packages to calculate fields. This allows us to design small, precise

instruments that can abut the cryostats themselves and be surveyed accurately.

2.8.3 Electronic Readout

The signal connections to the wires are made through printed-circuit boards mounted along
one side of each chamber, called Signal Translator Boards (STBs). These boards are respon-
sible for signal routing and preamplification. On the opposite side of each sector, another set
of circuit boards called the High Voltage Translator Boards (HVTBs) is used to make the

high-voltage connections to the wires.

On-Chamber PCBs and Cables

The CLAS12 wire chamber geometry changes significantly from CLAS, so the circuit boards that
interface the high voltages for the field, sense, and guard wires are new designs. The circuit
boards that interface the sense wires to the preamplifiers (STBs) are also new designs. These
interface circuit boards, both for the high voltage and the preamplifiers, will be designed on
a 96-channel format. This format will allow for only seven circuit boards for each superlayer.
Each sector in a particular region will use these seven circuit board formats for either high
voltage or preamplification of the sense wire signal. Table 2.10 gives a channel count of the
system. Fig. 2.45 shows the traces routed from the signal pick-up at the plated-through holes
to the signal inputs of the preamplifier.

Fortunately the preamplifier used for the CLAS drift chambers can still be manufactured
and the components are readily available. A large order for the CLAS preamplifier, CP01,
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Figure 2.45: Trace routing shown on one of the Region 1 STBs being designed.

was ordered less than two years ago, as replacements for the original 1994 design. The new
order included an epoxy resin encapsulation of the components on the preamplifier single in-
line package or SIP. The encapsulation of the components on the hybrid SIP preamplifier is
present to prevent component corrosion.

The CPO01 preamplifier specifications are suitable for the CLAS12 wire chamber signal levels,
and provide the gain, dynamic range, rise time, low noise, and low power for the upgrade
performance requirements. These preamplifiers were designed in unison with the Amplifier
Discriminator Boards (ADBs), that provide another level of amplification and a monostable
discriminator pulse with the threshold setting optimized for the best resolution or sensitivity to
a minimum ionizing signal. The monostable discriminated pulse widths are then multiplexed
into a single channel of a pipeline TDC, with a least significant count of 500 ps and 8 us of
pipeline memory depth.

The low voltage power supplies used for CLAS will be used for CLAS12. These units are
robust and manufactured by Hewlett Packard. The supplies are remotely programmable and
monitored, and will provide more than enough power for the new wire chamber preamplifier

requirements. We will use the same successful method of isolating the low voltage from
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ground loops, using local voltage regulators on the preamplifier interface boards (STBs). The
segmentation of the low voltage distribution cables is based on 32 preamplifier channels per
supply cable. Each of these supply cables is fused with an appropriate type of fuse rated
for over-current protection based on 32 preamplifier loads. We plan to re-use our CAEN
system 527 high voltage supplies with somewhat finer segmentation than our current system,
consistent with our total channel count dropping from 34000 to about 24000.

We plan to use 17-pair twisted pair cable for routing our signals from the STBs to the
chamber backplate. The cable is round-jacketed with a 0.025-in pitch so that the overall cable
dimension is smaller than the standard 17-pair cable. This smaller outer diameter cable will
only be used from the STBs to the on-chamber “service panels”. The standard 17-pair cable

will be used from the chamber service panel to the readout electronics racks.

Component Number
STB boards (6 types) | 252 total
HVTB boards (6 types) | 252 total

low-voltage cables 252 total

high-voltage cables 252 total
signal cables (17-pair) 1512
total signals 24192

Table 2.10: Electronic channel counts for the readout, high voltage, and low voltage.

Post-Amplifiers, Discriminators, Multiplexers, TDCs

We plan to re-use our post-amplifier and discriminator boards, as well as the associated
multiplexing scheme. We also plan to re-use our LeCroy 1877 TDC modules. For details of

these systems, refer to our drift chamber technical paper in Ref. [281].

2.8.4 Gas System

We have an extensive gas-handling system that has performed well. We plan to re-use it
with only minor modifications of the plumbing. Full details of this system and its design are

described in our drift chamber technical paper in Ref. [281].
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2.8.5 Drift Chamber Construction

The chambers are being designed with individual holes and holders for each wire, i.e. a
“strung” rather than a “wound” chamber. Our inspection and assembly procedures are de-
signed to produce devices with wires placed and known by external survey to an accuracy
of 100 um, in order to achieve our goal of a 250 pum positional accuracy per wire layer. In
addition to accuracy, we have chosen materials and designed procedures to insure a quiet
and long-lived detector. The construction and winding techniques are based on our already

successful CLAS drift chamber design.

Inspection and Cleaning

A visual and tactile inspection will be performed on the endplates and structural frame once
we have accepted delivery. If deemed necessary, the surfaces will be sanded using 320-grit
paper on a orbital sander to de-burr them in preparation for measurements. The endplates
and structural frame will undergo a gross cleaning by soaking in a low residue laboratory
degreasing solution with hand scrubbing, followed by a high-pressure water rinse. The parts
will then receive their final cleaning using an ultrasonic bath of a laboratory-grade detergent
solution. After two hours they will be removed from the bath and rinsed with de-ionized water
and then sprayed with methanol to aid drying. Once dry, the parts are heat-sealed in nylon
bags with a nitrogen atmosphere to await assembly.

Smaller parts such as feedthroughs and hardware are cleaned using a bench-top ultrasonic
cleaner with laboratory detergent, followed by a de-ionized water rinse and a dousing of
methanol to facilitate drying. In addition, the injection-molded parts are specified to be free

of silicon mold releases.

Box Assembly

The box assemblies for Regions 1 and 3 consist of a structural frame to which the endplates
are attached. This is achieved by first welding the frame to a reasonable tolerance then skim-
cutting and drilling the endplate-receiving surfaces of the frame in a 5-axis milling machine.
The cleaned endplates and cleaned structural frame are then joined using pins to locate them
with low out-gassing epoxy (Shell Epon 826 resin/Versamid 140 hardener) on the contact

surfaces and bolts to clamp and secure them. When the epoxy has cured, the box assembly is
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sent to the measurement lab for fiducialization. Once this is complete, the feedthroughs are
inserted and set in place using the same epoxy that was used to bond the endplates to the

frame.

Internal Survey

A statistical sampling of the feedthrough hole locations and diameters will be performed on
all endplates and structural components upon receipt from the vendor as part of the normal
verification procedure. The JLab Survey Group will be using a Faro hard probe configuration
on their portable coordinate measuring machine in a temperature-controlled laboratory for
these measurements. The goal is to ensure the feedthrough holes are within the 0.200-mm
true position tolerance and that the hole diameters are within the specified tolerance range.

Once the box frame and endplates are assembled, and before the feedthroughs are installed,
a seven parameter least squares transformation is used to fiducialize the assembly in the
measurement laboratory using a Faro laser tracker. This translation will provide a reference
from the feedthrough hole locations on the endplates to tooling on the outside of the chamber
that can be seen once it is installed in CLAS12. The chamber location in the hall will be
ascertained also using the Faro laser tracker. The measurement group will then provide a
formula that we can use to determine the wire locations in space. We can expect an overall
wire location accuracy of approximately 0.2 mm using this system.

Because of the difficulty in producing the metal inserts of the feedthroughs, there is a
high incidence of cracks and unwanted ovality in the flared section of the parts. We will be
measuring and qualifying each of the metal inserts using magnifiers and run-out jigs before

shipping them to the injection molders.
Note: 1) Faro tracker quoted precision, point-to-point = 0.061 mm. Total volumetric precision
(25 m cubed) is 0.086 mm.
Note: 2) Error budget for the installed feedthrough points/line:
a. Initial inspection/fiducialization of endplates = 0.086 mm.

b. Secondary fiducialization of assembled box frame fiducials = 0.05 mm.

c. Installation survey standard error = approx. 0.1 mm.

The rms value for each feedthrough hole location in the installation would be approximately

0.14 mm. To define a point on the wire you would need to take the standard error for its two
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Figure 2.46: Location of the fiducial holes that allow transfer of wire feedthrough locations to the

front (upstream) edge of the chamber frame.

feedthrough holes. Therefore, the rms of any calculated point on the wire would be almost
exactly 0.2 mm (assuming the wire is straight). This value would then be translated in z and

y for each end of the wire to account for the offsets due to the feedthroughs.

Stringing

The detector will be gravity-strung using the same basic methodology used when stringing the
current CLAS drift chambers. The detector box assembly will be mounted to a stringing fixture.
The frame will connect to the fixture using attachments that place the detector-frame system
such that they rotate along the center of mass. This will permit safer and easy rotation of the
detector by hand. A gantry crane will be used to lift the detector onto and off the stringing
fixture and to raise the small end of the detector to account for the stereo angles.

The stringing fixture is very basic. It is mounted to the floor using concrete anchors. This
minimizes floor obstruction as the box must be rotated to the opposite side to string the second
set of wires. The box and frame assembly should be far enough away from the uprights such
that they do not interfere with stringing activities. There is sufficient adjustment to gravity
string the wires. There is a gross adjustment using the gantry crane to lift the telescoping

side and pin it on the adjustment collar. The collar has a fine adjustment to allow setting
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it at the most favorable stringing angle. The detector box will be rotated 180° to string the
second superlayer.

Once the detector is installed onto the fixture, wire feedthrough insulators will be inserted
and glued into each hole. Special care must be taken to use only the minimal amount of glue
required to provide a solid gas seal and to prevent glue contamination inside the detector.
Once one endplate is filled, the assembly will be rotated such that the other side can be done.

Once all wire feedthrough inserts are in place, the box will be pre-tensioned.

Mounting Electronics Boards

The signal side of each chamber is tiled with multi-layered printed circuit boards called Sig-
nal Translation Boards (STBs). These boards were designed to capacitively decouple high
voltage from the signals, and then to route the signals to the single in-line package (SIP)
transimpedance preamplifiers mounted on these boards. The amplified differential signals are
then sent via 20-m long twisted-pair lines to the main CLAS12 readout electronics.

The connections between the sense-wire crimp pins and the plated-through holes of the
STB boards are made using short conductive-rubber tubes. This material consists of silver-
plated and/or nickel-plated glass spheres embedded in a silicon-rubber matrix. These tubes
pass through the plated-through hole and over the end of the crimp pins, making the electrical
contract between the wire and the circuit board. A small plastic cap inserted into the end of
the tube ensures good contact with the circuit board. This approach has the advantages of
reducing the space needed for connections, preventing crimp pins from being pulled from the
feedthroughs when disconnecting the boards from the wires, and reducing the cost compared

to metal connectors. This detail is shown in Fig. 2.47.

Positional Error Budget

In order to achieve a position resolution of 250 ym, the chambers have to be built accurately,
positioned precisely, and carefully calibrated. There are three main categories of error: in-
ternal geometry, positioning accuracy, and uncertainties in the time-to-distance translation.
Table 2.11 lists the main contributors to the error on the internal geometry or position of
the wire relative to fiducial marks on the endplates. The quadratic sum of these terms gives
130 pum. Errors in external surveys can be compensated by “straight-track” alignment runs

to the level of 60 pm.
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Figure 2.47: An assembly drawing showing how the crimp pin is inserted into the feedthrough and
how the conductive elastomer tube fits over the crimp pin and inside the plated-through hole on the

printed circuit board to make the electrical connection.

Intrinsic resolutions due to random-walk in the ion drift will be approximately 100 pym
times the square root of the drift distance in centimeters; i.e. 90 - 150 pym for Region 1 and
Region 3. This term has to be added to a variety of “time-slewing” effects due to amplifier
rise-time and discrete location of ions. These time-slewing mechanisms mainly affect the
resolution near the wire and near the edge of the drift cell. We see this clearly in our present
data. In an approximate sense, this term has a size of about 150 yum. Adding the time-walk
and time-slewing terms in quadrature gives us about 200 pm for the drift velocity dependent
error. A total quadratic sum of the internal positional error (130 pm), the external positioning
error after alignment (60 um), and the drift velocity dependent error (200 pm), yields our

estimate of 250 um error per layer of measurement.

Quality Assurance

The detector will be strung in a class-10000 clean room to maintain clean wires and detector
surfaces. Wire tensions will be monitored daily during the stringing process. All tension test
results will be collected and saved in a database. All out of range wires will be replaced on a
daily basis. Each step completed during the stringing process will be independently checked
at the end or beginning of each shift.
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Contribution Size o
Endplate hole placement 100 pm
Location in feedthrough 50 pm
Grav. wire sag (uncorrected) 250 pm
Grav. wire sag (corrected) 25 pm
Endplate deflection (uncorrected) 0.8 mm
Endplate deflection (corrected) 40 pm
Transfer of feedthrough locations to tooling balls 50 pm
Quadratic sum 130 pm

Table 2.11: Various contributions to inaccuracies in the internal wire positions.

Once stringing is complete, wires will be checked for shorts and cross-talk prior to installing
the HV boards. Wire tensions will be randomly tested and the results will compared to those
previously determined. HV testing will be completed prior to installing the signal translator

boards.

2.8.6 Drift Chamber Operation

The chambers will operate for many years in a wide variety of experimental conditions. We
will draw on the present CLAS infrastructure to supply gas and power (low voltage and high
voltage) to the chamber, to monitor these systems, and to provide shift-takers with an online
determination of various key tracking parameters: the number of hits per track, the online
position resolution, the number of hits per layer and wire, the maximum drift time, and a
plot of time differences for nearby wires that show characteristic peaks when coherent noise
is present. We will follow procedures similar to those described in our technical article [281]
on the CLAS drift chambers. We do not anticipate any changes in the concepts for these

operations.

Alignment

During CLAS operation we have had numerous occasions to remove a chamber in order to

inspect or fix some problem. After such a repair period, we found it necessary to do a
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special “B=0” run in order to line up the removed and replaced chamber with the untouched
chambers in the same sector. Our mechanical procedures allowed us to replace the chamber
with millimeter accuracy; the alignment procedure fine-tuned our positional knowledge to an
accuracy of better than 100 pm.

The CLAS12 chambers have a simpler and smaller geometry (planar chambers in a trian-
gular box) and the positioning fixtures will be located closer together, thus we hope to replace

a removed chamber with much better accuracy.

2.9 Expected Tracking System Performance

We have studied rate effects in the central SVT (the BST). A GEANT4 study shows that the
primary accidental background impinging on the BST is v rays, and that the total rate will
be about 60 MHz per layer. The vast majority (>90%) of these photons produce only one
hit in a particular layer. We have conducted two studies of the effect of background on the
BST: in one we studied the effect of uncorrelated background while in the second we used a
realistic GEANT4 simulation of the electromagnetic and hadronic background.

The first study considered uncorrelated, evenly-distributed background. Because the num-
ber of strips per layer is very large, the main deleterious effect of such a background is to pro-
duce ‘fake’ tracks from these accidental hits. We applied a cut-based track-finding algorithm
to a set of events generated from random hits in each layer, augmented with a 10% ‘punch-
through’ probability, that is, for each hit, there was a 10% chance that a strip in the adjacent
layer would also be hit. We tuned up the cuts so that true tracks were found with greater
than 95% probability. Fig. 2.48 shows the number of reconstructed fake tracks plotted vs. the
assumed rate of accidental hits per layer for two cases: one with a 6-layer BST and the other
with an 8-layer BST. For each configuration, we see a similar behavior: at low background
there are few fake tracks and the number begins to grow exponentially at some background
level. Note that these fake tracks can be significantly reduced using other information, e.g.
the central TOF counters, but nevertheless, we would like to keep the number of fake tracks
as found in the BST alone below some number, for example, five per event. Fig. 2.48 shows
that if we wish to stay below five fake tracks per event, an 8-layer BST design will extend
the luminosity reach of the detector by about 40% over a 6-layer design. We also note that
a 60-MHz accidental background integrated over the 150-ns live-time of the SVT will create
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only about 8 accidental hits per plane. At this level of background, we should find essentially
no fake tracks and the accidental background will be dominated by real, out-of-time hadrons

from other events.
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Figure 2.48: A plot of the number of reconstructed fake tracks as a function of the number of
accidental hits per layer in the BST for two cases: a 6-layer (filled) and an 8-layer (open circles)

version.

The second study was a full GEANT4 simulation followed by realistic event reconstruction
in the presence of the background. After optimizing our reconstruction code on clean events,
we turned it to the task of finding one (known) track embedded in a sea of background. As
expected from the simpler study, we saw very little loss of efficiency in finding the known track,
but we did find accidental tracks. The number of these accidental tracks was proportional to
the background rate and had a characteristic shape. If there was a real track in the simulated
event, then the background consisted of two parts:a number of “sister” tracks with nearly the
same momentum as the real track and a smooth background of fake tracks with no connection
to the real track. This smooth component peaks at small values of momenta. The “sister”
tracks are caused by using most of the hits from the real track along with the wrong choice of
hit, when an accidental hit was adjacent or very near a real hit. These combinations would
probably be removed during an analysis, but they will worsen the resolution.

Our studies also show that the number of fake tracks is very sensitive to a cut on the energy

deposited in a single strip. It seems that we can remove most of the fake track candidates with
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a 20 keV cut on the hits from the BST. Note that a minimum ionizing particle is expected to

deposit about 140 KeV of energy on traversing one strip.

2.10 Charged Particle Tracking

This section presents the SOCRAT package that has been developed for charged particle
reconstruction with the future CLAS12 spectrometer. This spectrometer has been designed to

2

run at luminosities of 103 cm=2 s~!, providing an efficient and accurate detection of particles

over a wide kinematic range. This has lead to split the spectrometer into two independent

parts:

e a central tracker, ensuring the detection of baryons with moderate momentum and polar

angles  between 35° and 125°.

e a forward tracker, covering the region between 5° and 35°.

The requirements in terms of resolutions are summarized in Table 2.12 for these two

subsystems.
Central Tracking | Forward Tracking
op/P 5% < 1%
Oy < 20 mrad < 1 mrad
o 5 mrad < 3 mrad

Table 2.12: Required performances in the central and forward trackers for particles at 1 and 5 GeV,

respectively.

This tracking section is organized as follows: Section 2.10.1 is dedicated to details on the
event generation. We present in Section 2.10.2 a brief overview of the Kalman Filter algorithm
that we use for the final track fitting. The tracking in the central region is described in
Section 2.10.3, where we detail our track finding and track fitting methods. The resulting
performance of the tracking is then derived and compared with the initial requirements. The
effect of the background in terms of fake track reconstruction is also discussed. Finally, we
study the effect of various misalignments on the performance, thus deriving constraints on

the accuracy of the alignment of the detectors. Section 2.10.4 is dedicated to the forward
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tracker, and is basically organized as in Section 2.10.3. In this region, the matching of tracks

reconstructed in the DC and in the FST is particularly important, and is discussed in detail.

2.10.1 Event Generation

In order to test the tracking code and evaluate its performance, realistic tracks and events

should be generated. For the moment, these events can be simulated in two different ways:

e using a GEANT4 simulation of the CLAS12 spectrometer. The development of the gemc
package already allows Socrat to reconstruct tracks from GEANT, using hit information

stored in a root tree;

e using a Socrat internal routine.

Ultimately, we want to use only events coming from GEANT, as they are much more
realistic. However, because of the number of electrons needed in GEANT to simulate full
luminosity (more than 60,000), the event production is very time consuming. The internal
routine, on the other hand, is relatively fast (a track with background is generated in about
10 ms in the central tracker, less than 100 ms in the forward), and was made quite realistic

by taking into account:

e the multiple scattering;
e the available magnetic field tables (and linear interpolation);
e a full digitization for all detectors (SVT and DC);

e (uncorrelated) background. This is in fact the less realistic point, as the correlation of

background hits is neglected.

If both the forward and the central tracking code are tested, the routine generates one track

in each region, with the same vertex position.

2.10.2 The Kalman Filter Algorithm

We present here a practical approach to the Kalman Filter, which we used for all our track

fitting, both in the central and forward regions; further details can be found in Refs. [285,
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286]. This algorithm provides a recursive way to estimate the state of a system evolving in
space and time, by using discrete measurements and minimizing the corresponding x?. If we
assume the system can be described by an n-vector 7y at some discrete step k of its evolution,
where a measurement my, is performed. The m-vector my is related to 7 via some unitary

transformation that can be written:

mk = Hk'fk. (21)

We then define the state of the system, extrapolated to a next step (in practice, to the next

measurement), as:

Pt =Fy - T, (2.2)

where Fy is some known propagation operator. At the step k£ + 1, the algorithm has to
perform an update of the system state, using both an extrapolated vector (i.e. all previous

measurements) and the current measurement. Writing Cy (resp. M) the covariance matrix

of &}, (resp. 1), and defining the covariance matrix of the extrapolated state 77 t':

Ct+1 = Fk . Ck . FkT —[— Qk, (23)

with some process noise matrix Qy, the x? can be written as:

— —) -1 — —
X! = (Tppr — TFH)T - (Cﬁﬂ) (T — T

+ (Hiesr - st — )™ - (Micrn) ™ (Hiepn - gt — M) (2.4)

The minimization gives:

1

Tpr1 = Cyya - ((CEH)_ T+ HidT - (Mi1) ™ - Higrr - Hign ™ - Tﬁk+1) ; (2.5)

with the updated covariance matrix:

B 1
Crt1 = ((Ct“) " Higa " (M) Hk+1> : (2.6)
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Application for Central Tracking: In our case, ¥ is a 5-vector and, due to the approxi-

mate ¢ symmetry of the BST, we chose the following state vector for the filter:

T = (2,0, P2, Pys D) (2.7)

where z is the coordinate along the beam axis, ¢ is the azimuthal angle (calculated from the
origin of the frame), and p,, py, p, are the momentum components.

It is easy to show that the evolution of this state vector between ¢ and t + dt is:

[ 2 (10 0o o @)\ /[ ;)

¢ 01 ¢ 249 ¢

Pz =100 1 2% g P | (2.8)
Py 00 =2 1 9 Py

\pz/t+dt \0o0 o 0o 1)\p)/,

where r = /22 + y2. Multiplying all these matrices between two BST double layers directly
gives the propagation matrix Fy introduced above.

As a double layer measures exactly z and ¢ at a given r, the measurement matrix is simply:

10000
Hy = (2.9)
01000

Finally, the multiple scattering effect can be correctly taken into account using the process

noise matrix Qy.

2.10.3 Central Tracking
BST Design

Charged particle reconstruction in the central region of CLAS12 is provided by the Barrel
Silicon Tracker (BST) that is located inside a 5-T solenoid. The strip angles of the BST run
between 0° and 3° for one layer, and between 0° and -3° for the next one. Because the strips
with small angles are longer, the average crossing angle for a superlayer is around 2° (and

depends on the polar angle ).
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Track Finding and Track Fitting

Track Finding: The basic idea of the track finding procedure is to find hit candidates in
each double layer, and to find combinations that could define a track. Because the strips have
a graded angle on a polygonal structure, they are not at a constant radius from the beam
line. For this reason, it would be complicated to directly run the fitting procedure using the
strip information. So, the finding routine first tries to associate strips from the two layers
of a double layer to define a 3-dimensional point. In a first step, this 3-dimensional point is
the intersection of the strips, assuming the particle crosses the tile with a 90° angle!. Only
the strips whose intersection is in the BST acceptance (within a 10-cm margin) are kept and
considered as hit candidates.

Once all the hit candidates have been found, the program loops over hits in each double
layer, and searches for combinations that are relatively close to a circle. If there are hits on

each superlayer that can be associated, the following requirements have to be fulfilled:

e the first two hits should be close in ¢: |¢s — ¢1| < 0.7 or > (27 - 0.7);

e the transverse momentum calculated with the first three hits should be in a reasonable
range, pr > 0.2 GeV and < 4 GeV; also the hits should be close in ¢, |3 — 9| < 0.7

or > (27 - 0.7); last but not least, the circle should not be too far from the beam axis
((z,y) = (0,0)): |R — /2 + y¢&| < 8 mm;

e the last hit (on the 4" double layer) should be close to the previously fitted circle C,
d(Py;,C) < 0.07R + 0.01/R (the second term takes into account the multiple scattering),
and the angle 6334 between the lines (P, Ps) and (PsPy) should be small, cosfa3 34 >
0.75.

If one of the double layers cannot produce a hit satisfying these requirements, the search is
not abandoned, as the redundancy allows for finding tracks with only 3 out of 4 double layers,
but the criteria and values defined above are slightly modified. These values have been tuned

to reach a 99% efficiency of track finding, assuming a perfect acceptance?.

! This is because at this stage, we know nothing about the angle of the track candidate.
2Using the internal track generation routine, a perfect acceptance can be easily simulated by putting all

the dead zone sizes to zero.
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Once a combination of 3 or 4 hits has been found to be a good track candidate, it is
possible to quickly obtain a relatively good estimate of the track parameters, assuming the
track is a helix. We then use these parameters to derive the incident angle of the track on all
the double layers, and recalculate the intersection points of the corresponding strips. As the
involved strips do not have the same stereo angle, this recalculation is not straightforward: it
is equivalent to find two 3-dimensional points on 2 non-parallel lines, joined by a given unit
vector. To make the calculation fast enough, Socrat directly uses the inverted 6x6 system that
we solved with Maple. It turned out that, for small momentum particles, this recalculation
has a non-negligible effect on the track parameters themselves, so a few iterations are needed
in practice.

The total track finding efficiency (including the acceptance) is shown in Fig. 2.49 as a
function of some track parameters. One can see some zones of inefficiency that correspond
to ¢ values for which at least two edges of the polygons are crossed by the particles. The
positions of these zones slightly depends on pr (directly related to the curvature), especially
at small momenta. The resulting inefficiency may be lowered by rotating the double layers

separately to decrease the probability of crossing at least 2 dead zones.

.95

6 [deg]
¢ [deg]

100

—0.85

il
1.6

18 075 2 04 06 08 1 12 14
P, [GeVic] P, [GeVic]

i T i
0.8 1 1.2 14

Figure 2.49: Track finding efficiency as a function of the transverse momentum pr and the polar

angle 0 (left) or the azimuthal angle ¢ (right).

For a 1-mm long target, the integrated efficiency is:

(€) = 94%. (2.10)

For a 10-cm long target, this efficiency is around 90%. If we use only 3 double layers (no
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redundancy), the inefficiency reaches around 1/3.

Track Fitting: Once good track candidates have been identified, the corresponding list of
hits is sent to the fitter algorithm. This algorithm is based on the Kalman Filter that we
described in Section 2.10.2. An important issue is the initialization of the state vector and
its corresponding covariance matrix. An analytic estimation of Z is obtained assuming the
track is a helix, the solenoid field being quite homogeneous across the entire BST. The initial
covariance matrix we choose is diagonal, with relatively large values for the diagonal terms:
around 2 mm for the z uncertainty, 1° for ¢, 40 MeV for p, and p,, and 100 MeV for p,. We
also introduced a pr dependence on these terms to take into account the uncertainty due to
the multiple scattering. A further improvement would be to also introduce a 6 dependence,
as small biases were observed for angles close to 35° and 125°.

Finally, the Kalman Filter is run, starting from the last available measurement, and going
backwards. It is stopped when it reaches the distance of closest approach to the beam axis,

the corresponding point defining the verter of the current track.

Tracking Performance

The resolutions in pr, 6, ¢, and z have been obtained using proton tracks at 90°. Because of
the multiple scattering, these resolutions depend on the transverse momentum, and we used

the following expressions to fit the different distributions:

O 7 = \/ (o1 X D) + (2—5) (211)
o = \/(01,9)2 + (‘;2;)2 (2.12)
oy = \/(al,d, x p)? + (%)2 (2.13)

o, = \/(ol,z x p)? + (%)2 (2.14)

The 8 0; x extracted from the fits are summarized in Table 2.13. We see that the original

requirements from Table 2.12 are satisfied, even if we are at the upper limit for the 6 resolution.
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o1 09
2.72% 1.06% GeV
21.6 mrad | 1.75 mrad GeV
4.60 mrad | 1.50 mrad GeV
230 mm | 0.13 mm GeV

SIS NS SN

Table 2.13: Resolutions obtained in the central tracker for protons tracks at 90°.

The performance obtained with the Kalman Filter algorithm were also compared with
estimates that can be analytically derived using the MOMRES program [284]. To do this, we
used only tracks with hits in all the double layers. Fig. 2.50 shows that very good agreement
is found between the two estimates, thus giving us confidence in our tracking code. We can

also note that the p; dependence of the obtained resolutions is very close to the expected ones

(used for the fits).
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Figure 2.50: Comparison of the resolution in pr (left) and ¢ (right) obtained with the full recon-
struction code and with the MOMRES program (proton tracks at 8 = 60°).

Finally, Table 2.14 shows the effect of the maximum strip angle on the resolutions, using
the sample of tracks that has been used for the MOMRES comparison. We see that the 6
resolution can be improved significantly by using a larger angle, without significantly affecting
the pr and ¢ resolutions. However, a larger crossing angle will increase the reconstruction of

fake tracks in the presence of background, which still needs to be quantified.
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Omaz (°) | 01,0 (mrad) | o1, (%) | 01,4 (mrad) | o7, (mm)
3 18.9 2.69 4.50 2.35
6 12.0 3.04 5.09 1.43
12 9.77 3.26 5.48 1.12
15 8.74 4.05 6.66 0.93

Table 2.14: Evolution of the resolutions with the maximum strip angle anqq.

Effect of the Background

Background hits in the BST can degrade the tracking resolution, and produce fake tracks that
will complicate the data analysis. The first case happens when a fake hit is accidentally close
to a good one, creating a sister track that is similar to the original one. But thanks to the
good spatial resolution of the BST, only very close sister tracks can pass all the tracking filters
(including a final x? cut), so that the effect on the resolution is very limited. The creation of
purely fake tracks, on the other hand, can be more problematic, and needs precise simulation
on the background rate to be estimated.

The total number of tracks reconstructed in the BST for single particle events with un-
correlated background is presented in Fig. 2.51. We see that below 100 MHz per BST layer,
the number of reconstructed tracks is rather limited, but tends to increase more rapidly above
100 MHz. A detailed analysis shows that below this critical rate, additional tracks are mainly
sister tracks, whereas they are essentially fakes above, when the density of hits is high enough.

More detailed simulations were done using GEANT3 and GEANT4 they indicated that,
with a luminosity of 10%® cm~2s7!, the background rates do not exceed 60 MHz in the BST, i.e.
well below the critical 100 MHz limit. But they also showed that the background is slightly
correlated, so a few fake tracks are indeed seen, as illustrated in Fig. 2.52. However, the Central
Time-Of-Flight (CTOF) allows for rejection of some of them (see Fig. 2.52 left), thanks to
its very good time resolution. The remaining tracks have almost the same momentum as the
original one (sister tracks, see Fig. 2.52 right). Using a merging algorithm for these tracks
(to be written), the overall reconstructed events will be clean enough for most of the data

analyses.
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Figure 2.51: Number of reconstructed tracks for single track events as a function of the (uncorre-

lated) background rate in the BST (see text for details).
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Figure 2.52: (Left): DVCS event generated with GEANT4 at full luminosity. The proton track
(indicated by the pink line) has been correctly identified. Two fake tracks are also visible, but can
be rejected using the CTOF information. (Right): reconstructed momentum of tracks from DVCS
events. On average, three tracks per event are reconstructed, most of them are very close to the

original one.

Misalignments

All the resolutions and performances presented up to now assume a perfectly aligned BST.

In practice, many reasons — from manufacturing to installation — can introduce misalign-
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ments [287], thus degrading the resolution, not to mention introducing systematic shifts in
momentum or angles. To study these effects, we studied the use of different geometrical pa-
rameters in the track generation and the track reconstruction routines of Socrat. For each

BST double layer, the following parameters can be misaligned:
e its radius R (expansion/contraction);
e its global ¢ (rotation around the beam axis);
e its z position (translation along the beam axis).

In practice, one specifies the accuracy of the alignment for all these parameters (the accu-
racy can be different between two double layers), and the program generates misalignments
on Gaussians with the corresponding widths. The average effect on the resolution can then be
estimated by running the program many of times to avoid bias from particular configurations.
Fig. 2.53 illustrates the effect of misalignment in R. On the left plot, no misalignments are
introduced: the resolution found is independent of the sample of events, and no systematic
shifts in momentum are observed. On the right plot, one can see that a 200 ym accuracy on

R has a limited effect on the momentum resolution, but introduces a shift in momentum of

the order of 0.8%.
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B
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Figure 2.53: Momentum resolution and shift of 0.6 GeV protons at 60° without any misalignment
(left) and with R misalignment of 200 pym (right). Each entry of these histograms corresponds to a
sample of 50k tracks, and a setup with misalignments randomly generated with a Gaussian of 0 and

200 pm widths, respectively.

As this shift is the largest effect of misalignment, it has been studied as a function of

misalignments in R and ¢ (the misalignment in z has almost no effect on momentum resolution,
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and limited effect on other track parameters). These studies are summarized in Fig. 2.54. If

we want to keep the momentum shift below 0.5%, the plots tell us we need an accuracy:

e better than 100 microns in R;

e better than 0.2 mrad in ¢.
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Figure 2.54: Typical size of the momentum shift as a function of misalignments in R (left) and ¢

(right) (0.6 GeV protons at 60°).

These constraints seem to be compatible with what can be reasonably achieved.
Finally, we checked that misalignments in all the variables simultaneously have effects that

are compatible with the ones obtained with separate misalignments, as illustrated in Fig. 2.55.

2.10.4 Forward Tracking
DC and FST Design

The FST allows the detection of particles between 5° and 35°. Its major component is a set
of 36 planes of Drift Chambers, divided in three regions of two superlayers each, ensuring
highly efficient detection with large redundancy. Each region is divided in six sectors of 60°,

each of them containing six planes of 112 wires. From studies of the current CLAS DC, the
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Figure 2.55: Momentum resolution and shift of 0.6 GeV protons at 60° with two different sets of
misalignments: R = 50 um; 6z = 20 um; 6¢ = 0.1 mrad (left); IR = 200 pm; dz = 100 pm; d¢ =
1 mrad (right).

space resolution is expected to be around 250-300 gm. The momentum determination will be
provided by the use of a toroidal magnetic field surrounding Region 2.

The other element of this tracker is the FST, which consists of three double layers of silicon
strips located between the target and the DC. Each layer is made with 15 trapezoids, with
stereo strip angles of £12°.

Tracking in the DC

The tracking in the Drift Chambers is performed in three successive steps that will be described

below:

e first, we look for combinations of clusters that can define a track candidate;

e then we identify a road in each of the selected clusters (and solve the left-right ambiguity

of the corresponding hits);

e finally we run the Kalman Filter algorithm on the track candidates for which roads were

successfully identified.

Cluster and Track Finding: If a particle goes through a DC superlayer, it will leave a
collection of hits forming a continuous series of wire numbers (e.g. wire number 37 in first
plane, 38 in second, 37 in third, etc.). The very first step of the tracking is therefore to loop

over all the hits of an event to find these series (called clusters), with hits in all the planes
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of the current superlayer. To have overall fast and efficient tracking, the number of found
clusters should be limited, so the occupancy in the DC should not exceed a few percent, as

illustrated in Fig. 2.56.
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Figure 2.56: Evolution of the number of clusters per DC superlayer for single track events with

(uncorrelated) background.

The next step is to form a track segment candidate, that is a combination of two close
clusters in a given region. for real tracks, the average wire numbers W; and W, of two
consecutive clusters satisfy the inequality |[W; - W,| < KxW;, with K around 0.15. In

practice, we obtained a cluster matching efficiency close to 100% by using;:

|W1 — WQ‘ < 0.18 x W; + 5. (215)

Finally, we look for a combination of track segments in all the DC regions that could define
a track candidate. As the number of track segments is limited with the expected occupancy,
we simply require at this stage that they all are in a single sector. The very few remaining
bad candidates will be rejected during the fitting procedure.

The result of the track finding is illustrated in Fig. 2.57, which shows the initial distribution

of hits in the DC, and the final remaining candidates.
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Figure 2.57: (Top): distribution of initial hits in all the DC planes (single track event with 10%

uncorrelated occupancy); (bottom): remaining track candidates.

Road Finding: Even without any background, a real cluster cannot be used directly for
the fit, as left-right ambiguities should be solved. In the presence of background, a real cluster
may also contain fake hits that are accidentally close to the real ones. To solve these two

problems, we developed the following iterative procedure:

e we first try to fit each hit combination of a cluster with a straight line, in a plane
perpendicular to the wire direction. At this stage, we only use the wire position, with

an uncertainty corresponding to the drift distance;

e this preliminary fit allows us to discard some hits (on the edges of the cluster), and to
solve, for a particular combination, some left-right ambiguities. The next iteration uses
only the remaining hits, with the real hit position if the left-right ambiguity has been
solved. The fits are then more and more precise, so that more and more ambiguities are

solved;

e after four iterations, all of the remaining ambiguities are solved using the latest fit.

Note that for the moment, the final road cannot contain more than one hit per plane, even
if particles with large incidence angle can indeed leave two good hits within a single layer.
If the initial track is relatively close to a wire, it is sometimes not possible to decide whether

it was on the left or on the right: in total, our procedure makes the correct decision for 90%
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of the hits. In the presence of background, this probability decreases, as a fake hit can “kill”
a good one, or be close enough to be identified as good, and then spoil the fit. However, this

effect is limited, as shown in Fig. 2.58, proving that our procedure is relatively robust.
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Figure 2.58: Probability to wrongly solve the left-right ambiguity as a function of the DC occupancy.

Track Fitting: The final sets of hits are then sent to the Kalman Filter algorithm, as for the
central part. Because of the geometry of the Forward Tracker (measurements at approximately

constant z), the state vector chosen is now:

7= (2,9, U, uy, Q/p), (2.16)

where x and y are the coordinates in a plane perpendicular to the beam axis, u, and u, are
the slopes of the projected track in the zz and yz planes, respectively, and @)/p is the charge
divided by the momentum.

The first four components of this state vector are easily initialized at the last plane of
Region 3. The last component is estimated using the angles before (using a linear fit in
Region 1) and after (using Region 3) the toroidal field, #; and 5. We then use the well known

formula:
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05 — 6,

QP = G5 x [ Bl

(2.17)

with a parameterization of the field integral [ Bdl as a function of the position in Region 1
(this parameterization is different for positively and negatively charged particles).

The initial uncertainties on these components (used in the covariance matrix) were chosen
to be 3 cm for the position terms, 80 mrad for the slopes, and 50% for Q/p.

As for the central part, the fit is then stopped at the closest distance to the beam axis.
However, for some specific reactions, we may want to determine the vertex position more
accurately, and the DC are then used in combination with the FST. The key issue is then the
accuracy of the extrapolation of the track parameters between the first DC plane and the last

FST layer (located more than 2 m upstream).

Matching with the FST

The track finding procedure in the FST is quite simple, as the double layers are very close to
each other, so track candidates are almost straight lines. We therefore select combinations of
strips producing three almost aligned points in space, pointing not too far from the beam axis.
The corresponding cuts have been optimized to identify at least 99% of the reconstructable
tracks.

As the FST is always used with the DC, and not as a standalone tracker, we do not
need a priori to require a hit in each layer. However, all the dead zones are aligned in the
current design, so that a particle missing one layer will miss at least another one with a
probability of around 99.5%. Besides, requiring only two out of three double layers increases
the reconstruction of fake tracks by a large factor. We thus require three out of three double
layers to define a track candidate in the FST. The resulting acceptance efficiency is shown in
Fig. 2.59 as a function of the polar and azimuthal angles of the particles.

For a 1-mm long target, the integrated efficiency of the FST is:

(€) = 92%. (2.18)

The next step is to be able to match track candidates from the FST and from the DC. To do
this, we run the Kalman Filter algorithm on DC candidates, extrapolate down to the FST,

and look for a close FST candidate. The accuracy of this extrapolation should be good enough
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6 [deq]

Figure 2.59: Acceptance efficiency of the FST as a function of the polar and azimuthal angles of

the tracks, requiring three out of three double layers.

not to match with another track (fake or not). Fig. 2.60 shows that, for a large fraction of
tracks, the extrapolated position is within a few mm circle around the original position of
the particle. A 1-cm cut is therefore applied on the distance between the extrapolation and
the FST track to match the two candidates. This allows a 98% matching efficiency without
background; the effect of the DC occupancy (that deteriorates the accuracy of the fit) is shown
in Fig. 2.61.

When the matching is successful, it appears that the fit is too unstable to be performed
in a single step. We thus introduced some iterations as follows: in a first step, the Kalman
Filter fits the track backwards, assuming a larger space resolution for the FST (7 times
larger); the track is then extrapolated forwards, and refit using only the DC. The final fit is
performed backwards again, using the real resolution for the FST. We are now able to derive

the resolutions obtained in the Forward Tracker, and to study the effect of the FST.

Tracking Performance

The resolutions of momentum, polar angle f, azimuthal angle ¢, vertex position z, and distance
of closest approach to the beam axis b are presented in Fig. 2.62 for proton tracks at 15°,

using the DC alone, or in combination with the FST. Fig. 2.63 shows the same resolutions for
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Figure 2.60: zy distribution of the DC track extrapolated down to the last FST layer with respect
to the original position of the track. (Left): without any background; (right): with a 4% occupancy
in the DC.
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Figure 2.61: FST-DC matching efficiency as a function of the DC occupancy. A 4% occupancy
degrades the efficiency by around 10%.

electron tracks. The effect of the DC occupancy on the resolution is very limited, as illustrated
in Fig. 2.64 for the ¢ resolution.

If we compare with the original requirements from Table 2.12, we see that the DC design
satisfies all of the proposed performances. Concerning the FST, it largely improves the vertex
determination (up to a factor 10 on b), and also allows a better determination of p and ¢ at

large momenta.

196 Tracking Systems



CLAS12 Technical Design Report Version 5.1 July 15, 2008

- T )
L ool DC alone ® DC alone ® M DC alone
3 g g &
= 1
2 o DC + FST ; E DC +FST E u DC + FST
f It t
& "'”{"" ; Nw}r&mwh : [ 5 o 1101 "
i, bt sttt T g, e
os L iyl i s ot
05— N
04 5
5
03—
4
02— 3
01— 05— N’"“"M.,‘_aw :
i el o i i i |
1 15 2 25 1 15 2 25 3 4 45 1
p [GeVic]
—_ f
€ DC alone T ::;:‘m DC alone
-H
E DC + FST =i 24001 1} o DC + EST
N 2 200 1y
© © 2000 L
1800 W, 4
H g
1600— L TN
o T f"""* ”j'N*'}‘«"ﬁ"ﬁ'o #
" 1200~ +
* »”v‘«w - 1000
800—
600
“o0f=.
TR o VNPT vy W
25 3 35 1 15 2 25 3 35

i
p [GeVic]
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Figure 2.63: Resolutions in p, 6, ¢, z, and b (distance of closest approach to the beam axis) for 15°
electrons with and without the FST. A 4% occupancy in the DC and 40 MHz in the FST have been

assumed.
Misalignments

As for the BST, we implemented in Socrat the possibility to misalign the detectors or the

magnetic fields. For a given region of the DC, the following parameters can be misaligned:

e the distance R to the target;
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Figure 2.64: Evolution with the DC occupancy of the ¢ resolution (the p independent term) in the

forward tracker.
e the tilt around its local 2’ axis (25° being the nominal value);

e the distance of the first wire to the beam axis.
Two parameters of an FST double layer can also be misaligned. These are:

e its azimuthal position ¢;

e its position along the beam axis z.

Finally, Socrat can misalign the toroidal field in z, y, and z, with respect to the rest of the
spectrometer.

Due to the large number of parameters, we illustrate only the effect of misalignment in R
for Region 3 of the DC, and in z for the torus, as shown in Fig. 2.65. We see that both the
DC and the torus should be aligned within a fraction of a millimeter. In general, our studies
are consistent with the rule saying that a detector needs to be aligned within a fraction of its
space resolution for a given parameter: e.g. less than 50 pym for the transverse position of the

FST, and a few hundred microns for the longitudinal one (because of the angle of the tracks).
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Figure 2.65: Effect of misalignments on the reconstructed momentum as a function of p: (left): R

translation of DC Region 3 by 1 mm; (right): z translation of the toroidal field by 10 mm.

2.10.5 Conclusion

We described in this section the program we developed for charged particle reconstruction
with the CLAS12 spectrometer. In the central and forward parts, track finding procedures,
as well as a Kalman Filter algorithm, were successfully applied. They provide for efficient
reconstruction with resolutions that are in agreement with initial estimations and fulfill the
physics requirements. The effect of the background has been quantified, and seems to be
limited . Misalignments of all the detectors have also been studied, providing constraints on
the position accuracy that will be needed, in particular for the BST. For the Forward Tracker,
we showed that a highly efficient matching can be obtained between the FST and DC tracks,
and we quantify the large improvement of the FST on the vertex determination.

The global track reconstruction is however not yet finished. More studies will be needed
using GEANT4 simulations, particularly to study the effect of the correlated background on
the tracking efficiency in the DC. A vertex fit, gathering information from the central and
forward regions, has to be developed. Some smaller improvements can also be implemented,

for example to take into account double hits from a single track in the DC.

2.11 Expected Physics Performance

We have used a series of programs to calculate the acceptance and reconstructed physics pa-

rameters for event types of interest. The program CLASEV [288] served as an event generator
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and analysis program. Depending on the value of input flags, it generates certain types of
events, that is, it produces a set of 4-momenta for the primary hadrons in the hadronic center-
of-mass and allows some of them to decay into the final-state hadrons and transforms their
momenta to the lab system. For each final-state track, it calls FASTMC (our fast, parametric
Monte Carlo program for CLAS12) to determine if the track falls within a fiducial acceptance
window and to determine its final, smeared lab momentum. It then produces selected physics
analysis variables (e.g. missing mass) from calculations involving the smeared momenta of
the tracks that were accepted. Fig. 2.66 shows the expected missing mass resolution expected
for CLAS12 from FASTMC simulation studies based on the current design specifications for
a number of different reactions. For all cases studied, the results are quite encouraging in
terms of identifying the missing particle cleanly for each reaction. Our GEANT3 results are
in accord with the FASTMC results.

We also show some results from our FASTMC simulation of er™t events in which the recoil
baryon is detected by missing mass. Fig. 2.67 shows the missing mass spectrum expected when
the 71 is detected in the forward tracker (left) or central tracker (right). We have sufficient
resolution to study resonant production and to compare, for example, u-channel, s-channel

and t-channel processes.

2.12 Safety and Quality Assurance Issues

2.12.1 Safety

There are safety issues in the construction, installation, and operation phases of the CLAS12
drift chamber and SVT projects that we address in this section. Safety will be addressed
from the start as an integral part of all activities and plans. All of our workers will receive

appropriate training prior to being permitted to perform any activities on the detectors.

Drift Chamber

Table 2.15 briefly summarizes the issues and the mitigation strategies employed for the drift
chamber system.
The only significant safety issues are in the construction, installation, and operation of

the chambers. During the construction phase, we receive a number of machined parts from
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Figure 2.66: Simulation results from FASTMC highlighting the expected missing mass resolution of
CLAS12 with the nominal design specifications for the tracking detectors (drift chambers and SVT).
Shown are the spectra for the reactions ep — €'m + X (UL), ep — ¢’K+*X (UR), ep — e'prt X (LL),
and ep — ep™ X (LR).
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Figure 2.67: Simulation results from FASTMC highlighting the expected missing mass resolution

of CLAS12 for events in which we detect only a #™ and the electron for two cases: on the left when

the 71 is detected in the forward tracker, and on the right when detected in the central tracker.

Operation

Issue

Mitigation

Cleaning parts

Solvents

Use of non-volatiles; masks

Box assembly

Material handling, welding

Standard procedures

Stringing

Material handling

Design overview, reviewed procedures

Installation

Material handling

Design overview, reviewed procedures

Gas delivery

Flammability; ODH

Non-flammable mixture, small lines

Gas delivery

Over/under pressure

Active controls, passive bubblers

LV power Over-heating Each line individually fused
HV power Shock Current-limited supplies, reviewed procedures
Routine operation Sparking Fast-trip supplies

Repair

Material handling

Design overview, reviewed procedures

Table 2.15: Safety issues in the CLAS12 drift chamber project.
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industry that must be cleaned thoroughly before assembly into a chamber. Our anticipated
cleaning strategy is to use safe, non-volatile cleaning agents that are friendly to the environ-
ment and to human health. All of our activities are coordinated by written procedures that
are reviewed by our safety staff at the lab.

During construction of the chamber boxes, we handle heavy metallic items and bolt or weld
certain items. All of these activities are handled by personnel with adequate safety training,
wearing suitable protective gear. The designs of all mechanical assemblies are reviewed by
trained mechanical engineers and experienced technicians.

During stringing of the chamber, the technicians and stringers work on elevated platforms.
The platform designs are reviewed in a similar fashion to the chamber mechanical designs,
and all work is closely supervised by experienced technicians.

Operation of the chambers involves the use of a gas-handling system. We use non-
flammable gas mixtures delivered to the chambers at low pressure. There are intermediate
storage tanks filled with gas at moderate (a few atmospheres) of pressure. The gas-mixing
and delivery system will be the same as the present CLAS system with minor modifications, so
we will continue to follow our present safety procedures that include some engineering controls
in the gas-mixing shed to mitigate possible ODH conditions and extensive active and passive
controls to mitigate over- and under-pressure conditions that could harm the drift chambers.

The normal operation also involves delivery of low-voltage power to the on-chamber am-
plifiers. Although the low voltage (less than 8 V) means that there is no electrocution hazard,
there is a potential for over-heating and fire ignition because of the relatively high currents
involved. Each supply is capable of supplying up to 50 mA of current. Our mitigation strategy
is to not allow more than 3 A of current on any output line, enforced by the placement of
individual fuses on every wire that leaves the supply.

The Hall B Drift Chamber Low Voltage (DCLV) supply and distribution system consists
of 18 HP 6651A power supplies. Each power supply has a maximum current output of 8 VDC
and 50 A of current. The power supplies are connected to the Hall B 120 VAC clean power
located in the individual racks of the space frame that are protected by an electrical breaker
panel. The supplies have a 10 A current limiting fuse for its own A.C. line protection. The
DCLV system supplies DC power to the drift chamber Signal Translator Boards (STBs). The
output voltage can be set at the supply, as well as a current limit. In Hall B the current

limits are individually set for each region/sector. The power is then supplied to the STBs via
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a distribution chassis. Each chassis is safety interlocked and contains 3 bus bars (positive,
negative, and earth ground), of which the positive and negative are connected to the individual
STBs through current limiting fuses. The individual fuses provide the nominal current draw
plus 20% for transient spikes. The distribution system for Region 3 was upgraded in 2003 to
provide segmentation of the axial and stereo boards, thus reducing the damage of a permanent
short by half. The upgrade consisted of adding new power wires from the distribution to the
STBs and adding an additional breakout chassis. The breakout chassis provided individual
fuses for each side of the STB in front of the distribution fuse. Each breakout fuse is rated for
the nominal current draw of its respective channel on the STB plus 40% for transient spikes.
In the event of a short on the chamber there is a written procedure for changing out fuses
located in the Hall B counting house and the drift chamber expert manual. Monitoring of the
supplies is done using a PC-based LabView program from the Hall B counting house.

Operation also involves the delivery of high-voltage to the drift chamber wires. The op-
erating voltages are between 1000 and 2000 V, depending on the section in question. In all
cases, the high voltage supplies are current-limited. No channel can deliver more than 40 pA
of current. Administrative procedures are in place to prevent accidental shocks from taking
place.

The Hall B Drift Chamber High Voltage (DCHV) system consists of 3 CAEN 527 supplies,
with each containing up to 10 A934 (P/N) modules, distribution chassis, and software-based
monitoring and control system. Each module has a safety interlock that controls the output
of power. The entire system has programmable firmware to set the current limit, voltage, and
ramp rate, as well as system monitoring. The crate is connected to the Hall B clean power
system and the A.C. input power is fused at the chassis. The modules output high voltage
to a distribution system that consists of a summation and distribution chassis for the areas
of the drift chamber. The current is limited to 20 puA output from the modules. Monitoring
and control is done via the DCHV TCL/TK program.

SVT

The only significant safety issues are in the construction, installation, and operation of the
SVT. During the construction phase, we receive a number of machined parts from industry
that must be cleaned thoroughly before assembly. Our anticipated cleaning strategy is to use

safe, non-volatile cleaning agents that are friendly to the environment and to human health.
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All of our activities are coordinated by written procedures that are reviewed by our safety
staff at the lab.

The normal operation also involves delivery of low-voltage power to the on-board ampli-
fiers. Although the low voltage (less than 8 V) means that there is no electrocution hazard,
there is a potential for over-heating and fire ignition because of the currents involved. The
design of the low voltage system will include appropriate current fusing to ensure safety to
personnel and to the equipment.

Operation of the SVT also involves the delivery of high-voltage to the detector. The design
of the high voltage supplies will include over-current and over-voltage protection. Adminis-

trative procedures are in place to prevent accidental shocks from taking place.

2.12.2 Quality Assurance

Quality Assurance (QA) begins before the procurement of components and detector construc-
tion and continues beyond detector installation and commissioning. This section details plans

for QA for the drift chambers and SVT for CLAS12.

Drift Chambers

QA issues include not only the drift chambers themselves, but also the associated high volt-
age system, low voltage system, gas system, and the actual environment the detector lives
in. There will be six identical units of each of three detector regions, for a total of 18 drift
chambers. The challenge here will be to tightly control detector fabrication, stringing, instru-
mentation, and testing, while staying within the project’s budget and schedule. The following
summary outlines some of the QA procedures that we will be implementing.

The electronics components will be accepted from the vendor by the JLAB Fast Electronics
Group (FEG). The FEG will inspect, test, and clean all components in accordance with written
procedures that they will develop. All components will be sealed in anti-static bags and stored
in a proper environment until needed. Written certifications will be kept for all components.

The detector frame or box will be a mechanical assembly. This assembly will be built on
an alignment fixture. Precision positioning pins to locate reference points to the actual wire
positions will be one of the features of the fixture. The JLAB survey group will be involved

in this process from its inception. Each completed assembly will be surveyed to verify it is
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within tolerance. The detector frame or box will then be cleaned before it enters the clean
room for final component assembly and stringing.

All of the components will be inspected and cleaned prior to use as it is critical for max-
imizing detector lifetime. Written procedures will be followed and records will be kept to
identify the cleaning and inspection status of all components. Components will be stored in
sealed bags in the clean room where feasible.

The CLAS12 drift chambers will be strung in a clean room environment. Technicians will
wear clean room coats, gloves, shoe covers, and hair nets. Only clean gloves and clean tools
will come into contact with the detector and its components. All technicians who work in
the clean room will be trained in proper clean room practices. Written cleaning procedures
and schedules will be developed to insure proper clean room maintenance. Supervisors will
frequently inspect all areas to verify proper practices are followed.

Written procedures will be developed from the prototype experience for all detector as-
sembly and stringing steps. Fabricators and stringers will be trained by experienced persons
in all required steps and procedures. They will be closely supervised to ensure compliance
with written procedures and to prevent any deviation from accepted practice.

At the end of each stringing shift, the wires will be tested for proper tension using a
magnetic field and variable frequency oscillator. The frequency measured at the wires first
fundamental for that length wire will be used to determine the wires tension. Wires with
out of specification tension will be removed and new wires will be strung in their place. This
test also verifies proper continuity of the wire from pin to pin. It will also identify crossed or
twisted wires because those will show a decrease in signal amplitude.

The next tests are a redundant check for shorted or twisted wires missed during visual
inspection and tension testing. Prior to signal and high voltage board installation, the field
and guard wire layers are wire wrapped. Once the high voltage side is wrapped, a multimeter
will be used to determine if there are any shorts between layers or between and sense wires
and the wire wrapped layers. A multimeter will also be used to determine shorts and twisted
wires in the same layer by measuring the resistance of each wire between the wire-wrap side
and the pin on the opposite side. Since wire lengths are all known, the resistance of each
wire is also known. Twisted wires will have much lower resistance than would be expected
from that wire length. The high voltage boards are installed and connections are made. A

multimeter is then used to measure the resistance between sense layers. There should be
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infinite resistance between layers, and any other result indicates a short or twisted pair. The
multimeter is then used to measure the resistance from the signal side of the wire to the high
voltage bus. This should read ~1 M(2, which is the value of the current-limiting resistor in
the circuit. A reading of 0.5 M2 indicates a shorted or twisted pair.

Final testing includes high voltage tests and cosmic ray tests before and then after the
final cabling and patch panel installation. The detector will then be stored in a temperature

and humidity controlled area until installation.

SVT

QA planning for the SVT system includes the following areas:

e Bench testing of each of the individual components of the SV'T hardware prior to module
assembly. This includes the silicon sensors, readout chips, circuit boards, wire bonds,

and cabling;

e Testing of complete stave assemblies and modules prior to assembling the detector as a

unit;
e Encapsulation of the wire bonds to prevent breakage or stress;
e Including fiducial marks on all custom silicon components for alignment;
e All assembly will be done in a clean room following established clean room conventions;
e Use of custom fixtures to prevent damage during shipment of components;

e Use of alignment markers on the support structure for detector installation.

The quality assurance planning is being done in conjunction with a value engineering (VE)
approach for the design. It is expected that the VE for the SVT will improve the QA rating
for the design. The steps that are being taken include:

e Use of one silicon sensor design for the barrel SVT and one design for the forward SVT
for a total of only two total different sensors in the system. This allows for a lower
number of spares to be purchased and also allows for the possibility that sensor blocks

can be interchanged between regions;
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e The SVT design employs previously design readout chips. The design of these chips
has therefore been extensively studied and detailed performance evaluations have been

completed;

e Common circuit boards and electronic components will used for the barrel and forward

SVT. These boards will follow industry and JLab standards for design;

e Whenever possible, the SVT design makes use of “off-the-shelf” components to improve

reliability.

2.12.3 Conformance with JLab ES&H Manual

All activities will be analyzed in accordance with the JLAB ES&H Manual to identify any
and all hazards associated with the work and any and all safety requirements mandated. All
persons involved and all persons in the vicinity will be briefed on all potential hazards involved
in all activities. However, all activities are considered low risk, common, and routine in nature
and are all fully covered by the ES&H Manual.

Many operations will be performed around and in the vicinity of equipment and other
activities. Procedures to identify and mitigate risks due to trip and fall hazards will be
developed. Similar procedures will be developed for work involving the use ladders, work
platforms, and scaffolds. Standard safety procedures will be followed for all work involving
the use of cranes and hoists. Instrumenting, testing, and troubleshooting the detectors may
require Class 1 Mode 1 and Class 1 Mode 2 limited testing and diagnostics and will be

performed according to EH&S requirements.

208 Tracking Systems



Chapter 3

High Threshold Cerenkov Detector

3.1 Introduction

The High Threshold Cerenkov Counter (HTCC) is one of the major components of the CLAS12
spectrometer. It will be used for electron identification in all experiments with electron beams.
In combination with the Low Threshold Cerenkov Counter (LTCC), it will make possible
the identification of charged m-mesons over the entire momentum range up to a maximum
of 5 GeV. An overall view of the CLAS12 spectrometer is given in Fig. 3.1. Part of the
infrastructure in the Hall B experimental area and other equipment are shown as well.

The HTCC is located between the central and forward detectors of CLAS12, and is mounted
on a separate cart that can be moved along the beam direction. The radiating gas for the
HTCC is CO4 at room temperature and pressure. The threshold for the detection of charged
m-mesons is 4.9 GeV. In the entire momentum range below threshold in which the detection
efficiency for electrons is 99.99%, the pion rejection factor is greater than 300. For 2.0 GeV
pions, it is greater than 750. The optical configuration in the HTCC is chosen to be similar to
the LTCC currently used in CLAS. However, since the detector is positioned upstream of the
drift chambers and therefore has to be “thin”, it was decided to use one reflection from a single
mirror in a given module, as opposed to two for the LTCC. The current design comprises 48
light reflection and collection modules. The main working parameters of the HTCC are given
in Table 3.1. The overall performance requirements and the scope of the primary problems

that need to be solved are shown in Table 3.2.
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Figure 3.1: CLAS12 spectrometer in experimental Hall B. The HTCC is shown mounted on the

extension of Level-1 of the space frame just downstream and outside of the solenoid.

Channels 48 (6 sectors of (2x4) channels each)
Working Gas CO7 at 1 atm and room temperature
Mirror Type Ellipsoidal, 48 segments

Photomultipliers XP4508 (5 in, quartz face-plate)
Pion Threshold 4.9 GeV

Electron Threshold 15 MeV (electrons)
Rejection Factor >300 at p < 4.9 GeV

Table 3.1: The main working parameters for the design of the HTCC.
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Performance Requirement R&D tasks to be addressed

High electron detection efficiency Development of technology of ellipsoidal mirror con-
struction. One reflection of Cerenkov photons in

most events.

Run at luminosity > 10%°/cm?s 48 channels. Flexibility in assigning certain angular

acceptance to a particular channel.

Acceptance A¢ = 27 in angular range | Designing mirrors with no support/alignment parts
5° <0 <35° within the acceptance. No dead zones between mir-

ror segments.

Total thickness < 200 mg/cm? Developing technology of mirror construction using

components of low density and no residual stress.

Reliability Safe maintenance and operation of the detector.

PMTs and other components can be reached and

replaced if necessary in-situ.

Table 3.2: The overall performance requirements of the HTCC and the scope of the primary problems
that need to be solved.
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3.1.1 Optical Requirements

The upgraded CLAS12 spectrometer incorporates several major components inherited from
CLAS, such as the Forward Time-of-Flight Counters, the Low Threshold Cerenkov Counters,
and the Forward Electromagnetic Calorimeters. CLAS12 will be built in the same experimental
area. This places constraints on the overall CLAS12 design, and consequently, on all detector
components, while requiring the most efficient acceptance coverage.

The HTCC occupies very limited space downstream of the central detector and is mounted
between the Silicon Vertex Tracker and the Region 1 drift chambers. Fig. 3.2 illustrates the
basic optics of the detector, and Fig. 3.3 shows a 3-dimensional view of the mirror and PMTs
for one sector. The design is such that the photons are reflected only once by one of the
ellipsoidal mirrors and then directly impinge on the photocathode of a photomultiplier tube.
However, since the optical design must be forgiving in the sense that the light collection
efficiency must be relatively insensitive to the target length and position, the 5-inch PMTs
are equipped with Winston light collection cones to account for the smearing of the photon
distributions due to the influence of the magnetic field of the central solenoid on the particle
trajectories,

The optical properties of the mirrors, Winston cones, and PMTs are optimized for max-
imum reflection and detection of the Cerenkov light. Since much of the Cerenkov light is in
the ultraviolet (UV), the working surfaces of the mirrors and cones will consist of evaporated
coatings of aluminum, which has a high reflectivity from the near UV through the visible
wavelength regions. An evaporated magnesium fluoride (MgFs) protective coating will be
provided to prevent oxidation of the aluminum, while transmitting light through the required
wavelength range. The photomultiplier tubes will be Photonis XP4508 units with a quartz

face plate, again, to maximize efficiency in the UV range.

3.1.2 Physical Environment

The HTCC is a single module detector covering all six sectors for scattering angles in the range
0 = 5° to 35° in the entire A¢ = 27 range. Since the detector is a single unit, it can be moved
along the beam direction or removed from the beam if necessary. It is located in the strong
magnetic field of the superconducting solenoid of the central detector. The light collection

geometry of the HT'CC is such that all 48 PMTs are located in the fringe field domain at radial
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4 Ellipsoidal
Mirror Segments

Focuses ~

Median Plane
30°

Coil Plane

Figure 3.2: Geometry of the HTCC: an ellipsoidal mirror segment is obtained by revolving a cor-
responding ellipse about its major axis. Adjacent segments intersect along planes. The resulting
4 ellipsoidal segments are revolved about the y-axis (the beam direction) through +15°. The two
highlighted mirror portions are cut to accept polar angles from 5° to 35°, and by the median and

coil planes for one sector, as shown in the right figure.

distances from 161.3 cm to 194.7 cm from the electron beam. These distances are chosen to be
maximal, while still small enough to fit in the Hall B tunnel and space frame infrastructure,
while allowing movement of the detector upstream for CLAS12 alignment and maintenance
purposes.

The space occupied by the HTCC along the beam direction defines the intensity of the
Cerenkov photons expected at a given pressure of the working gas. The design of CLAS12
specifies that the entrance window of the Cerenkov counter is located ~0.5 in downstream of
the SVT of the central detector, and the exit window is 10 cm upstream of the Region 1 drift
chambers. That leaves the distance that the scattered electrons travel in the CO, radiator of
~131 ¢cm at # = 5° and ~181 cm at @ = 35°. The geometry of the HTCC is optimized to
keep the differences in path lengths minimal. The distribution of magnetic fringe fields was

taken into consideration in locating the PMTs. The optics and estimated signal strength are
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Electrons

Beam

Figure 3.3: 3D-view of the mirror and the PMTs for one HTCC sector.

discussed below.

The intrinsic angular and momentum resolutions of CLAS12, along with its capability of
running at high luminosities, puts serious constraints on both the thicknesses and materials
that can be used in the HTCC mirror construction. These limitations on materials and
estimates of required and achievable mirror thicknesses are given in Section 3.2.1.

Another constraint comes from the acceptance specifications for the Region 1, 2, and 3
(R1, R2, and R3, respectively) drift chambers, which are located downstream of the HTCC.
The polar angle acceptance for the drift chambers, # = 5° to 40°, is greater than for the
HTCC. The support structure for the elliptical mirrors has to be located in the relatively
narrow shadow region of the coil planes of the CLAS12 torus magnet, and the mirror substrate

support built of as light materials as possible.

3.1.3 Overall Design

The overall approach to working out the HTCC design is a two-fold task, first to outline

the general demands on the HTCC performance and then to define the ranges for critical
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Figure 3.4: A view of the front face of the HTCC showing the entrance window in red.

parameters of the major components such as the ellipsoidal mirrors.

The main requirements are:

e High electron detection efficiency, low background;
e Capability of running at a luminosity of 1 x 103% cm™2s7!;

e Angular acceptance 5° < 0 < 35° and A¢ = 27;

e Lightweight — as little material as possible within the acceptance to meet the expected
angular and momentum resolutions of CLAS12 (60 < 1.5 mrad, d¢ < 5 mrad, and
Ap/p < 1%).

A front view of the HTCC is shown in Fig. 3.4. Some specific features of the HTCC design

include:

e Thin entry and exit windows of black Kapton or Tedlar film

(~3.5 mg/cm? and ~11 mg/cm?, respectively);
e Ultra-thin, self-supporting mirror structure;

e Capability of working with different types of Tungsten Mgller shields.
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The total radiation length of the detector is ~1.7%, including contributions of the CO,
radiator gas (~0.9%), and of the mirror (< 0.8%). Since the number of photons per event
is proportional to the total radiation length of the radiator, the only way to decrease the
thickness of the detector without compromising its performance is to use thinner mirror back-
ing. Figs. 3.5a, b, and c illustrate the changes in the CLAS12 resolution for different mirror
thicknesses: standard (~200 mg/cm?) and reduced to ~100 mg/cm?. The results show rela-
tively small improvements in momentum, angular, and spatial resolutions for thinner mirrors,
indicating that the influence of the mirror thickness is small or comparable with contributions

of other CLAS12 detector components.

3.2 Optical Design and Construction

The most challenging aspect of the HTCC is the construction of the elliptical mirrors. In
addition to being very lightweight and self-supporting, there must not be shadowing among
adjacent mirrors or gaps between them. This problem has been worked out as follows: each
mirror surface is an ellipsoid of rotation, so the line of intersection of adjacent mirror surfaces
is curved. Two coplanar ellipses, each revolved about its major axis, give two ellipsoids of

rotation, (1) and (2), represented by the following equations:

2? + (y — y1)? (z—2z)?
(3.1)
z? + (y - cosf — z - sin 6)? N (y-sinf — z - cos f)?

— 1.
a3 b3

In the above, (0,y;,2;) are the coordinates of the center of the ellipse (1), a1, as, and by, bs,
respectively, are the minor and major radii of the ellipses, and # is the angle between the
major axis b, and the z-axis in the y — z-plane. Considering the system in the x = ¢ < a;

plane, we get (assuming a; < as):

(y - 91)2
af

(3.2)

(y - cosf — z - sin f)? (y-sinf —z-cos0)®>
3 + = 5.
a3 b3
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Figure 3.5: Momentum, angular, and spatial resolution of CLAS12 for pions.
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By excluding one variable from eq.(3.2), we arrive at a general quartic equation:

pozt 4+ p12° 4+ poz® +prz+ps =0,

which always can be solved, and in the case of the HTCC geometry, has two roots (see Fig. 3.6).
So, from eq.(3.2), we obtain two roots Pl(c) (y1,21) and PQ(C) (y2, 22) in the plane z = ¢; they also
satisfy eq.(3.1) at z = ¢t P{9(c,y1,2) and P (c, ya, 20) are the roots of eq.(3.1). Two other
roots of eq.(3.1) can be found at z = 0 (the y — z-plane): P3(0,y1,21) and P4(0, ya, 29). Three
out of any four roots define a plane. It can be shown that the remaining root belongs to the
same plane as well. Since we arbitrarily used x = ¢, all points of intersection (intersection
curve) of the two ellipsoids belong to the same plane. This allows us to build mutually self-
supporting ellipsoidal mirrors in which there are no gaps or shadowing of one mirror by the
next. As a result, the cutting of the segments along the perimeter and the final assembly
become relatively simple. Moreover, there will be no shadowing of one mirror by another, and
no “dead” zones for any electrons from the target within the acceptance. This also eliminates
the need of having a support structure for any single mirror segment, and consequently makes
it possible to construct the most efficient and lightweight mirror.

Fig. 3.7 shows four intersecting mirrors forming half of the mirror array for one sector. The
coordinates of the points defining the planes of intersection between segments were used in
the corresponding Monte Carlo simulations. Fig. 3.8 illustrates the concept of the compound
elliptical mirror assembly. The approximate dimensions of segment #4 are given in inches.

The tolerances for construction are critical for HTCC performance. The typical tolerances
for cutting the substrates are of order 0.001 in and have been achieved in prototyping. So, the
expected average deviation from the nominal geometry would be mostly due to the accuracy
that can be achieved at the assembly stage. It is anticipated to keep the assembly tolerance
within £0.010 in for one mirror segment. Parallel shifts will not affect the light collection
because of the large overall acceptance, whereas unwanted rotation of a segment during as-
sembly might require some adjustment of the PMT positions, which would be unacceptable.
At the given average half width of the segments, ~5 in (see Fig. 3.8), the angular equivalent of
40.01 in is ~2 mrad or less. This is the worst possible case since all segments except #1 are of
length greater than 5.60 in. The average distance between the mirrors and the corresponding
PMTs is ~80.5 in. Therefore, the shift of the image in the focal plane of the PMTs is less
then 0.15 in (~3.8 mm). This estimate will be examined in R&D.
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Figure 3.6: Ellipses of adjacent mirrors intersecting in two points.

Figure 3.7: Planes of intersection of adjacent mirror segments.




CLAS12 Technical Design Report Version 5.1 July 15, 2008

/\(ﬁ

>
'1:5>
&
>2

Planes of intersection
(are not parallel)

Figure 3.8: Elliptical mirror segments cut along the planes of intersection. A set of four segments

cover half of the acceptance of one sector. An identical set covers the other half of the acceptance.

3.2.1 Mirror Prototyping

All of the main features of the HTCC and the properties of its components will be examined
and checked by prototyping and testing of the key elements. In this section we present results
on the prototyping of one mirror segment obtained in FY06, and describe current R&D efforts
on building a mirror consisting of 3 mirror segments. The main R&D goal is to find ways of

building an elliptical mirror of:

e 200 mg/cm? total thickness;
e minimal residual stress (no adjustment in-situ);
e highest possible specular reflectivity of working surface;

e reasonable cost.

A mirror substrate consists of a thermally shaped plain Mylar film of thickness 0.005 in,
laminated to an ellipsoidal substrate made of rigid Polymethacrylimide polymer foam Rohacell
HF31 (p ~ 31 mg/cm?). In the entire construction procedure, the working surface of the Mylar

film stays untouched. The aluminum reflector and optical coating of magnesium fluoride
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Bottom Plate /

Figure 3.9: The mold installed on the bottom-plate.

(MgF3) will be vacuum deposited onto the mylar surface after the substrate and mylar are
joined as a completed unit. A set of molding tools is used for the shaping of the Mylar film
into the ellipsoidal shape that mates precisely with the Rohacell substrate to avoid residual
stresses. One of the mold fixtures attached to the bottom-plate of the vacuum chamber is
shown in Fig. 3.9. The top surface of the mold is cut to the precise shape of the specified
ellipsoid of rotation by computer-controlled milling using a ball-end mill. The thickness of
the film is taken into account. The top of the mold is then polished to remove scalloping left
after milling. The Mylar film is shaped by this surface, so the finish has to be smooth enough
to avoid a ” telegraph wire” effect, although the surface does not have to be of mirror quality.

For better control of the Mylar film edges and to minimize effects of thermal contraction, a
thin aluminum support guard is installed surrounding the mold, as shown in Fig. 3.10. There
is a small gap of 1/8-in width left between the support and mold. The support has a profile
(shown in red) parallel to the edge of the ellipsoidal surface of the mold. The gap is so small
that the edge of the shaped Mylar film is defined not by the mold, but by the support. This

results in a better alignment of the film with the foam substrate while gluing.
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Bottom Plate /

Figure 3.10: The support installed around the mold.

In Fig. 3.11 the wall of the vacuum chamber (molding box) attached to the bottom plate
is shown. There are high-temperature-rated vacuum o-rings installed both on the top and
bottom of the wall.

The profile of the top of the wall is cylindrical, such that there is an approximately constant
clearance of ~1/4 in between this surface and the ellipsoidal surface of the mold. The inside
gap between the wall and support is quite wide. It has to be wide enough for the Mylar film to
form concave channels under applied pressure. These channels are formed all the way around
the support and are necessary for tension relief when the chamber is being cooled down and
then depressurized.

A portion of Mylar film is placed on top of the vacuum chamber, as shown (in transparent
yellow) in Fig. 3.12. The top surface of the Mylar remains untouched during cutting and
installation of the film. A flange is placed on the top of the Mylar and tightened down to
the wall. Then the air in the chamber is pumped out so that the Mylar is deflected under

atmospheric pressure, as in Fig. 3.13.
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Figure 3.11: The vacuum chamber with the mold.

Figure 3.12: The vacuum chamber with the mold and the pre-cut Mylar film.
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Figure 3.13: The vacuum chamber with the mold and the Mylar film.

At this point, while still at room temperature, the Mylar is touching the mold, and the
area of contact between them is about 60-70% of maximum. To provide a 100% contact, the
vacuum chamber is heated in an oven to a temperature of 170°C. During the heating process,
which takes about 4 hours, the chamber remains connected to a vacuum pump located outside
the oven. To increase the deflection of the unsupported portion of Mylar film (along the wall),
additional pressure is applied to the film. This is done by covering the vacuum chamber with
a lid installed on the top of the flange, as shown in Fig. 3.14. The volume under the lid is
then pressurized with dry nitrogen.

The maximal differential pressure applied to the Mylar can be as high as 3 kg/cm?. Tested
stable results were obtained at differential pressures in the range from 2.0 to 2.55 kg/cm?,
depending on the temperature. The cooling of the chamber back to room temperature is the
last step in the thermal shaping. The working differential pressure, once reached, is monitored
and kept constant during the entire cooling cycle. After completion, the differential pressure is
brought back to atmosphere and the lid is removed. A frame, shown in Fig. 3.15, is glued onto

the already shaped Mylar film. The bottom surface of the frame has the required ellipsoidal
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Figure 3.14: Vacuum chamber equipped with lid allowing molding of Mylar film at higher pressures.

shape. On the top there is a groove cut for a vacuum o-ring. In the figure, several installed
studs are shown in red. Fig. 3.17 illustrates the gluing of the frame onto the pressurized
thermally shaped Mylar. The largest portion of the Mylar, even while pressurized, is stress
free. That portion of the surface that is in full contact with the mold, is leaning on it, and
therefore no stresses are involved here. Only the unsupported deflected portion of Mylar that
is out of the gluing frame is under stress. After the glue is polymerized, a flat Plexiglas lid is
attached to the frame, and the vacuum chamber is released. The deflected portion of Mylar
provides stress relief. The Mylar film, shaped at no residual stress, together with the frame
and lid, is cut out as a single unit for future use.

The other important component of the mirror is the mechanical support substrate, which
is made of rigid foam. A sheet of polymer foam is sanded down, under its own weight, until it
provides a flat base. The top of the flat sheet is cut by CNC milling to the concave ellipsoidal
shape, which mates to the back surface of the Mylar mirror substrate, as seen in Fig. 3.18.
The length and width are appropriate for gluing the frame and mold.

In order to process the front (working) surface, the substrate is mounted on an auxiliary
table and glued to it along the edges at several locations, as shown in Fig. 3.19. The top of
the table and back of the substrate have precisely the same ellipsoidal shape, thus providing

the required rigidity for further processing.
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Figure 3.15: The HTCC gluing frame.

Figure 3.16: Gluing frame with Plexiglas lid on the top and Mylar attached to the bottom.
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Figure 3.17: The frame glued onto the thermally shaped Mylar film leaves the film stress free after

the chamber is depressurized.
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Figure 3.18: The substrate: flat face down, cylindrical top.

Figure 3.19: The substrate mounted on the auxiliary table.
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Figure 3.20: Computer-controlled cutting of the ellipsoidal surface of the foam substrate.

Fig. 3.20 shows the cutting of the working surface to the shape of an ellipsoid. The ellipsoid
parameters were defined by taking into account the thickness of the anticipated glue joint and
of the thermally shaped Mylar film. The process was optimized to achieve a surface finish on
the foam smooth enough so that no polishing would be necessary. Due to the properties of
foam structure, there were no scallops observed after milling. In Fig. 3.21 sample pieces of
the thermally shaped Mylar films are shown, along with the mold used in shaping them, and
the completely processed foam substrate mounted on the auxiliary table.

The final step in mirror construction is the gluing of the shaped Mylar onto the ellip-
soidal substrate. The gluing frame, with transparent Plexiglas lid on the top and the Mylar
film attached to the bottom (see Fig. 3.16), is pressurized at a differential pressure up to
~2x1072 Torr, so that the film bulges out beyond its normal convexity. Low viscosity de-
gassed epoxy with extended polymerization time is uniformly applied to the ellipsoidal surface
of the substrate that remains attached to the auxiliary table. Then the pressurized frame with
bulged Mylar is placed on top of the substrate slowly enough to let trapped air bubbles es-
cape. A transparent lid allows visual control of the quality of the joint. The Mylar is fully
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Figure 3.21: Precision assembly of the mirror substrate.

pressed against the substrate, and stays under uniformly distributed pressure until the epoxy
is cured. The position of the frame relative to the table is controlled by using special tool-
ing for precision assembly of the mirrors. After curing, the frame is depressurized, the lid
removed, and the auxiliary table with its components is placed back on the CNC milling
machine. The inner portion of the composite substrate is directly cut out through an opening
on the frame. Measurements have shown that the total thickness of the composite substrate
was 73-74 mg/cm?. There is a potential of further decreasing a mirror’s thickness without
altering the technology described in this section. It would leave some contingency in varying
the mirror thickness within a factor of ~2, while optimizing the overall rigidity.

In 2007-2008 R&D is planned to check the last step of construction of the mirror consisting
of three different ellipsoidal segments. A critical issue to be addressed is whether the estimated
tolerances of assembly can be achieved.

Each of the three mirror segments, once built according to already established technology,
is put on the modified auxiliary table with special trim grooves for compound-angle cuts.

Then all four sides (one at a time) are cut on a 5-axis milling machine at appropriate angles
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Substrate

Figure 3.22: Completely cut substrate mounted on the modified auxiliary table.

(all different), defining the orientation of the planes along which the ellipsoids intersect. The
accuracy of cutting (including positioning) is typically £0.001 in or better. Fig. 3.22 shows a
substrate that has been processed along all sides (in yellow) mounted on the modified auxiliary
table.

The sides of all segments are trimmed using their own tables since the angles and di-
mensions are different for each. But, the back surfaces of all three segments, and the top of
the corresponding tables, are cylindrical with the same parameters. So, the segments can be
mounted next to each other on a larger table with the top surface of the same cylindrical
shape. This is illustrated in Fig. 3.23. After alignment checks of the substrates, they will be

glued together along the planes of intersection.

3.2.2 Light Collection Cones

GEANT simulations of the HTCC optics and performance show that for a point-like target
with no magnetic field, almost all Cerenkov photons from each segment are focused on its

corresponding PMT photocathode of diameter 110 mm. This is minimal for the Photonis 5-in
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Mirror #2
Mirror #3

Mirror #4

Big Table

Figure 3.23: Mirror segments mounted on the Big Table. The left and right sides of the mirrors are

planes along which will be glued adjacent combined mirrors.

232 HTCC



CLAS12 Technical Design Report Version 5.1 July 15, 2008

PMTs. In experiments with CLAS12, standard cryogenic targets are 50-mm long, and in some
experiments, targets as long as 100 mm can be used. For all experiments with electron beams,
the superconducting solenoid and the Cerenkov counters will be used. As was mentioned in
Section 3.1.1, to have efficient Cerenkov light collection for extended targets in magnetic
fields, light collection (Winston) cones are necessary. To define the main parameters for the
Winston Cones, we required an opening diameter of 7.5 in and a distance from the PMT
photocathode to be equal to 8 in, allowing magnetic shields to be extended far enough beyond
the photocathode. Direct comparison of the angular acceptance of the Winston Cones with
results from Monte Carlo simulations, showed that the Winston Cone’s acceptance is much
wider, and the opening diameter is big enough to collect at least 95% of the Cerenkov light
in experiments with both polarities of the CLAS12 torus magnet without any adjustments of
the PMT locations or orientations.

There are well established and experimentally checked technologies for constructing Win-
ston Cones. Such light concentrators were built for the existing Low Threshold Cerenkov
Counter (LTCC) of CLAS by electro-forming technology and have shown sustained undimin-
ished performance for more than a decade. The technical specifications and requirements of
the proposed Winston cone for the HT'CC, similar to those used in CLAS, are given in Table 3.3.

The corresponding parameters are given in Fig. 3.24.

3.3 DAQ for HTCC

Signals from the Cerenkov counter will be used in generation of the CLAS12 event trigger and
for timing purposes. The PMTs will supply an anode signal over a coaxial cable to a passive
splitter installed on the forward carriage. One of the output signals from the splitter will go to
a flash ADC (see Fig. 3.25) and the other one to will go to a timing discriminator connected
to a pipeline TDC.

The flash ADC will have 12-bit resolution and a 250 MHz clock. The pipeline TDCs will
provide 85 ps time resolution. The timing discriminators will have built-in scalers for each
channel. The sums from the flash ADCs will be delivered to the trigger processing boards and
will be used to generate the Level-1 trigger, along with the other fast detectors of CLAS12.
The mirror segmentation in polar angle will allow use of the HTCC for selecting angle ranges

at Level 1.
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Figure 3.24: Winston cones for the HTCC.
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Figure 3.25: Single channel scheme of readout for the HTCC.
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Specification

Date

Source

Winston Cone Definition

A Winston Cone is a non-imaging light collector designed to
collect light from a range of incident angles on a given circular
area and to collect that light onto a smaller area. The Winston
Cone is not a focusing device, but it is highly efficient in col-
lecting light. In general, the shape is that of a parabola that

revolves about the axis of symmetry of the parabola.

Basics

Material = nickel alloy outer surface with inner coatings of alu-

minum and magnesium fluoride (see below)

12/2006

P. Stoler

Weight = ~4 lbs

12/2006

Y. Sharabian

Life time = 30 years with no optical degradation

12/2006

P. Stoler

Dimensions = 7.5 in x 8.0 in long

12/2006

Y. Sharabian

Optical and structural properties tolerant to a high radiation

dose of 20 Mrad/20 years

09,/1991

C. Zorn

Most radiation consists of x-rays with some relativistic particles

05,1992

C. Zorn

Manufacturing = electroforming

Slope errors < 1°

12/2006

D. Kashy

Surface finish of Root Mean Square = 0.5 ym

12/2006

Y. Sharabian

Scratches occurring in forming operation, etc. need not be re-
moved provided in the final product there are less than 4/cone

and
1) they are less than 2.54 cm in length

2) they are less than 0.15 ym deep
Open ends flat within 0.03 in

12/2006

Y. Sharabian

Optics

12/2006

Y. Sharabian

Acceptance angle for incident light = 28.3°
Reflectivity >88% between 220 nm and 600 nm
for all glancing angles <30°

Table 3.3: Specifications for the HTCC Winston cones for CLAS12.
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MATERIAL 12/2006 P. Stoler

Nickel Alloy:

Thickness = 0.040-in nominal

Application method = electro-formed
Aluminum:

Thickness ~ 0.04 pym

Application method = vacuum (vapor) deposition

Non-magnetic
Magnesium fluoride (protective coating)

Thickness = as required to meet reflectivity specifications

Application method = vacuum (vapor) deposition

Non-magnetic
ENVIRONMENTAL 12/2006 | Y. Sharabian

Operating in CO, at 1.001 atm, temperature = 22°C; Stored
in plastic bag w/ambient air to avoid dust contamination; DO

NOT contact reflective surface with anything; Wash reflective

surface w/only optical liquid.

Table 3.4: Specifications for the HTCC Winston cones for CLAS12.
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HTCC Gas System Diagram
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Figure 3.26: A diagram of the HTCC gas system.

3.4 HTCC Gas System Overview

The CLAS gas supply system for the existing LTCC counter will be used for the HTCC, with
minor upgrades of two reserved lines. Gas will be supplied via COy dewar boil off of Coleman-
grade gas, 99.98% minimum purity. The pressure is reduced in three stages. The dewar output
will be set to 175 psig, the house line regulator will be set to 35 psig, and the hall supply to
15 psig. A continuous flow of gas, CO,, will be supplied to the detector via an MKS Mass
Flow Controller (see Fig. 3.26).

The pressure in the detector is controlled by pumping gas out of the detector via a pump
and an MKS proportional control valve. An MKS pressure controller adjusts the valve position
to maintain 0.05-in water equivalent pressure in the detector. Both the supply and exhaust
systems will fail safe on loss of power and will require a manual restart when power is restored.

Both active and passive over-pressure and under-pressure protections for the detectors
will be used. Active protection will use an Omega process controller to operate the solenoid

isolation valves. One valve isolates the detector from the gas supply to prevent an over-pressure
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condition. The other solenoid isolates the detector from the exhaust manifold to prevent an
under-pressure condition. These solenoid valves also isolate the detectors in case of power
failure. The active level automatically provides action to mitigate the pressure problem.
Passive protection uses oil-filled bubblers that will be installed on the detector itself. If the
differential pressure inside the detector exceeds 0.125-in water equivalent, gas will either vent
to atmosphere or be sucked into the detector to prevent damage. The bubblers will be sized
such that they can vent the full gas system supply or exhaust flow in case both the pressure

control system and active safety systems fail.

3.5 Simulations of Detector Performance

Extensive Monte Carlo simulations were carried out as part of the detector design procedures.
This section describes some of the features of the expected detector performance based on the

current design.

3.5.1 Optical Properties of Physical Components

The criterion for the choice of physical components is to maximize the production and de-
tection of electron Cerenkov light with the maximum threshold energy for pion Cerenkov
radiation. Fig. 3.27 is a composite showing the properties of the various materials that play

important roles in the Cerenkov performance.

Radiator Gas

The choice of radiator gas is CO,, which has excellent optical transparency for wavelengths
as low as 200 nm (see Fig. 3.27). This is an important feature since the spectrum of Cerenkov
light is approximately dn/d\ oc 1/)2. The low index of refraction, n ~ 1.00041, corresponds
to a pion threshold energy of 4.7 GeV. The trade-off is that fewer photons are produced at
such low values of n. However, as will be seen, the number of collected photons is high enough

to ensure a high detection efficiency.
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Figure 3.27: The optical properties of components of the HTCC relative to maximizing the number
of detected photoelectrons as a function of photon wavelength. The transparency of COs is shown in
blue, the reflectivity of aluminum in black, the photo-efficiency of a PMT with a UV glass window in
red, and a quartz window in green. The magenta line represents the Cerenkov spectrum (in arbitrary

units).
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Photomultiplier Tubes

The use of 5-in photomultiplier tubes was chosen as the best match for the optical properties
of the HTCC. This will be clear in the section on the photon spacial distributions at the
face of the PMTs. After consideration of PMTs from several manufacturers !, the Photonis
XP4508 was chosen to have the best overall characteristics for our requirements. The window
material is an important consideration. Fig. 3.27 compares the quantum efficiency of the
Photonis XP4508 with UV glass and quartz windows. Clearly, the quartz window is superior
in the low wavelength regime in which there are a large number of photons, and it matches
the transparency range of the CO,, as well as the reflectivity of the Al-MgF, mirror surfaces,
which are also shown in Fig. 3.27.

The intensity and spectrum of Cerenkov photons is given by the Frank-Tamm relation:

dnN, « 1
— Y= (=) Z’L |1 - (—=—)? 3.3
where 7 is the particle charge, n(F) is the index of refraction, L is particle trajectory length,

and (&) = 370 eV~ 'em™'. The expected number of obtained photoelectrons is then:

dN
Ny, = / o e(B)dE, (3.4)

where £(E) is the detection efficiency of photons with energy E. ¢(F) depends on the Cerenkov
gas transparency, reflection losses, quantum sensitivity of the PMT, and the probability of
missing the PMT because of geometry factors.

The calculated mean number of photoelectrons per 1 cm of the trajectory is 0.1477 for a UV
glass PMT window and 0.2086 for a quartz PMT window. The difference is essentially because
of the fact that the Cerenkov photon spectrum has an enhancement at low wavelengths — see
Fig. 3.27. For our Monte Carlo simulations we assume quartz PMT windows. The number of
obtained photoelectrons was corrected for mirror imperfections and possible misalignments.
The correction coefficient, derived from the ratio of the Monte Carlo simulations and the
experimental number of photoelectrons for the CLAS LTCC, was equal to 2/3.

The shape of the PMT surface has also been considered, since the reflectivity of the PMT
window, and thus the quantum efficiency, depends on the distribution of the angles of the

photons relative to the PMT surface. Fig. 3.28 shows the simulated distribution of photon

!ElectronTubes, Burle, Hamamatsu, Photonis
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angles relative to the normal to the PMT surface for convex and flat windows, respectively.
It is seen that the distribution for the flat surface is closer to the surface normal than for the
convex surface, and thus the flat surface quartz window was chosen as most appropriate for

our purposes.
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Figure 3.28: The simulated distribution of photon angles relative to the normal to the PMT surface
for convex (red) and flat (blue) windows, respectively. The enhancement near the 15° (blue curve)

is due to the photons, reflected off the Winston cone.

3.5.2 Distributions of Photons Incident on the PMT Faces

Simulations were carried out to assess the HTCC response to scattered electrons as a function
of scattering angle in both # and ¢. The results discussed in this section are for electrons of
energy 2 GeV uniformly distributed in d2 = cos 8dfd¢. Each mirror is designed to direct the
Cerenkov light that impinges upon it onto the face of a specific PMT. Fig. 3.29 shows the
distribution of photons reaching PMTs in the PMT surface plane.

The electrons originate from a target of length 10 cm, which is centered at the nominal
central target position, with the full magnetic field configuration. It is observed that the
photons are constrained to circles of diameter approximately 16 cm, which is somewhat larger
than the 11 cm PMT active diameters. Thus, light collection cones (Winston Cones) have

been designed to redirect the photons that arrive outside of the photosensitive areas of the
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PMTs into the photosensitive areas. All calculations were made for a Winston Cone window

diameter of 7.5 in.
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Figure 3.29: The distribution of photons reaching the PMTs in the PMT surface plane. Circles
show the PMT size.

Fig. 3.30 shows the overall acceptance in the number of photoelectrons as a function of
0 and ¢ for one half of a sector, corresponding to the standard conditions described above.
The results are the same for the 12 symmetrically placed half sectors corresponding to full
A¢ = 27. Fig. 3.31 shows the projections of Fig. 3.30 vs. 6 and ¢, respectively. One observes
that the mean number of photoelectrons is greater than 10 for scattered electrons in the
angular range from about 5° to 36°. The # dependence of the photoelectron number reflects

the trajectory length dependence.
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Figure 3.30: The overall acceptance in the number of photoelectrons as a function of # and ¢ for

one half of a sector.
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Figure 3.31: The projections of Fig. 3.30 vs. 8 and ¢, respectively.

The effect of the fields and target length on the performance of the detector are illustrated
in Fig. 3.32a, b, ¢, and d, which show the distribution of photons on one PMT, number 2.
Case a) is a point-like target without magnetic field and case b) is a 10-cm target without
magnetic field. Cases c¢) and d) are the point-like target and 10-cm target, respectively, in
the 5-T solenoid magnetic field. Fig. 3.32 shows that the distortions due to the target length
and magnetic field are not very large, and the 7.5-inch diameter Winston Cone is an adequate

choice to collect all Cerenkov light.

3.5.3 Background Rates

GEANT was used to estimate the background rate due to scattered electrons, and electrons
and positrons from secondary interactions with the detector materials. Initial electrons with
energy 11 GeV interact with the 5-cm liquid-hydrogen target in the 5-T solenoid magnetic
field. The beam pipe shielding starts from about 40 cm from the target. The beam pipe
shielding is between 2° and 4°. The PMT rates were reduced to the standard luminosity at
11 GeV, 10*® cm 2s!. The beam pipe shielding material was tungsten.

Fig. 3.33 illustrates the beam pipe shielding setup and background PMT rates. The highest
rate is for the PMT at the lowest polar angle.

For possible using the Inner Calorimeter for DVCS studies the other shielding was designed.
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Figure 3.32: The effect of the magnetic field and target length on the performance of the detector.
(a) is a point-like target, no magnetic field; (b) 10-cm target, no magnetic field; (c¢) and (d) are for

a point-like target and a 10-cm target, respectively, in the 5 T solenoid magnetic field.
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Figure 3.33: The experimental setup and background rates estimate.
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It covers the open angle from 1° to 1.5°, and also the angle from 5° to 5.5° . The setup and
the estimated background rate in this case is shown in Fig. 3.34. The background rate is a

bit higher in this case, but it can be easily handled by the data acquisition system.
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Figure 3.34: DVCS12 setup and background rates estimate.

The 7 /e rejection factor is very important for the Cerenkov detector. Pions can produce
0-electrons, which can be detected in the HTCC. However, the amplitude distribution of such
events is low. Fig. 3.35 shows the amplitude distribution of detected pions (in photoelectrons)
for 2 GeV (blue curve) and 4 GeV pions (red curve).

Fig. 3.36 shows the 7 /e rejection factor, calculated as the ratio of electron to pion detection
efficiency, for 2 GeV and 4 GeV pions. The red line shows the 7 /e rejection factor with a
threshold of one photoelectron, green - two photoelectrons, and blue - three photoelectrons.
The 7 /e rejection factor can be as high as 500 even for high momentum pions. It must be noted
that the electron detection efficiency is still very high at thresholds up to three photoelectrons:
99.99% for two photoelectrons and 99.90% for three photoelectrons.

3.5.4 Timing Parameters

GEANT can be used to estimate the trajectory length and the ray-tracing length difference
for Cerenkov photons for different PMTs. The detection time difference is shown in Fig. 3.37.
It is evident that HTCC signals can be used for good time-of flight measurements, because

even at larger # angles, the timing is within 40.2 ns.
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Figure 3.35: The amplitude distribution of detected pions (in photoelectrons) for 2 GeV (red curve)
and 4 GeV pions (green curve). The blue curve shows the amplitude distribution for the detected

electrons.
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Figure 3.36: The simulated pion rejection factor of pions to electron identification for initial 2 GeV
and 4 GeV pions. The different curves represent different amplitude thresholds: red is for one

photoelectron, green for two photoelectrons, and blue for three photoelectrons.
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Figure 3.37: The detection time difference for different HTCC PMTs.

3.6 PMT Studies

3.6.1 PMT Magnetic Shielding Studies

The PMTs of the HTCC will be located in a region in which there will be a significant mag-
netic field, primarily from the solenoid magnet that surrounds the target and central detector
system. The field varies considerably with distance from the solenoid, with a maximum value
of as much as 50 G in the region of the PMTs closest to the solenoid. To give an idea of
the magnitude of the problem, we note that for tests we have carried out, the PMT gain is
reduced by a factor of two for a magnetic field of 0.4 G perpendicular to the PMT axis and
1.3 G parallel to the PMT axis. The standard PMT magnetic shield that can be obtained
from the PMT manufacturer is totally inadequate to reduce the ambient field to even these
levels, so that it is necessary to custom design a magnetic shielding system appropriate for
the CLAS12 HTCC configuration. The design is being carried out with the aid of the TOSCA
magnetic field program.

Figs. 3.38, 3.39, 3.40, and 3.41 present the residual magnetic field at the PMT axis for a

248 HTCC



CLAS12 Technical Design Report Version 5.1 July 15, 2008

standard single-layer PM'T magnetic shield for three values of the field: 50 G, 40 G, and 30 G,
with the direction of the magnetic field perpendicular and parallel to the PMT axis (linear and
logarithmic y-scales are shown). In the first case, the residual magnetic field inside the PMT
volume is around 8 G, 2 G, and 1 G for a magnetic field of 50 G, 40 G, and 30 G, respectively.
For the second case (the field is along the PMT axis), the field residual is significantly higher.
The residual magnetic field inside the PMT volume is around 30 G, 10 G, and 1-2 G for
magnetic fields of 50 G, 40 G, and 30 G, respectively. We may conclude from this calculation
that:

e We need additional magnetic shielding to suppress the residual magnetic field to the

level of 0.5 G;

e The residual field is significantly (several times) higher when the magnetic field is di-

rected along the PMT axis;

e The shielding needs to extend beyond the PMT window for at least one PMT diameter.

We modeled three-layer magnetic shielding configurations using the TOSCA program.
Fig. 3.42 shows the residual field for 3 different configurations with cylindrical PMT magnetic
shielding with the magnetic field directed along the PMT axis. The magnetic shielding has

1-mm thickness for every layer. For these studies, the following conditions apply:
e Single layer tube made of co-netic u-metal (shown in black),
e Two layers made of netic and co-netic p-metals (shown in red),
e Three layers made of netic, co-netic, and co-netic p-metals (shown in blue).

The residual magnetic field with the three-layer shielding is below 1 G in the region 45 cm,
which is inside the specifications for the magnetic field parallel to the PMT axis. The per-
pendicular field will be several times lower, based on our calculations with the standard PMT

magnetic shielding.

3.6.2 Magnetic Shielding Test Stand

A test stand (Fig. 3.43) was used to study the magnetic shielding properties. The magnetic

shielding was placed inside a black box that is located between two circular magnetic coils that
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Figure 3.38: Standard single-layer PMT magnetic shielding (shown in black). The magnetic field
is perpendicular to the PMT axis. The result with applied external fields of 50 G is shown in blue,
40 G in red, and 30 G in black. The PMT photocathode position is shown by the black vertical line.
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Figure 3.39: Same as in Fig. 3.38 but with a logarithmic y-axis. The PMT photocathode position
is shown by the black vertical line.
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Figure 3.40: Standard single-layer PMT magnetic shielding (shown in black). The applied magnetic
field is along the PMT axis: 50 G is shown in blue, 40 G in red, and 30 G in black. The PMT

photocathode position is shown by the black the vertical line.
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Figure 3.41: Same as Fig. 3.40 but with a logarithmic y-axis.
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Figure 3.42: The effect of cylindrical PMT magnetic shielding, in which the applied magnetic field
is 20 G along the PMT axis. Single-layer shielding is shown in black, two-layer shielding is shown
in red, and three-layer shielding is shown in blue. The PMT photocathode position is shown by the

black vertical line.

produce an external magnetic field. A high-current power supply allows us to vary the current
up to 107 A, which corresponds to a magnetic field value of 68 G. The calibration line showing
the relation between current and the magnetic field is shown in Fig. 3.44. We have measured
the magnetic field along the PMT axis inside the shielding by using the Gauss/Teslameter
(Model 5070) measuring device. The results of the measurements for the single shielding
layers are shown in Fig. 3.45. Note that the first shielding layer is a prototype shield that was
ordered for testing from the manufacturer. It is a cylindrical magnetic shield, 50% alloy of
NiFe with a 6.19-in outer diameter, 6.06-in inner diameter, and 18.7-in long. The second shield
layer is a standard PMT magnetic shield. Fig. 3.46 shows a drawing of the PMT and Winston
Cone inserted inside the prototype shield. Results of the measurements for the double-layer
shielding are shown in Fig. 3.47. According to Fig. 3.47, we expect a 0.3 G magnetic field on
the PMTs with the two-layer shield in a nominal 30 G external magnetic field. Studies of the

PMT performance affected by different magnetic field conditions are underway.
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Figure 3.43: Photograph of the magnetic shielding test stand. The black box that contains the test

shielding is located between the magnetic coils.
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Figure 3.44: The current to magnetic field value calibration curve.
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Figure 3.45: Results of the measurements of the magnetic field along the PMT axis inside the single-
layer shield. Left panel: The cylindrical shielding. Right panel: The conventional PMT shielding.
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Figure 3.46: Assembly of a photomultiplier tube with a Winston Cone magnetic shield.
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Figure 3.47: Results of the measurements of the magnetic field along the PMT axis inside the

double-layer shield combined from the two single layers shown in Fig. 3.45.
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3.6.3 PMT Laboratory Studies

Introduction

Particles that pass through a medium with a higher velocity than the phase velocity of light
in that medium electromagnetically radiate photons. This is called Cerenkov radiation. The

Cerenkov photons are produced at an angle relative to the particle direction given by:

1
cosf = vk (3.5)

where n is the index of refraction and 8 = v/c is the particle velocity.

Cerenkov detectors are usually used for particle identification. Threshold Cerenkov detec-
tors make a yes/no decision based on whether the particle is above or below the threshold
velocity f; = 1/n. The more powerful use of Cerenkov radiation comes from measuring
the ring-correlated angles of emission of the Cerenkov photons in a Ring Imaging Cerenkov
Counter (RICH).

The High Threshold Cerenkov Counter for CLAS12 contains three main elements:

e a radiator through which the charged particle passes;
® a mirror;

e a photodetector.

As Cerenkov radiation is a weak source of photons, light collection and photodetector
efficiency must be as high as possible.

The number of photoelectrons (N,..) per unit path length of a particle with charge ze is:

ANy ) 1
e =omazt [ 99 (1‘ 62n2<A)>‘“’ 30

where z is the path length, €(\) is the efficiency for collecting the Cerenkov light and trans-
ducing it into photoelectrons, and n(\) is the index of refraction of the radiator, which is a
function of photon energy or photon wavelength A\. The typical energy-dependent variation

of the index of refraction is modest, so we can write

dN, .. 1 e(N)
2% — 9mas (1— 62”2) /de. (3.7)
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The Cerenkov detector quality factor (figure of merit) N is defined as:

e(A
Ny = 27ra22/%d)\, (3.8)
So that
Ny ~ LNy < sin®f >, (3.9)

where L is the radiator length.

Careful designs of the Cerenkov counter give values of Ny for a PMT detection system
working in the visible and near UV, that collect most of the Cerenkov light of about 100 cm ™.

The overall efficiency and rejection factors of the Cerenkov counters are controlled by
Poisson fluctuations, which can be especially critical for the separation of species where one
particle type is dominant. The effective number of photoelectrons is often less than the average
number calculated above due to additional noise from the photodetector. So, it is extremely
important to design the detector with as high an average number of photoelectrons as possible.

The number of detected photoelectrons (V,..), which is directly connected with the effi-

ciency for collecting the Cerenkov light and transducing it in photoelectrons e()), contains

several components:

6()‘) = 6gas()‘) X 6m'irror()\) X 6PMT(/\); (310)

where €g45(A) is the gas transparecy, €mirror(A) is the mirror reflectivity, and epar(A) is the
PMT quantum efficiency.

One of the ways to increase the figure of merit Ny is to use a PMT with a quartz input
window. The intensity of the photons produced in Cerenkov radiation varies as dN/d\ ~ 1/)2.
Therefore, it is critical to use PMTs that are efficient at low wavelengths where most of the
light is produced. The wavelength cutoff for a quartz PMT is in the region from 160-180 nm,
in comparison with the 220-240 nm range for the UV glass PMT. However, the quartz PMTs

are more expensive.

Cerenkov Light Detection

The High Threshold Cerenkov Counter (HTCC) for CLAS12 will contain a total of 48 mirrors
and 48 PMTs. The shape of the mirrors and distribution of the PMTs for one sector of
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Figure 3.48: The current optical design for one sector of the HTCC. Eight PMTs will collect the

Cerenkov light reflected off of four mirrors.

the detector is illustrated in Fig. 3.48. Two different types of PMTs were considered for the
Cerenkov Counters: the Photonis XP4508 quartz-faced PMT and the XP4500 UV glass-faced
PMT. Both models have uniform electron collection over their bialkali photocathodes and
measure 5 in in diameter. However, as seen in Fig. 3.49, the quartz PMTs are expected to
have better quantum efficiency at low wavelengths than the UV glass PMTs. With increased
efficiency, the quartz PMT should be able to detect more photons at higher energies than
standard UV glass PMTs.

To study the performance of PMTs, a cosmic ray stand was used, which is described in
Section 3.6.3. In addition to studies of light collection by two different PMT types, we also
measured the impact on light collection from different gas environments. We used air and
nitrogen. Note that the HTCC will use CO4 gas, but we will neglect the difference between
COg4 and nitrogen gas in our tests. Nitrogen gas absorbs less light than air at low wavelengths.
The absorption factor of a gas, detailed in Fig. 3.49, is the fraction of light that the gas will
allow to pass through it. PMTs in a nitrogen gas environment should be able to detect more

Cerenkov light than those in air due to this improved transparency at low wavelengths.
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Figure 3.49: Left: The quantum efficiency as a function of wavelength of the two Photonis PMT
models being tested. Right: The absorption factors of nitrogen gas and air as a function of wave-

length.

Multiplying the gas absorption factor by the PMT quantum efficiency and the 1/\2
Cerenkov light production dependence gives, to a constant factor, the amount of Cerenkov
light collected as a function of wavelength. The predicted amounts of light collected for dif-
ferent gas and PMT-face configurations are plotted in Fig. 3.50. Taking the ratio of their

integrals for quartz and UV-glass in air gives:

Ligthuartz, Air J‘OOO QEQuartz (/\) * AFAW(/\)//\2d/\ —-19 (3 11)
LightUV—Glass, Air fooo QEUV_GlGSS()‘) * AFAZ"I‘ ()‘)//\2)‘ - '

yielding a predicted 20% improvement in light collection. Similarly, in a nitrogen gas envi-
ronment, this improvement increases to 25%. However, comparing the air and nitrogen gas
environments for the quartz-faced PMTs only results in a 4.5% predicted increase in light col-
lection. The UV glass-faced PMT is predicted to achieve no appreciable improvement in light
collection in a nitrogen gas. This is because the quantum efficiency of the XP4500 rapidly
approaches zero for light with A < 200 nm, the region where nitrogen gas has the most im-
provement over air. These predictions are only preliminary, rough estimates as the quantum
efficiency measurements of the PMTs supplied by the manufacturer are only characteristic

approximations.

259 HTCC



CLAS12 Technical Design Report

Version 5.1 July 15, 2008

Ligﬂt (Arbitrary u’g}its)
T

o

Air x UV Glass

Air x Quartz

|
400

Wavelength (nm)

300

s}
S)
I

Ll%n (Arbitrary umts)
T

o

o

N, x UV Glass

Air x UV Glass

|
400

600

Wavelength (nm)

300
L o N, x UV Glass
L o N, x Quartz
’E [
£200(—
> +
8 L
£l
< L
£100~
= L
0 | . . . | . . g .
200 400 600
Wavelength (nm)
300
L o N, x Quartz
= o Air x Quartz
’l;/l\ [
£200—
>+
s |
3L
< L
E100—
5 L
0 ol L | L
200 400 600

Wavelength (nm)

Figure 3.50: To a constant factor, the predicted amount of light collected as a function of wavelength

for different PMT face and gas configurations, plotted against each other for comparison.
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Figure 3.51: A photograph (left) and schematic (right) of the cosmic ray stand used for testing
the Cerenkov light collection of different PMTs. Trigger counters above and below the chamber
detect a signal when a cosmic ray has passed through the quartz plates, and the two PMTs collect
the resulting Cerenkov radiation. A flow meter and pressure gauge are used to supply and regulate

nitrogen gas to the chamber.

Cosmic Ray Stand

The predicted increase of detected photoelectrons in quartz-faced PMTs is significant, so a
test stand (see Fig. 3.51) was constructed to determine whether this performance increase is
reproducible. A stack of 32 quartz plates was used as a medium for Cerenkov light generation
as cosmic muons passed through them. As diagrammed in Fig. 3.51, the Cerenkov light was
produced at a 46.7° angle from the incoming cosmic rays and was internally reflected until
passing out of the end of the quartz plate. In a light-tight and air-tight box, the Cerenkov
radiation emitted by these cosmic rays was collected by two PMT's located an average of 11 cm
away from the quartz plates. While one of the PMTs was being tested, a second PMT was
used as a reference to confirm the consistency of the experiment from test to test. Three
Photonis XP4508 quartz-faced PMTs and three Photonis XP4500 UV glass-faced PMTs were
tested in air, and one of each type in nitrogen gas, which is close in optical properties to COs,
which will be used in the HTCC. A flow meter and pressure gauge were used to regulate the
supply of nitrogen gas to the chamber during the final tests.

To collect data, small scintillators attached to PMTs above and below the test chamber
were used to trigger event recording. A coincidence between both PMTs indicated that a

cosmic ray had passed through the quartz plates, producing Cerenkov light. The trigger and
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Figure 3.52: Left: Data acquisition hardware. Right: Diagram of the triggering and DAQ process.

data acquisition systems are pictured and diagrammed in Fig. 3.52. The pulse height of the
electrical signals from the PMT dynodes were converted to digital ADCs for analysis. The
ADC spectra of the two trigger counters and the two Cerenkov counters for one test run are
shown in Fig. 3.53. Cuts were placed around the peaks of the ADC spectra of the trigger
PMTs to remove background events. Also, the high voltage supplied to the PMTs was fixed

throughout the experiment to make sure that the response of each of the PMTs was consistent.

Calibration of the ADC Scale

The ADC spectra of the test PMTs must be converted into units of collected number of
photoelectrons (N,.) to judge PMT performance. This conversion is linear because the
multi-stage signal amplification process of the PMTs is independent of the number of photons
detected. The ADC conversion factor for each PMT was found by using an LED to fix the
source intensity. The LED and test PMTs were placed in a light-tight box for testing. Multiple
tests were performed for each PMT, each with a different intensity of LED source photons.
The energy response of a PMT to a fixed intensity source of photons is described by a

Poisson-like distribution,

ADC

Nop 1 e”* /Oo 1t
N(ADC) = SO €~ pipy= [l ta, 3.12
(AP0) = a5 1) = | (3.12)

where p is the average number of photoelectrons, p; is the ADC to N,.. conversion factor,

and Vy is the scaling factor. The Poisson distribution fits to the ADC spectra of different light
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Figure 3.53: ADC spectra of the two trigger counters (top) and two Cerenkov counters (bottom)

for one test run.
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intensities for the three UV-glass-faced PMTs and the three quartz-faced PMTs are shown in
Figs. 3.54 and 3.55, respectively. To find the average conversion factor, the average ADC vs.
the average N,.. were plotted in Figs. 3.56 and 3.57 and fit to a linear function. The slope of
these fits gives the ADC to N, .. conversion factor for each test PMT.

To check that these conversion factors were correct, each PMT was tested with the LED
emitting only a single photon. As seen in Fig. 3.58, the conversion factors were applied to the
ADC spectra and the mean number of photoelectrons for each distribution was approximately

one, indicating that the conversion factors are correct.

Cerenkov Light Test Results

Using the ADC to N, conversion factors, the three Photonis XP4508 quartz- and three
Photonis XP4500 UV glass-faced PMTs were tested with the cosmic ray stand filled with
air. The results of the tests, with each measured for about a week, are shown in Fig. 3.59,
which highlights the N, .. spectra from collecting the Cerenkov radiation. Fig. 3.60 illustrates
the average N, .. for each PMT-face type, yielding an increase of 45 4 4% in the number of
detected Cerenkov photoelectrons in quartz-faced PMTs over UV glass-faced PMTs. This
result is larger than the predicted increase of 20% found in eq.(3.11). This difference is
most likely due to an error in the rough quantum efficiency estimate that the manufacturer
supplied. Fig. 3.61 shows a fit to the average number of photoelectrons collected by the quartz
reference PMT throughout the two months of testing. In five tests, the maximum deviation
from the average of 58 photoelectrons was 4.1%, which may be considered as an estimate of
the systematic uncertainty of the experiment.

One quartz- and one UV glass-faced PMT were tested in the cosmic ray stand with the
chamber filled with nitrogen gas. Fig. 3.62 illustrates the N, .. spectra for these tests, yielding
an average photoelectron detection increase of 82%. This is much larger than the predicted
increase of 25% from Section 3.6.3. As mentioned previously, the rough quantum efficiency
distributions supplied by Photonis are likely incorrect. Additionally, only one PMT of each
type was tested; thus this difference may be inflated by the inconsistent response between
PMTs of the same model. So, this estimate based on a single measurement is very crude. The
amount of light collected by the quartz-faced PMT in a nitrogen gas environment was 7%
more than in air, similar to the predicted increase of 4.5% from Section 3.6.3. The amount

of light collected by the UV glass-faced PMT actually decreased by 2% in nitrogen gas, as
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Figure 3.54: Poisson fits to ADC spectra of the three UV glass-faced PMTs. Here, P1 is the ADC

to Np.e. conversion factor p1, and P2 is the average number of photoelectrons, f.
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Figure 3.55: Poisson fits to ADC spectra of the three quartz-faced PMTs. Here, P1 is the ADC to

Np.e. conversion factor p1, and P2 is the average number of photoelectrons, u.
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of the three UV glass-faced PMTs. The slopes are the ADC to N, conversion factors.
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of the three quartz-faced PMTs. The slopes are the ADC to Np_.. conversion factors.
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distribution are all near one, indicating that the ADC to N, .. conversion factors are correct.
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glass- and three quartz-faced PMTs.
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Figure 3.61: The number of photoelectrons collected by the reference PMT during testing. The

maximum deviation of 4.1% is a reflection of the systematic uncertainty of the experiment.
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Figure 3.62: N, .. spectra for UV-glass and quartz-faced PMTs in a nitrogen gas environment.

opposed to the negligible difference that was predicted (see Fig. 3.63).

In summary, using a cosmic ray test stand, the Photonis XP4508 quartz-faced PMTs were
found to collect 45% more Cerenkov radiated photoelectrons in air than the Photonis XP4500
UV glass-faced PMTs. In a nitrogen gas environment, the Cerenkov light collection of the
quartz-faced PMTs improved by an additional 7%, so the total gain is estimated to be 55%
(1.45 x 1.07=1.55).

3.7 Mechanical Design

The basic shape of the HTCC is naturally generated by a combination of the dimensions and
positions of the surrounding equipment, certain required acceptance angles, and the planned
focal points of the mirror within. The body will serve primarily as a gas volume container,
and should have as little material as possible within to obstruct either the Cerenkov light,
or particles to other detectors. An overall view of the appearance of the HTCC is shown in
Fig. 3.64.
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Figure 3.63: Ratio of light collection in nitrogen gas to the air environment for UV-glass and

quartz‘faced PMTs.
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Figure 3.64: Overall appearance of the HTCC viewed from upstream side.

3.7.1 Main Structure

The geometry of the detector strongly dictates the shape of the HT'CC’s main structure. The
mirror design is a twelve segment combined mirror, and the light is focused to twelve banks
of 4 photomultiplier tubes per bank. For this mirror, a twelve-sided shell centered around the
beamline was designed, with space on each segment to mount one row of four PMTs. The
shell was designed to completely enclose all of the PMTs, mounting hardware, shielding, etc..
The strength of the structure comes from the entry cone, the downstream mirror housing, and
the connecting ribs of rectangular tubing. The outer web of aluminum angles and tees will
add to the strength of the unit, but is primarily to serve as a frame for panels used to seal the
gas volume. The structure is still simple, and can be constructed of flat and rolled, machined

and welded plates, tees, and/or angles of Aluminum (see Fig. 3.65).

3.7.2 PMT Mount

Our original goal was to have the PMTs mounted to the outer surface of the HTCC to make

maintenance easier, but finding an effective way to seal the gas volume, while maintaining
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Figure 3.65: Mechanical housing of the HTCC.

some degree of adjustability at each PMT within the space available proved to be challenging.
Instead, each PMT, Light Concentrator, and any shielding is mounted to one bracket, as
shown in Fig. 3.66. The brackets are mounted to a plate (eight each) as shown in Fig. 3.67,
and the gas volume of the HTCC is sealed via access panels located radially beyond the PMTs
as shown in Fig. 3.68. This system is relatively easier and less expensive to manufacture, easy

to assemble, and each PMT is independently adjustable.

3.7.3 Mirror Positioning and Alignment

Using six dual ball-socket adjustment linkages that contact the mirror in three places, the
mirror can be securely supported and adjusted in all directions without inducing any torsional
stress upon the mirror. With this system (see Fig. 3.69), the mirror would also be protected
from possible stresses that the main shell may sustain, whether via temperature changes,

transport, maintenance, or other unforeseen events.

3.7.4 Upstream and Entry

The upstream end of the HTCC must wrap closely around the CTOF and solenoid magnet, to
both avoid interfering with the light paths, and to allow for the greatest possible acceptance
angle from the target. This results in a cup shape that reaches from the outside of the solenoid
magnet, around the downstream CTOF light guides, with a cone in the center that follows the

light guides back in toward the center of the solenoid, stopping just before the SVT. This entry
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Figure 3.66: Photomultiplier tube with Winston Light Concentrator, magnetic shield layers, and

mounting block.

cone must be as thin as possible to retain every available degree of entry angle. Currently,
the optimized entry acceptance angle of 36° is limited by the solenoid shape and the position
of the CTOF light guides. This angle is only achievable using equipment clearances as low as
0.20 in, and an entry cone thickness of 0.040 in. At this thickness, the cone could be made of
aluminum or a carbon composite; it is not a structural member, and only needs to be strong
enough to support itself and the entry window. A view of the entry structure is shown in
Fig. 3.70.

3.7.5 Exit Scheme

From the portion of the shell where the photomultiplier tubes are mounted, a cylindrical tube
reaches downstream to house and support the mirror and adjustment fixtures, and finally
interfaces with the exit window. The exit window of the HTCC is located approximately
0.5 in past the mirror of the HTCC. It must allow up to 41° particles to pass through the gas
volume unobstructed. Because of the shape of the next detector in the beamline (Region 1
drift chamber), the outer edge of the HT'CC exit window must be beveled to avoid interference

with Region 1, see Fig. 3.71.
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Figure 3.67: Four photomultiplier tubes with Winston Light Concentrators and magnetic shield

layers mounted to a plate.

3.8 HTCC System Quality Assurance Procedures

This section provides a list of quality assurance (QA) steps for the construction of the HTCC
counter for CLAS12. The information given here is based on experience from construction of

the Cerenkov counter for the existing CLAS detector and on the HTCC R&D results.

3.8.1 QA Procedures for the Combined Mirror Construction

Quality assurance procedures for the HTCC combined mirror construction include several

items:

e Mirror Substrates: All constructed mirror substrates (96 segments) will be checked to
ensure all dimensions and tolerances meet the design requirements. The substrates will

then be sent to the vendor for the reflector and protection coating deposition;

o Reflectivity: All coated mirror segments will be tested in several randomly chosen points
to provide input control to ensure the reflectivity is as specified in the design require-

ments;

o Assembly: The assembly of the sections of the mirror sector will be done separately

using positioning tables and a class-2 laser for orientation checks;
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Figure 3.68: Access panels covering identical banks of 4 PMTs.

e Preparation for Assembly: The overall dimensions of the portions will be checked one

more time before final assembly;

o Final Assembly: Assembly will be performed using a foam assembly table that will
consist of 12 separate identical portions of smaller size, aligned and attached to the flat
metal base plate. A metal ring with inner diameter equal to the outer diameter of the
combined mirror will be used as a part of the final assembled product. The alignment
(position and orientation) for each of the left and right mirror portions will be controlled

with a laser.

3.8.2 PMT Quality Control

e PMT Handling: The PMTs are susceptible to damage from shock, and care must be
taken when handling them both before and after they are mounted. In addition, care

must be taken to avoid any scratches on the PMT face during handling and installation;

e PMT HV Testing: HV checks of the detectors will be performed and the dark current

will be measured for each PMT. Any measured dark current more than 100 nA is an
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Figure 3.69: HTCC mirror supported in three places using adjustment linkages.

indication of a bad PMT;

o PMT Testing: The PMT output signals will be checked using light emitting diodes
(LEDs). During these measurements, the HV will be adjusted to make sure that the
one-photoelectron signals have the same pulse height. The output signal will be checked
by studying the ADC spectrum. All ADC spectra will be written to a database for

future reference.

3.8.3 QA for Magnetic Shielding

The PMT magnetic shielding consists of several layers of magnetic material. It is very impor-
tant to check that the magnetic properties of the PMT shielding correspond to specifications.
The assembled magnetic shielding should be tested at the magnetic test stand. The PMT
signal from an LED should be within specifications at a magnetic field of 50 G.

3.9 HTCC System Safety Issues

There is potential shock hazard if the high voltage is contacted or if grounding fails. The

safety concerns include:

e Grounding scheme - necessary to prevent electrical shock;
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Figure 3.70: HTCC mechanical entry structure.

e Every PMT should have a cover that electrically protects the PMT from the support

structure;

e The HV to the phototubes should be turned off if maintenance of the tubes or based

required;
e An interlock on the HV should be implemented to protect personnel and equipment;
e Access to the test area and dark box should be key protected;
e Eyes should be protected when handling PMTs;

e Under normal operation the HV should be controlled by a slow-controls system. The

control should indicate an off for maintenance option;

e The HV power supply should have low current trip limits on each PMT line, thus

sustained currents are not possible;
e Only HV-rated connectors and coaxial cables should be used;

e Elevated work areas - access to the HTCC system for installation and repairs will be via

man-lifts. Operators will employ appropriate harnessing and fall protection;
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Figure 3.71: View of the mechanical components of the outer shell.

e Staging and installation - special procedures will have to be detailed for the installation

of the mirrors and PMTs.

It is expected that the safety issues involved with this work involve low risk for personnel
injury or equipment damage, especially with the use of appropriately planned and supervised

work activities.
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Chapter 4

Central TOF Detector

4.1 Introduction

The new time-of-flight system for CLAS12 will have a refurbished forward-angle detector and
a barrel scintillation detector for triggering and time-of-flight measurements in the central
region — the central time-of-flight (CTOF) detector. The design of the CTOF barrel includes
50 counters as shown in Figs. 4.1 and 4.2. Each CTOF counter is 66-cm long and ~3.5x3 c¢m?
in cross section. These counters will be placed inside the superconducting solenoid (nominal
field 5 T) at a radius from the beam axis of ~25 cm. Our goal in the CLAS12 upgrade program
is to achieve a timing resolution, oror = 50 ps, which will allow > 200 ps separation ! of pions
from kaons up to 0.64 GeV and pions from protons up to 1.25 GeV. Fig. 4.3 shows the flight
time for charged particles incident upon the CTOF counters as a function of momentum.

The timing information in CLAS12 [289] will be referenced to a stable radio-frequency
signal from the accelerator. Therefore, the time-of-flight resolution is determined as oror =
0.50ppr- Thus we aim to develop a CTOF counter with an effective resolution of a single
photomultiplier, with opyr < 72 ps. We refer to opyr as an “effective resolution” since it
is determined by the scintillator rise time (< 1 ns), light collection efficiency, discrimination,
and the experimental environment, as well as by the excellent intrinsic timing characteristics
of modern photomultipliers tubes (PMTs).

In our R&D program we are following a conservative strategy, i.e. we are aiming for the

1This value corresponds to 4670 separation at the given momenta in the transverse direction. A resolution
change to oror = 60 ps translates to a 3.307oF separation between the different hadron species at the same

momenta.
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Figure 4.1: The design of the CLAS12 central TOF detector.

best possible resolution using double-sided readout with conventional PMTs and very long
light guides (< 1.5 m), delivering light to an area outside of the central solenoid where the
associated magnetic fields are low (see Fig. 4.4).

We have proven both experimentally and with calculations that long light guides should
have an increasing cross section moving from the scintillator to the PMT. This feature allows
delivery of about twice as much light compared to a light guide of a constant cross section.
Therefore it is preferable to use PMTs with large photocathodes. The actual length and
configuration of the light guides will be defined by the maximum magnetic field that can
be tolerated by a conventional PMT. Bent light guides, shown on the downstream side of
Fig. 4.2, will be used with ordinary PMTs, which have to be protected against magnetic fields
< 1000 G. On the upstream side magnetic fields are below 500 G.

In parallel, we are pursuing other possible solutions based on modern PMTs that are
capable of operating in high magnetic fields, such as micro-channel plate, fine-mesh, and
metal-channel PMTs. The review of possible candidates is given in Section 4.3. At the
current time, all of the aforementioned PMTs are being considered as options for the CTOF

system.
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area. The scintillators form a barrel, 66-cm long with an inner radius 24.945 cm. At the upstream

and downstream ends, 50-mm diameter light guides are included that have a pitch of 20° and 41°,

respectively. The 1.4 — 1.6-m long light guides for conventional PMTs may be replaced with <1-m

long light guides to accommodate magnetic-field-immune photo-detectors.
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Figure 4.3: Time of flight in the transverse direction vs. particle momentum for protons (top),

kaons (middle), and pions (bottom).

At the 5 T nominal solenoid field, long light guides of complex shape are unavoidable
elements of the CTOF counter instrumented with both ordinary and/or fine-mesh PMTs.
In order to investigate the design and technology for bent light guides (see Section 4.4), we
consider a realistic pilot design for the CTOF barrel with light guides shaped as a narrow
pyramid. In Section 4.7 we focus on the design of long light guides and optimization of the
light guides via Monte Carlo calculations. Prototyping and reference measurements of opyr
with ordinary and magnetic field insensitive photo-detectors are described in Section 4.2. From
our R&D program, coupled with the results of detailed Monte Carlo calculations, we estimate
opur for different possible CTOF designs (see Section 4.8).

Within the program of employing magnetic-field-immune PMTs, we have measured the
timing resolution of counters instrumented with micro-channel plate (MCP) PMTs with an
on-board preamplifier. We describe details of our measurements in Section 4.2.2. Such PMTs
are supposed to be attached directly to the scintillators. The corresponding pilot design is
given in Section 4.10. However, the performance of MCP PMTs with on-board amplifiers is
the subject of future tests in magnetic fields up to 4.5 T.

Another magnetic-field-immune (< 1 T) photo-detector is the fine-mesh (FM) PMT. We

also plan to test more precise metal-channel (MC) PMTs for their performance in magnetic
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Figure 4.4: Location of R2083 PMTs (cross-hairs) in relation to the magnetic field map for the
central CLAS12 solenoid.
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fields up to < 0.2 T with magnetic shielding. Both types require significantly shorter (<1 m)
light guides to deliver light to the locations with a low enough field.

We emphasize that our conservative design with ordinary PMTs may accommodate new
photo-detectors, provided the space reserved for the long light guides can be used to house
the new PMTs.

4.2 Counter Prototyping and Reference Measurements

Several prototype scintillation counters were manufactured at Kyungpook National University
(KNU) in 2004-2007. In cooperation with the Detector Group at JLab, two reference counters
were made with double-sided readout via MCP PMTs. In all of our prototypes, we have used
Bicron-408 scintillators 2 x 3 x 50 cm?® in size. Each prototype counter was instrumented
with test PMTs on both ends for a double-sided readout. The detailed description of the
prototypes, test measurements, analysis methods, and results are published in several CLAS
notes and NIM papers [290, 291, 292, 293].

We have used two basic configurations for measuring the effective PMT time resolution.
Our main setup for express measurements consists of only one counter. In order to measure
the effective resolution of the PMTs, we placed a radioactive source on the surface of the
scintillator. Using the double-sided readout of the signal time and amplitude, we determined
the location of the source via the difference between the arrival times of the two signals. The
standard deviation of the determined source location is proportional to the product of opy/r
and the known effective speed of light in the scintillator.

For reference we use a triplet of identical counters exposed to cosmic rays. The reference
triplet consists of three identical scintillator bars with double-sided readout. The spacing
between the middle and top counters and the middle and bottom counters was matched. To
determine the effective resolution of the PMTs we use the method of cosmic ray tracking. The
track coordinates are determined in each of the three counters via time difference measure-
ments in each counter. For each counter we also determine the time of a light flash in the
scintillator as the mean value of the arrival times at both ends. Thus we exclude coordinate-
dependent delays caused by light propagation from the hit point to the PMTs. For the straight
tracks with constant velocity, the hit time of the middle counter equates to the mean value of

the top and bottom hits. This fact results from the simple geometry of the setup. Therefore,
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the difference in timing between the top and middle and the bottom and middle counters
should be zero, while the distribution of the residual values is determined by fluctuations in
the PMT timing. In order to determine the effective opyr, we study the distribution of the
residuals. The standard deviation of residuals is proportional to opyr.

In our studies we have shown with different measurement methods [290, 291, 293] that the
effective time resolution of a Hamamatsu R2083 PMT attached directly to our test scintillators
may be as good as /52 ps. This value relates to a minimum ionizing particle energy deposition
of 6.6 MeV in 3 cm of plastic. However, if the 1-m long light guides, shaped as a cut pyramid,
mediate the light signal, then the resolution drops to ~78 ps.

The effective resolution of the Burle 85011 multi-anode (64 anodes) micro-channel plate
PMT of ~75 ps was measured using a single counter setup with the radioactive source method.
Amplification of the PMT signal via an on-board amplifier, which was designed at JLab for
this purpose, was required for these measurements. The amplification allows the MCP to
operate at a reduced gain, thus its counting rate capability is higher [290].

Recently at Kyungpook National University [294] we studied a setup with six Hamamatsu
R7761 fine-mesh PMTs attached directly to our reference scintillators. With this setup we
have determined the effective ogr761 to be =60 ps in the central region of the triplet. The
method of time resolution measuring with the radioactive source was also used with a narrow
45-MeV proton beam incident on the center of our reference counter with double-sided readout.
The effective or7761 was determined to be =34 ps. The full range of 45 MeV protons in plastic
scintillator is 25 mm, therefore the protons stop completely in the scintillator. However, due
to the Birk effect, the energy deposition of 45-MeV protons is only ~35 MeV. We plan further
studies with this setup to address the coordinate and angular dependence of the effective
resolution.

Below we describe in more detail the studies with the setup of three counters instrumented
with six 1-m long light guides [292] and single counters instrumented with Burle 85011 micro-
channel plate PMTs and Hamamatsu R7761-70 fine-mesh PMTs.

Comparing the various tests, we conclude that the effective time resolution of the PMTs
in our prototypes is mostly dictated by the statistical fluctuations in the number of primary
photoelectrons. Therefore, we conclude that further progress in improving the effective time
resolution may be provided with better light guide design and optical properties, better cou-

pling of the PMTs to the light guides, and improved scintillator output in the corresponding
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wavelength area.

4.2.1 Time Resolution Measurements with R2083 PMT Triplets

Six light guides with our pyramid shape were manufactured at KNU. The light transportation
efficiency (LTE) of these light guides was found to be LTE = 0.44 £ 0.04 via Monte-Carlo
calculations [295] and various measurements [292]. In order to increase the produced light, the
orientation of the scintillators was changed to 3 cm along the cosmic particle track. The ob-
tained values of the effective opyr are listed in Table 4.1 in comparison to other measurements
at different conditions.

The best oppr=52 ps=oyrc was obtained with our no light guide (NLG) setup (see
Fig. 4.5), while with the 1-m long pyramid-shaped light guides (LLG), we have measured
opur = 77.9 ps = orrc (see Fig. 4.6). One can see from these two figures that z-dependent
systematics in the residuals are significant only in the case of direct contact to the scintillators,
while in the measurements performed with light guides, these effects are negligible.

This systematic effect reflects a combination of at least two phenomena. The first one is
the coordinate dependence of the effective speed of light in the scintillator bar. The reason is
that the closer the hit is to the PMT, the more d irect light with higher longitudinal speed
participates in the PMT signal developing at the threshold level. The second effect is the well
known time walk effects associated with the discriminators.

However, if long light guides are implemented, then the direct light does not share in the
signal build-up and the signal size becomes significantly longer due to the larger light path
variations. As one can see from Figs. 4.5 and 4.6, both effects are much less pronounced in
the measurements with the long light guides.

To estimate the effective oppsr in different counter designs (i.e. with different dimensions
of the light guides, etc.) we use the above declared values and the empirical relations deduced
from Monte Carlo simulations [295] for “extrapolation” of the measured opys7 to the different
designs.

We emphasize that the resolution with 1-m long light guides, o1, is worse due to the
absorption of ~256% of the light in the light guides. The amount of light at the photocathodes
is proportional to the light transmission efficiency (LTE) of the light guides and, assuming

the statistical nature of the resolution, we can estimate orq as:
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Setup & Method Year | 1g(N) | AE (MeV) opur(PS) Status
1 | 2xR2083,2cm,2xLG(1 m) | 2004 6 Tg < 2.28 Publ.
coordinate meth.;*°Sr VS T — 4.4 89.1+4.0
2 | 2xBurle 8501-501,NoL.Gs | 2004 6 Th < 2.28 ~80, Publ.
coordinate meth.;*°Sr VS T — 4.4 125+4
3 6xR2083,2 cm,No LGs | 2004 6 cosmic Publ.
cosmic ray tracking vs x,0 ~4.4 59.1£0.7
4 Same as #3 2005 5 Publ.
vs x,0 ~4.4 62.3+0.4
5 6xR2083, 3 cm, NoLGs | 2005 5 Publ.
cosmic ray tracking vs x,0 ~6.6 52.0+0.6
6 Same as #5 2006 5 Publ.
reference with no LG vs x,0 ~6.6 52.2+0.4
7 6xR2083, 2 cm, 2005
2xLG (1 m), 5 ~4.4 92.3+0.5
cosmic ray tracking vs x,0 Publ.
8 6x R2083, 3 cm, 2005 5
2xLG (1 m) vs z, 6 ~6.6 83.6+£0.6 Publ.
9 Same as #8 2006 )
reference with LGs vs x,0 ~6.6 77.9+0.6 Publ.
10 | 2xBurle 85011, NoLGs | 2006 6 Tp < 2.28 | 86.6+1;10° s™*
coordinate method; *°Sr VS T —6.6 71.4£1;10°s ' | Publ.
11 | 2xFM R7761-70, NoLGs | 2007 3 cosmic 60 — 66 Discon-
cosmic ray tracking x =0 ~6.6 tinued
12 | 2xFM R7761-70, NoLGs | 2008 3 protons ~ 34 In Progr.
cosmic ray tracking ra0 ~45

Table 4.1: Reference measurements of the effective time resolution (standard deviation) of different
PMTs. The values of oppsr in rows 1-10 of this table are averaged over -25 cm< z <25 cm and
-45° < 0 <45°. The uncertainties shown in this table are derived from the fitting procedures. The

possible systematic uncertainty is 6% on the given values.
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Figure 4.5: Effective time resolution of a PMT (o) in the triplet without light guides. (UL) scatter-
plot of residuals vs. longitudinal coordinate z; the dashed line shows mean values, (UR) overall

distribution of residuals, (LL) local o vs. z with mean value o = 52.2 £ 0.4 ps, (LR) ADC values.
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Figure 4.6: Effective time resolution of a PMT (o) in the triplet with 1-m long straight light guides.

(UL) scatter-plot of residuals vs. longitudinal coordinate z ;the dashed line shows mean values, (UR)

overall distribution of residuals, (LL) local o vs. z with mean value o = 77.9 £ 0.6 ps, (LR) ADC

values.
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where onr¢ is the measured resolution. The resulting value matches to the reference from

X 52.2 ps = 78.7 ps, (4.1)

row—9 of Table 4.1 within a 1% accuracy. Therefore, we conclude that in our test setup the
effective opyr is determined mostly by the statistics of the primary photoelectrons, i.e. by
the amount of light at the photocathodes. We use this experimental fact as the main rule in

our further estimations of opsr in various environments.

4.2.2 Time Resolution Measurements with a Burle 85011 PMT

For these measurements the new assembly of a Burle 85011 PMT with an “on-board” pream-
plifier (with a gain value of x50) and a high voltage divider that was designed at JLab was
employed. The design of the circuit board is described in Ref. [296]. This design follows the
requirement implied by the final goal of opy <72 ps in time resolution.

The Burle 85011 photocathode is formed by 64 pads 0.6 x 0.6 cm? in size. We took into
account the fact that the MCP PMT resolution may be limited by the signal propagation time
through the pad, which is spread between 0 at the point of the pad-wire contact and l,../c
for the most remote point, at the distance ;4.

We used the central 6 x 6 pads as a single photocathode. In order to avoid additional
jitter due to propagation from the individual pads, the central 36 pads were grouped into
three amplification channels via isochronous transmitting lines. The resulting three signals
are summed up, also isochronously, at the last stage of amplification. Thus we guarantee that
the jitter caused by signal propagation is defined by the size of a single pad, which amounts
to only 10 ps (i.e. negligible).

The test counter with our “standard ” scintillator was assembled at KNU and resolution
measurements with a radioactive source were recently performed. We present the results

below.

Effective Time Resolution at the Ultimate Gain: A sample plot given by the coor-
dinate method with extrapolation to the energy loss in a 3-cm thick scintillator is shown in
Fig. 4.7. The extrapolated time resolution opyr=71.4 ps was obtained at the ultimate MCP
gain of 0.89 x 10%. This resolution is very close to our goal. Unfortunately the counting rate

at such a high gain is limited to 10%s~! [290]. Therefore, we have measured the resolution at
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lower gains and present below the measured dependence upon the MCP gain. Prior to de-
termining the gain, one has to measure the number of primary photoelectrons (/Np,.) emitted

from the photocathodes.

£ o' z .. [E
8 103 Bx i
102 L
10 10" E
) Ciasmen=121.(0.2)ps
p O 27 14O DPs
0 1 10
E/(0.05MeV)
g 2 0.1
3 10° ~ |
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103 v i
102 °r #
i o
10 -0.05 |- ¢
1 [ P T A 1| 01 .+.+......| Lo
4 2 0 2 4 1 10
X/(ns) E/(0.05MeV)

Figure 4.7: Effective time resolution of a Burle 85011 MCP PMT obtained with the location method
of the ?°Sr source placed in the center of the counter. (UL) energy (E) spectrum of 3-particles, (LL)
coordinate distribution (z) of S-particles with £ > 1 MeV, (UR) o, of the peak vs E, (LR) < z >
vs E.

Number of Primary Photoelectrons in the MCP: We have measured the number of
primary photoelectrons produced by MIPs using the technique developed within the coordi-
nate method [290]. The PMT output signals were split in order that a fraction f=0.16 of the

initial current fed the ADC inputs, while the rest triggered the corresponding discriminators.
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The ADC spectrum of S-particles was then used to determine the number of primary
photoelectrons and their dependence upon S-particle energy. The corresponding graphs are
shown in Fig. 4.8. These results were extrapolated to determine the expected number of
primary photoelectrons in a 2-cm thick scintillator, which was found to be Np,, = 370 £ 8
(note that this value relates to both photocathodes). This result is in good agreement with

expectations using the quantum efficiency (QE) specified in the Burle 85011 data sheet.

}L’ 10 4 8 0/ ndf 25.90 37
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© 1 E 4001 NMIP=369(2)
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Figure 4.8: Determination of the number of primary photoelectrons. (UL) Energy (E) spectrum of
B-particles, (UR) Nppe vs E. We expect the number of primary photoelectrons to be 369 + 2 for a
MIP energy of ~4.4 MeV, (LL) spectrum of (¢; — e,), where ¢;, are the energies measured from the

two sides of the counter, (LR) mean value of (¢; — e,) vs. S-particle energy.
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Measurements of the MCP Gain: The MCP gain (G) was determined using the mea-
sured N, and the S-particle spectra measured with the ADCs as:

2 X ax A
[ X ex NyexG,’

where A is the pedestal-subtracted ADC value corresponding to the upper edge of the -
spectrum, Ey=2.28 MeV, « is the ADC channel width (0.25 pC), G, is the amplification factor

G= (4.2)

of the preamplifier (50), f is the aforementioned spitting factor, and e is the charge of the
electron. The factor of 2 in the numerator is from the number of photocathodes. A plot of

the determined gain as a function of the MCP voltage is shown in Fig. 4.9.
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Figure 4.9: High voltage vs. MCP gain. Curves (1) and (2) are fits to a power law form. (1)-left
PMT, (2)-right PMT.

Time Resolution vs. MCP Gain: We have measured the effective time resolution of a
Burle 85011 PMT at different high voltage settings. The resolution yielded by the coordinate

method is shown in Fig. 4.10 as a function of the MCP gain. One can see that at a gain
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of 0.5 x 10°, where the MCP can operate at a 1 MHz counting rate [290], the effective time
resolution with a 3-cm thick scintillator is only 86.6 -1 ps. With this value we are 20% away

from our goal of 72 ps. Thus a further significant improvement of N, is required.
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Figure 4.10: Resolution of the Burle 85011 PMT vs. the MCP gain (G). The circles are for o
at AE=2.28 MeV. The squares are for AE=6.6 MeV (which corresponds to MIPs in a 3-cm thick

scintillator). The curves are fits to the G2 dependence. The amplification factor of the PMT signals
is 50.

4.2.3 Measurements with Fine-Mesh Photomultipliers

Using the same triplet technique as for the R2083 PMTs, we have measured oppr of the
fine-mesh PMTs. In our standard counter triplet [290, 292] the ordinary PMTs in the middle
counter were replaced with 27-mm Hamamatsu R7761 fine-mesh PMTs. All PMTs were in
direct contact with the scintillators. The corresponding og7761=64 ps is shown in Fig. 4.11 in
comparison to the Hamamatsu R2083 PMTs. It was further improved to ~60 ps with cuts
in the central region of the triplet instrumented with R7761 PMTs and identical discrimina-
tors [294].

297 CTOF



CLAS12 Technical Design Report Version 5.1 July 15, 2008

2007/05/30 13.14 2007/01/29 10.39

*g Entries 2068 g X/ndf 1682 | 20
o} Mean 0.6722E-02 b Congtant 159.0 £ 5.075
8180 r L F/nat 2031 1 29 @60 - Mean -01780E-0L+  0.1359E-02
L onstant 1770+ 4.865 r [\t _Sigma 0.5255E-01 + 0.1040E-02
160 [ \gean 06286E-02+  0.1363E-02
: - gma 0.6078E-01 + 0.9953E-03 140 L
140 |- i
i 120 -
120 i
: 100
100 - [
L 80 r
80 - L
60 L 60 |-
s 40 -
20 L 20 ;
fo L L oL Ll
-03 -02 -01 0 01 O

02_ 03 2 03
(2V3)T,nsec (2W3)t,nsec
Figure 4.11: Spectra of the 6 PMT time residuals scaled by 2/4/3. Left panel: distribution with two
R7761-70 PMTs and four R2083 PMTs (right). Right panel: distribution obtained with six R2083
PMTs. The actual effective or7761=64 ps is derived from the RMS width of the left panel. The
reference opoggs = 52 + 1 ps from the right panel coincides with the previously reported value from

Table 4.1.

The time residual spectrum at the center of the reference counter instrumented with two
R7761-70 PMTs is shown in Fig. 4.12. It was obtained with the 45-MeV proton beam at an
~ 105s~! counting rate 2. Protons completely stop in the bulk of the scintillator, therefore the
deposited energy is ~10 times higher than the reference MIP energy deposition. The standard
deviation 0=24 ps of this distribution translates into ogy761 = 34 ps for a single PMT. In order
to compare this result to our reference from Table 4.1 (line 5), this value has to be scaled

to the reference energy by a factor of 1/(45 MeV /6.6 MeV). The additional factor of v/0.773

accounts for the reduced light output of 45-MeV protons compared to the electrons of same
energy (Birk’s effect). Since PMTs were attached directly to the scintillator, the effective
PMT area was reduced by a factor of ~0.8. All of this results in the following preliminary

resolution of:

45
ORrr761 = 34 ps X \/% x 0.77 x 0.8 = 70 ps. (4.3)

2For details see KNU presentation http://www.jlab.org/~baturin/KNUpresentation0208.pdf.
3This number was obtained from the manufacturer’s specifications.
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However, the uncertainty on this value has to be determined experimentally. This result was
obtained in direct contact to the scintillator and the proton beam hit the center of the counter,
where the left and right signals are almost identical. Therefore, effects related to the signal
shapes cancel out.

In this test, one PMT signal was used as a TDC “start”, while another provided the TDC
“stop”. Therefore, all events were concentrated within a few TDC channels. In this situation,
the differential nonlinearity of the TDC, which may be as high as 15%, directly affects the
measured time resolution.

Therefore, further studies of differential nonlinearity effects, as well as of coordinate and
angular dependence with realistic light guides, are required in order to establish the ultimate

effective time resolution of the fine-mesh PMTs.

F K/ndf 2679 1 9
160 |- Constant 1519 + 6.603
[ Mean -0.1692E-02 +  0.8909E-03

ma 0.2416E-01 +  0.6339E-03

140 |
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100 |
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60 |
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Figure 4.12: The time residual spectrum at the center of the reference counter obtained with R7761
fine mesh PMTs with a 45-MeV proton beam. The standard deviation is 24.2 + 0.6 ps.

4.3 Review of Modern Photo-Detectors

Different possible approaches to the design of the CLAS12 CTOF counter are considered below

in relation to the advantages and disadvantages of different photo-detectors.

299 CTOF



CLAS12 Technical Design Report Version 5.1 July 15, 2008

4.3.1 Ordinary Dynode PMTs

Following our conservative strategy, we will maintain our effort to achieve the desired timing
resolution with ordinary Hamamatsu R2083 PMTs. The gain and timing characteristics of
R2083 PMTs are very good for this purpose (see Table 4.2). However, for ordinary PMTs there
is no other option than to be placed outside of the region of high magnetic field. Therefore,
~1.5-m long light guides are required to deliver the light to an area with B < 30 mT.
Shorter light guides will require a heavy magnetic shield composed of 3 concentric cylinders.
In addition, according to the preliminary design shown in Fig. 4.2, the light guides on the
downstream side will have to be bent by 139°. This reduces the net light at the PMT,
the ultimate limit of which is dictated by the desired time resolution. Therefore significant

progress is required in the light guide design and manufacturing technique.

4.3.2 Micro-Channel Plate Photomultipliers

An alternative solution with micro-channel plate (MCP) PMTs is very attractive for the
following reason. Due to the immunity of MCPs to magnetic fields, proven up to < 2 T[297],
micro-channel plate PMTs could be attached directly to the scintillators. Therefore, the
mechanical design of the barrel may be significantly simpler. The intrinsic timing properties
of MCP PMTs are perfect. The properties of one such photomultiplier (Burle 85011) are
shown in Table 4.2.

The single photon timing resolution (see Fig. 4.13) remains below o715=35 ps up to ~2 T
and perhaps higher fields. The gain (see Fig. 4.14) also does not degrade in such high magnetic
fields [297].

Unfortunately, the quantum efficiency of MCP PMTs is about one-half that of ordinary
PMTs, which has a direct adverse effect on the TOF resolution. However, very good resolution
of a MCP photo-detector was already shown in Fig. 4.13. In addition, it was shown [298]
recently that the effective oppr of a Burle 85011 may be as good as 70 ps in a magnetic field
up to 1.5 T. In our aforementioned measurements, we have achieved a resolution of ~75 ps,
which is almost sufficient for our goals.

Hence, the two approaches look almost equivalent with respect to the timing resolution.
The advantage of a R2083 PMT with its higher quantum efficiency is compensated by the loss
of about half of the light in the light guides. Almost nothing can be done with the quantum
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PMT Model Characteristics R2083 | H8500 | R6504 | R5924 | R7761 85011

Dynode MC FM - - MCP
Photocathode sizes, mm d=46 | 49 x 49 | d=51 | d=39 | d=27 | 49 x 49
Anode configuration 1 8§ x 8 1 - - 8 x 8
Area ratio PMT/SC (9.6 cm?) 1.77 2.19 2.14 1.24 0.6 2.19
Wavelength max. response, nm 420480 - - - — | 400480
-//- at 10% of max. QE, nm 300 — 650 - - - - -
Window thickness, mm 1 1.5 1 — — 2
Number of stages 8 dyn. | 12dyn. | 19 fm - - | 2MCP
Photocathode material Bi-alk. - - - - -
Photocathode radius, mm 55 flat — — — —
Sensitivity@420nm, pA /lm 80 55 70 - - 55
Sensitivity in blue, yA/Ilm 10 8 9 - - 8
Quantum efficiency@420mn 22 0.2 0.22 0.22 0.22 0.12
Anode rise time, ns 0.7 0.8 2.7 2.5 2.3 0.3
Transit time (¢7), ns 16 6 11 9.5 7.5 4
tr spread (FWHM), ps 370 400 470 440 350 80
Gainx1076 2.5 1 10 - - 0.5
Dark current, nA 100 32 50 50 30 1

Table 4.2: Technical data of the R2083 PMT from Hamamatsu in comparison with other candidates.
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Figure 4.13: Transition time spread of the MCP PMT vs. magnetic field.
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Figure 4.14: Gain of the MCP PMT vs. magnetic field at different orientations.
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efficiency of MCP PMTs unless the PMT design is completely changed.

In the design with long light guides, we can try to optimize the light guides via Monte
Carlo simulations for a maximum possible LTE| including the solution with PMTs capable
of operating in moderate magnetic fields of ~0.5 T. In addition, we can use more refractive
materials, such as Lexan. It has a refractive index equal to that of the scintillators. However,

its attenuation length is higher. Thus the gain in resolution may be achieved with relatively

short light guides (0.5 m — 1 m).

4.3.3 Fine-Mesh and Metal-Channel Photomultipliers

The light deficiency problem may be solved with fine-mesh (FM) PMTs, which have been
shown to operate at < 1 T or metal-channel (MC) PMTs, provided they can be shown to
operate well in fields up to 0.2 T with a proper shield. The light guides can be about a factor
of two shorter and we can use all of the experience that we have obtained with the design

implementing the long light guides (see Section 4.4).

Fine-Mesh PMTs: In fine-mesh PMTs, the conventional dynode system is replaced with
a ladder of fine-grade metal mesh at a certain potential. The gain and resolution [297] of a

fine-mesh PMT vs. magnetic field are shown in Figs. 4.15 and 4.16, respectively.

(a) Gain of R2490—05(FM) at HV=2500V
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Figure 4.15: Gain of the R2490-05 fine-mesh PMT vs. magnetic field at different orientations.
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(b) TTS of R2490--05(FM) at HV=2500V
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Figure 4.16: Transition time spread of the R2490-05 fine-mesh PMT vs. magnetic field.

The behavior of modern FM PMTs R5505, R7761, and R5924 from Hamamatsu has been
recently studied in magnetic fields up to 1.2 T [299]. The generic time resolution of the 2-in
R5924 PMT (a60 ps) was found unchanged up to a field of ~0.8 T. This characteristic was
measured with light pulses equivalent to ~300 photoelectrons. In our recent measurements,
in which Hamamatsu R7761 FM PMTs were in direct contact with the scintillator, we also
have achieved a similar time resolution [294].

The counter instrumented with two fine-mesh PMTs attached to a 1-m long scintillator
was tested in Ref. [300]. This counter may be considered as a rough approximation a single
element of the CTOF system. For this setup with a 6-cm thick Bicron-408 scintillator, we
estimated oror = 70 ps. The effective timing resolution of fine-mesh PMTs of ops = 63 ps
may be extracted from the data obtained [301] with 50 x 2 x 5 cm?® Bicron-408 and ~250-cm
long light guides.

The closest in size to the R2083 PMT is the R6504 fine-mesh PMT (see Table 4.2) from
Hamamatsu with a QE =~ 20% at 420 nm. We emphasize that with expanding light guides
(toward the PMTs), we gain about a factor of two in light collected at the PMT [292].
Therefore, PMTs with wide enough photocathodes are required to accommodate this design.
Unfortunately, this PMT is already discontinued. The timing characteristics of the R5924

PMT are almost the same, but it has a two times smaller sensitive area. However, it is still
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larger than the scintillator cross section, therefore we plan to test it. The R7761 PMT has
almost a twice smaller sensitive area (5.6 cm?) compared to the size of the scintillator cross-
section (9.6 cm?). Therefore, it is unlikely to collect enough light with realistically long light
guides of 0.7-0.8 m length. The reason is that even without attenuation, the transmittance
of a light guide cannot exceed 0.58.*

Unfortunately, the rise time of the R6504/R5924 PMT signal is &4 times longer than that
of the R2083 PMT. In addition, the transition time spread is 100 ps higher than the 370 ps
for the R2083. We plan to measure the resolution of the R5924 PMT in addition to smaller
FM tubes, metal-channel PMTs, the R2083 PMT, and MCP PMTs, using the same test setup

and methods.

Metal-Channel Photomultipliers: Another interesting photo-detector worthwhile to in-
vestigate as a component of the CTOF counter is the metal-channel PMT, such as the H8500
or R7400 PMTs from Hamamatsu. The H8500 is a 64-channel PMT with a square photo-
cathode. The dynode system is formed by channels in precisely machined metal sheets. Such
PMTs have excellent timing characteristics, which are very close to that of the R2083 PMT,
i.e. oprs ~400 ps, QE~ 20%, and they have a high gain (see Table 4.2).

In our future tests we are going to verify whether such PMTs can operate at fields of
<0.2 T with appropriate shielding. This photo-detector may be a good candidate for further

consideration in combination with light guides of moderate length.

4.3.4 Silicon Photomultipliers

In recent years a variety of semiconductor devices (see Table 4.3) have been developed for
light detection. Their advantage of operating in high magnetic fields and with a small size
detecting element is very attractive for designers of TOF systems. A matrix of such detectors,
with arbitrary dimensions, could be attached directly to the scintillators inside the magnetic
field.

A silicon photomultiplier [302] is a 3 x 3 mm? matrix of 5625 pixel photodiodes (30 x
30 um?) with a common output. The photodiodes operate in the Geiger regime of bulk

carrier amplification. Therefore, an almost immediate (no drift required) signal from a single

4This is the ratio of the PMT area to the input area, which limits the acceptance due to phase space

conservation.
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APD name Size Drift dist. | FWHM | o; | Rate QE
mm pm ps ps | s! | 420 nm

5343 d=1 10 82 35 | 107 | 1-5%

5344 LC d=3 20 160 68 1-5%

SPL 2625 d=3 120 1300 | 550 | 107 1-5%

Beveled Edge 1-5%

LAAPD d=16 40 400 115 1-5%

30719 5X5H 10 170 72 1-5%

C 30626 5X5H 100 800 340 | 107 1-5%

C 30703 10 x 10 180 1600 | 680 1-5%
SiPM 3x3 0 155 66 | 107 | 14-20%

MPPC S10362-33-10C | 3 x 3 0 200 85 | 107 70%

Table 4.3: Semiconductor device characteristics.

photon may be seen with a standard shape and amplitude (~2.5 mV). The time resolution
of a SiPM may be as high as 66 ps [302] with 3-mm thick BC-418 scintillator. It is very
important that the output may be triggered by the first arriving “direct” photons. However,
the noise at the nominal operating voltage is as high as 10° — 106.

The QE is a product of the pixel packing efficiency (=0.5) and the Geiger mode efficiency
(=~0.6). At 420 nm, the quantum efficiency is 14%, and it is likely that this may be improved
to reach the QE of ordinary photo-detectors. In addition, the signal has a tail ~5 us long.
Thus the recovery time may be as high as 5 us. However, due to the large number of pixels,
the SiPM count rate capability of light flashes with ~500 photons, for example, is limited

1. which is typical for conventional PMTs. Nevertheless the optical

by a rate of ~ 107 s~
cross-talk may significantly reduce its count rate capability. For use in CLAS12, the SiPMs
would have to reside in a high radiation environment. Therefore, their radiation hardness has
to be addressed. Due to all of the above reasons, SiPMs may be considered as a candidate for

future studies and an upgrade possibility for the CLAS12 CTOF system.
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4.3.5 Avalanche PhotoDiodes

In the avalanche photodiode [303], the carriers are drifting with a velocity of 0.1 ym/ps toward
the narrow region in which the avalanche develops. In such a device, the single photon time
resolution is determined by the drift distance z, thus, roughly, capp o x. In addition, the
dependence on the sizes is quite significant. For example, the x=10-pym thick device 5343,
roughly 1 mm in diameter, manifested a time resolution o ~ 35 ps, while the 5 x 5 mm? 30719
x=10-pm thick device shows o =72 ps. The thicker the device the higher is its QE, but the
worse its time resolution. The related parameters of available APDs are listed in Table 4.3.
The quantum efficiency of such a photo-detector is roughly 2% — 5% in the region of BC-408
emittance, while for longer wavelengths, it may be as high as 70%. In addition, their gain is
quite low (=~ 10%) and amplification is required. The behavior in a high radiation environment
is not determined yet. Therefore, at the present time, such photo-detectors may be considered

as unlikely candidates for use in the CLAS12 CTOF system.

4.4 Pilot Design with Conventional R2083 PMTs

This design is based on a traditional and well-established approach of using ordinary pho-
tomultipliers coupled to scintillators via long light guides. Hamamatsu R2083 PMTs have
excellent timing characteristics. In order to approach our goal for the effective ogos3=72 ps,
we have been developing long (1 m) light guides of non-trivial shape with significantly im-
proved light transmission efficiency (~44%). Also we are thinking about implementing a better
light guide manufacturing approach using cast Acrylic, which is a widespread technology for
commercial applications. The advantage of cast Acrylic is that the product has a near-perfect
surface. Thus, time-consuming polishing is not required. In addition, we will keep an eye on
the progress in organic materials with a refractive index close to that of scintillators, such as

commercially available Lexan.

4.4.1 Detector Specification and Design Criteria

The nominal CTOF design, which starts with ordinary R2083 phototubes, may accommodate
other types of photo-detectors, such as magnetic-field-immune micro-channel, fine-mesh, or

more sensitive metal-channel phototubes of similar sizes. The only thing that would have to

307 CTOF



CLAS12 Technical Design Report Version 5.1 July 15, 2008

be done in the design is to change the lengths (cross section) of the corresponding light guide
at the PMT side. However, the space reserved for the light guides in the design has to be
wide enough to accommodate these PMTs. The independent parameters that determine the

design of a single CTOF counter, including its light guides, are listed in Table 4.4.

Diameter of PMT in p-metal case 60 mm
Diameter of the PMT photocathode 46 mm
Number of scintillators 50

Thickness of scintillator along r-axis | 31.5 mm

Inner radius of the barrel 25.0 cm
Lengths of the scintillator barrel 66 cm
Length of Upstream light guides 130-140 cm

Length of Downstream light guides | 150-160 ¢cm

The downstream opening angle +36°

Table 4.4: Basic values determining the CTOF counter design.

The CTOF barrel has to be as hermetic as possible. Therefore, due to the cylindrical
symmetry of the setup, all elements of a single counter, including the scintillator, both down-
stream and upstream light guides, and PMTs, all have to fit into a ¢ range of 7.2° in the

(r, ¢)-plane. A schematic view of such a counter is shown in Figs. 4.17 and 4.18.

Scintillator Dimensions

The length of the scintillators is predefined to be 50 cm. Other dimensions of the scintillator
are determined by the total number of counters (predefined as 50) and the inner radius of
the scintillating barrel (predefined as 25 ¢cm). The scintillator cannot be a rectangular bar
due to the cylindrical geometry of the setup. The cross section of the scintillator is shown in
Fig. 4.19. Since a single counter has to fit into a sector 2y = 7.2°, the cross section of the
scintillator has to be a symmetric trapezoid with the sizes 31.46 mm and 35.4 mm for the
bottom and top sides, respectively, and 31.5 mm high. In this figure the trapezoid is inscribed
into the cross section of the photocathode of the R2083 PMT.
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150mT

e ———" —®

Figure 4.17: The pilot design of the CLAS12 CTOF counter. (1) R2083 PMT from Hamamatsu,
(2) Acrylic light guides, (3) scintillators, and (4) supporting cones and rings. The magnetic field is

shown by the vectors.

(1) 2)

Figure 4.18: Upstream (1) and downstream (2) view of the CTOF detector.
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46
354

31.46

Figure 4.19: The cross section of the scintillator inscribed into the photocathode of the R2083 PMT

from Hamamatsu. Light guides will join the PMTs via the cylindrical side of the same diameter as

the R2083 photocathode, i.e. 46 mm.
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Dimensions of the PMT Housing

In this design we assume that R2083 PMTs from Hamamatsu will be used, and that they will
be housed in a metal case 60 mm in diameter. This determines the divergence of the upstream
light guides. It is clear that 50 adjacent PMTs with the specified diameter will form a ring of
~ 50 x (60 + 10) mm/7 = 111.4 cm in diameter (we add 10 mm to the diameter of the PMT
case as tolerance). With this number we set the radius of the “PMT area” Rpyr=>55 cm.
Note, that it is not possible to place 50 adjacent PMTs, mounted on the ends of 1-m long

light guides, at an r-coordinate below Rppsr.

Dimensions of the PMT Photocathode

In the hermetic configuration, the expanding light guide has to match the cross section of the
scintillator from one side. At the PMT end, it has to match the photocathode of the PMT.
Therefore, it is natural to manufacture the “pyramid” light guides from Acrylic cylinders with

a diameter of 46 mm, corresponding to the diameter of the R2083 PMT photocathode.

4.4.2 Light Guides

From the PMT-end, the 1-m long light guide has to match the circular photocathode of
the PMT. Therefore, light guides will be manufactured from Acrylic cylinders > 46 mm in
diameter, which is the specified diameter of the R2083 PMT photocathode. From the opposite
side, it has to match the trapezoidal cross section of the scintillator.

It was shown via Monte Carlo calculations [295] that the light transportation efficiency
depends significantly on the length of the cylindrical part of the light guide. The corresponding
dependence upon the length of the non-cylinder part of a 1-m long light guide is shown in
Fig. 4.20.

The design of the upstream light guide is shown in Fig. 4.21. The sides of the cylinder will
be milled to form a wedge up to a radius of 36.55 ¢cm in the (7, ¢)-plane in order to fit into
the A¢ = 7.2° sector. The straight cylindrical parts will be longer in order to deliver light to
the area of B < 30 mT. Therefore at the nominal field B=5 T, the total length of the light
guide will be ~1.5 m.

The scintillator ends of the light guides will be further machined in order to form focusing

mirrors on the inner and outer surfaces, respectively. Such machining is also necessary to form
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Figure 4.20: The light transportation efficiency (vertical scale) of the “pyramid” light guide vs. the

length (horizontal scale) of the milled surface.
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a trapezoid at this end for coupling to the scintillator.

Figure 4.21: The design of the upstream light guide.

4.4.3 Downstream Light Guides

From the PMT-end, the light guide will match the circular photocathode of the PMT. There-
fore, the light guides will be manufactured from bent Acrylic rods of corresponding diameter.
From the opposite side, it has to match the trapezoidal cross section of the scintillator. In
addition, these light guides have a pitch of 45° relative to the scintillator to provide an im-
mediate opening for forward-going particles. Another complication is that these light guides
have to be bent twice by 45° and 90°, respectively.

The pilot design of the downstream light guide is shown in Fig. 4.22. The mirrors at the
scintillator end will be milled similarly to the upstream light guide. The minimum length of
this light guide will be ~1.6 m, provided the magnetic field at the PMT end will be <50 mT
at a nominal field B=5 T.

4.5 PMT Magnetic Shields

The main CTOF design is based on using ordinary PMTs coupled to the scintillators via
~1.5-m-long light guides of a complex design®. Our reference PMT is the 51-mm R2083 PMT

from Hamamatsu. It has a spherical photocathode in order to equalize the travel distances of

5We anticipate that at the final design stage, regular PMTs may be replaced with fine-mesh PMTs with
two times shorter light guides. These PMTs are insensitive to fields up to 5000 G.
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Figure 4.22: The design of the downstream 1-m long light guide.
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the primary photoelectrons and is quite similar to the Phillips XP4312 PMT, which is 76 mm
in diameter, hence it is less sensitive to magnetic fields. The XP4312 PMT was thoroughly
studied in 1993 by J. Flint and E. Smith as a candidate for the CLAS TOF detectors 6. It
manifests an additional time smearing of o = 30 ps at fields of 0.25-0.4 G at the photocathode,
which corresponds to an external field of 30 G, reduced by the 1-mm thick py-metal shield that
is 80 mm in diameter”. Since our PMT is similar in design, we can estimate that the maximum
field at the photocathode would be 0.2-0.4 G.

Two kinds of PMT shielding are possible in principle: passive and active shielding. Active
shielding means using a solenoid around the PMT to cancel the internal field. We do not plan
on using active shielding because, firstly, in our case, the fringe fields are not solenoidal, and
secondly, such shields would be more complex and more costly, and thirdly, it may be a source
of additional electronic noise.

With passive shielding, a diamagnetic superconducting cylinder could be used to block the
magnetic field inside the cylinder. Such shielding would be very complex and expensive, as
well as requiring cryogenics for cooling.

Therefore, we plan to study a traditional approach based on the properties of ferromag-
netic cylinders. In such shielding, the magnetic field lines are concentrated in the bulk of a
ferromagnet, reducing the fringe fields inside the cylinder. However, the efficiency of such
shielding at high fields is limited by the effect of saturation.

We plan to achieve field reduction to the 0.25-G level with a shield composed of three
concentric ferromagnetic cylinders. The important parameter in the CTOF design, is the
external diameter D, of the magnetic shield. This parameter is determined by the radial

coordinate 5y of the 50 adjacent shields:

T'50
D, =2———— =134.277 . 4.4
sin(3.6°) x50 (4.4)

The characteristics of the PMTs relevant to the design of the magnetic shields are given

in Table 4.5.

Here,

e D,,, - nominal diameter of the PMT;

6J. Flint and E. Smith, “Tests of Phillips XP4312/D1 PMTs in a Magnetic Field”, CLAS-Note-94-008.
"See the corresponding field map in Fig. 13 of CLAS-Note-94-008.
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PMT | Dy, | Sa | Lnm B, M | rs0 | Dgm | Lig B,
mm | mm? | mm G kg | mm mm G
R2083-u | 54 | 1662 | 120 | 0.25 | =5 | 826 | 88. | 1400 | < 500
R2083-d | — - - - ~10 | 1090 | 146.4 | 1600 | < 1000
H8500-u | 72 | 2400 | 15 | <500 | ~10 | 596 | 80.1 | 945 | 2000
H8500-d | — - - - ~10 | 890 | 119.5 | 945 | 3000

Table 4.5: Characteristics of the PMTs relevant to the CTOF magnetic shield design.

e S, - PMT sensitive area;

e [, - maximum length to protect against the magnetic field;

e B, - maximum tolerated field by the “naked” PMT;

e M - expected shield mass;

e 15 - radial coordinate according to the current design;

e D, - maximum possible diameter of the PMT shield via Eq.(4.4);
e L - shortest possible light guide length in current design;

e B, - magnetic field at the PMT location at the specified light guide length.

According to this table, the upstream R2083 PMTs have to withstand against a field
< 500 G, provided the light guide length is 1400 mm. In this case, the diameter of the
magnetic shield has to be below 88 mm. The downstream R2083 PMT meets a significantly
higher non-uniform magnetic field. Provided the downstream light guide length is 1600 mm,
the maximum field would be < 1000 G, while the magnetic shield diameter may be as high
as 146 mm.

The metal-channel H8500 PMT may operate at 200 G without magnetic shielding. How-
ever, with a powerful enough shield, both kinds of PMTs could operate at higher fields. In such
a situation, shorter light guides could be used, which would lead to an improved resolution.

R2083 PMTs will be used in the assembly H2431, enclosed into the 200-mm long, 0.8-mm

thick p-metal of 60 mm external diameter. However, we plan to change the H2431 design in
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order to arrange a overhang of 50-60 mm from the photocathode side. This is required for a

more efficient shielding design 8.

4.5.1 Ferromagnetic Shielding

In ferromagnetic shields, the field lines are concentrated in the bulk of the ferromagnetic,
thus reducing the fringe fields inside the protecting area. The problem with infinite hollow
ferromagnetic cylinders in uniform transverse magnetic fields may be solved analytically®, as
well as the problem of ellipsoids in axial fields. Therefore, the following practical formulas
are recommended by the Magnetic Shield Corporation for rough estimates of magnetic shield
parameters:

g; ~ M(Bm)DL+ ; Bn = Bo% ; "Oé)ilgm’
where S is the shielding factor of a cylinder, p(B,,) is the permeability as a function of the field

S = t =

(4.5)

B,, in the shielding material, B, is the external field, B;, is the field inside the ferromagnet,
t is the thickness of the shielding material, and D, is the external diameter of the cylinder.
For a set of separated coaxial cylinders, the shielding factor may be estimated as the product

of the individual factors.

Finite Element Analysis

Two external layers are the most important element for shield performance. Therefore, we
have analyzed a double-layer magnetic shield against 3000 G. The parameters of such a pilot
shield are listed in Table 4.6.

8The internal field drops significantly at a depth of one radius of the shield.
9See E. Smith, GlueX-doc-843.
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Cyl| B, | Dy | D_ t B, b S B;, Fm
n G | mm | mm | mm G G

3000 | 136 | 86 | 25 | 20000 | 600 40 80 Netic

2 80 84 | 80.8 | 1.6 | 5300 | 150000 | 2850 | 0.03 | Hiperm-49

Table 4.6: Two-layer shield design parameters. n - layer number starting from the external layer,
B, - external field, D, - external diameter, ¢ - ferromagnetic thickness from Eq.(4.5), B, - field in
the ferromagnetic from Eq.(4.5), u - permeability from the magnetization curve, S - shielding factor,

Biy, - field inside the shielding or the external field for a next layer, and F'm - ferromagnetic material.
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The result of the finite element analysis (FEA) calculations!® in a perpendicular field is
shown in Fig. 4.23. According to this plot, the minimum field inside the shield is 0.23 G, which
is 15 times higher than the naive estimate from Table 4.6. This means that the interaction

between layers is important and has to be analyzed via more advanced FEA calculations.
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Figure 4.23: Sample of a field map for the 2-layer PMT shield in the 3000 G external field. The
field in the center is 0.23 G.

In Fig. 4.24, the pilot design of a 3-layer shield is shown. A very high permeability Netic
will be used for the external layer. For the middle layer, Hiperm-49 may be used, since it
has higher permeability at lower fields. For the inner shielding, a very soft Co-Netic may be
considered. The dimensions will be further optimized via FEA calculations.

In Fig. 4.25 we show a sample of the shield performance in a 1000 G axial field. This field
map was obtained with the POISSON-Superfish program, which performs two-dimensional net
calculations in limited space. The boundary conditions applied enforced that the field lines
be parallel to the axis at the borders. An axial uniform field inside the area has been created
with a current running over a thin cylinder. The resulting field in the center is determined
to be 0.5 G. Further optimization is required in order to achieve 0.25 G in the region of the

PMT dynodes.

10Calculations were performed by the Mu-shield Company (D. Grilli).

319 CTOF



CLAS12 Technical Design Report Version 5.1 July 15, 2008

60.0

67.2
73.2

280

230

Figure 4.24: Pilot design of the PMT magnetic shield.
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Figure 4.25: Sample of a field map for the 3-layer PMT shield in the 1000 G external field. The
field in the center is 0.5 G.
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Hybrid Magnetic Shield with Compensating Coil

The inner magnetic field strongly depends on the ferromagnetic properties, which are very
sensitive to the fabrication technology. Therefore, we are looking for more robust protection
of the PMTs. For this purpose, we can consider use of a combination of passive and active
elements of shielding. In Fig. 4.26 we present the novel design of a magnetic shield with a
compensating coil inside the shield assembly. A small current on the order of 0.1 A running
through a 1-mm thick wire, is enough to reduce the inner PMT field to the desired values
below 0.1 G. The detailed magnetic field map inside the PMT is shown in Fig. 4.27. As seen
from this figure, the internal field is below 0.1 G, while the external field is 400 G.

The total current running through the compensating coil is &50 A, while the coil is ~200-
mm long. Thus it may contain 200 turns of 1-mm thick wire with a current of only 0.25 A.
Certainly, higher fields may be exterminated with a higher currents in the compensation
coil. Thus, hybrid magnetic shields are very promising. We plan further developments and

prototyping of this type of shielding.

4.6 Optical Tests of Acrylic

In our studies of Acrylic light guides [291, 292|, we have almost doubled the transmittance
of our 1-m-long Acrylic light guides, fashioning it as a pyramid at the scintillator side and as
a cylinder at the PMT end. In order to achieve the desired oror =~ 50 ps, a further ~50%
improvement of the light guide transmittance is necessary. Since the light guide geometry
is almost optimized, a sensible gain may be achieved via modest improvement of several
factors, e.g. we need shorter and more transparent Acrylic with better surface properties,
more reflective wrapping, and better coupling to the PMTs.

First we concentrated on the optical properties of commercial cast Acrylic rods, which are
of special interest for use as our light guides. Our primary motivation was a confusion with
manufacturer’s specifications for the Acrylic transparency. In their reference measurements,
the transparency (92%-94%) has been determined as a percentage of the radiance passed
through a ~3-mm thick Acrylic film. Thus surface reflections are included into the specified
numbers, which appears to be almost irrelevant to the bulk attenuation. Otherwise, the
attenuation length would be unrealistically low. Moreover, a better reflection from surfaces is

an advantage for light guiding. Hence, using the manufacturer’s specifications, one may even
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Figure 4.26: Hybrid magnetic shield for the R2083 PMT with the compensating coil wound around
the H2431 assembly. At in the 400 G external field, the inner PMT field is below 0.1 G.
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Figure 4.27: Hybrid magnetic shield for the R2083 PMT with the compensating solenoid around
the H2431 assembly in a 400 G external field. “Zoomed in” field map inside the PMT. The length of
arrows indicate the magnetic field. The maximum field, corresponding to the longest arrow, is 1 G.
As seen from this figure, in the region of the PMT photocathode at an axial coordinate of ~4 cm,

the field is 0.1 G.
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neglect what could be a good guiding material.

With this purpose, we have developed simple hand-held tools and methods for the express
evaluation of Acrylic optical properties. Such methods are very desirable for the detector
quality assurance during development and construction. We briefly describe these methods in

the following sections.

4.6.1 Practical Transmittance Measurements

We define the practical transmittance of Acrylic light guides as the ratio of the light guide
output radiation to the input radiation. These values are the main subject of our efforts, and
therefore, we need to measure it quickly and precisely, with an accuracy of ~1%. This allows

us to monitor all steps of development and fabrication.

A\
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Figure 4.28: Transmittance measurements. (1) Acrylic rod, (2) light source, (3) Acrylic piece, (4)

silicon photodetector, (5) Teflon film as a diffuser, (6) mount units, and (7) digital voltmeter.

We measure the practical transmittance in the following way (see Fig. 4.28). Diffuse light
is injected into the Acrylic rod (light guide) along its axis from one side. At the opposite end
we mount a IL1400 radiometer, which functions as a photodetector. In order to determine

the transmittance T we compare two measurements of the transmitted radiation R. The
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first value has been measured with a very short reference rod and the second value has been
measured with a long Acrylic rod. The difference between the two measurements is due to

the transmittance of the Acrylic light guide. This has been estimated as:

_ k()
 R(L)
where [, is the length of the long rod under test (141.5 cm), I is the length of the short rod

(4.6)

(2.52 cm), and R([) is the radiation measured with a sample of length I. We also determine

a more “practical” attenuation length A, using:

(ls B lw)
In(T) ’

assuming an exponential attenuation along the light guide.

Ay = (4.7)

For monitoring the luminosity we have developed a method based on precise measurements
of the consuming power. For this purpose we record the voltage and current of the light
source power supply. We observe a strong correlation between the precise voltage and the
radiometer’s readout. This correlation has been used to bring it to the same voltage, thus to
the same radiation power.

In our first tests, the surface of the Acrylic rod remained as it was processed at the factory.
We then had it polished and remeasured the transmittance. A sample of the measured radiance
vs. voltage is shown in Fig. 4.29.

From this figure we conclude that the practical transmittance of this Acrylic rod is 55.6%.
In order to test the reproducibility, we repeated measurements a second time and measured
58.8%. After changing to a stabilized power supply for the lamp, we measured 58.9%. Thus, we
have approached the desired ~1% level of accuracy in the transmittance measurement. Note
that re-polishing the Acrylic rod at the JLab mechanical shop resulted in slightly reduced

transmittance of 54.4%.

4.6.2 Bulk Attenuation Length and Surface Quality

We assume that attenuation of light in the bulk Acylic rod is proportional to the inhomogeneity
and foreign inclusions. That is the reason for a luminous line in the bulk Acylic irradiated with
a strong laser beam (=1 W). Therefore, we assume that one can estimate the light attenuation

length via precise measurement of the luminosity of this line.
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Figure 4.29: Practical transmittance measurements. Top panel: radiance of short reference sample.

Bottom panel: radiance of the Acrylic rod under test. Vertical axis: radiometer readout. Horizontal

axis: power supply voltage (V).
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Absolute Measurements

With a narrow laser beam one can determine the absolute value of the bulk attenuation length.
The setup and method is similar to that shown in Fig. 4.28. As in the former method, we
compare two successive measurements performed with short and long samples, respectively.
The only difference is that the laser beam is now axial. However, the sensitive area of the
111400 photodetector (1x1 cm?) is wide enough to cover the transmitted beam, which is just
slightly wider than the original beam at the same distance. The bulk attenuation length
was then determined using Eq.(4.7). The obtained values for various setups and monitoring

methods are listed in Table 4.7.

Light (nm) | Power Supply | Monitor | A (m)

Laser 475 ~3V light 5.4+0.7
Laser 532 ~3V light 5.5 £0.7
Laser 532 3.0V current | 6.7+ 0.2
Laser 532 3.0V current | 6.6 + 0.2

Table 4.7: Bulk attenuation length (A) of the reference Acrylic rod.

We have convinced ourselves that the measurements with a monitored voltage (current)
of the power supply are more reliable than monitoring of the laser luminosity. Therefore,
we determine the bulk attenuation length of the Acylic rods from our manufacturer as =~

6.65 = 0.5 m, from the last two lines of Table 4.7.

4.6.3 Relative Measurements

We have developed a simple express method for relative measurements of attenuation in Acylic
rods. For this purpose we detect the light scattered at large angles from the area exposed to
the laser beam. A special hand-held tool provides a certain acceptance for the radiometer. The
laser beam creates a luminous line across the rod. The radiometer reads the light scattered
in transverse directions; the surface is excluded from the acceptance. We have checked 2-in
rods from several distributors. The results are listed in Table 4.8.

The dispersal of the radiometer readout is significant. These values are calibrated in

units of attenuation length, as was described in the previous section. The samples vary in
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Purchased Technology Comment, Radiance A(m)
from status (nW /cm?)

Prof. Plastic-0 cast,1.41 m reference 17.7 | 6.65 4+ 0.2
Plast. Craft-1 cast,148 mm | pol. butt-ends 16.1 | 7.31 4+ 0.3
Plast. Craft-2 cast,153 mm | unpol.butt-ends 21.6 | 5.44+0.3
Plast. Craft-3 cast,200 mm | unpol.butt-ends 32.1 | 3.66 £0.2
KNU sample cast,205 mm | pol. butt-ends > 18.2 <6.1
McMaster-Carr Supp.Cmp. | extr.,400 mm | unpol. butt-ends 48.7 | 2.42+0.2

Table 4.8: Bulk attenuation length (A (532 nm)) of 2-in Acrylic rods from different manufacturers.

attenuation length!! by almost a factor of three. The 2-in Acylic rods from Professional Plastic
Inc. gives ~18 nW/cm? in our hand-held tool. This value will be our future reference. The
best readout (over the length) for the Acylic sample from South Korea is about the same.
However, this sample has numerous local inclusions separated by a few mm. These inclusions
manifest themselves as a reduced practical transmittance (A, ~1.5-2 m) of the sample. In
addition, due to the fact that this rod was machined (with a lathe) from a flat piece of Acylic,
its surface was damaged, perhaps to the depth of a few microns, which resulted in a hazy view
from the end of the rod.

We have selected Professional Plastic Inc. as our provider of Acylic for the CTOF project.

However, we plan further casting for better Acylic samples.

4.6.4 Surface Quality Measurements

We have developed an express method for estimating the quality of a polished surface. This
method is based on measuring the scattered light from the light guide surface illuminated
with a laser beam. A special hand-held tool provides a certain surface impact angle and
acceptance for the IL1400 radiometer. Note that in this case some part of the bulk scattered
light is also accepted by the radiometer. However, it may be subtracted from the readout.
The method has been calibrated with the reference Acrylic rod. The typical reference readout

of the IL1400 with this rod was 20 nW/cm?.

1 The readout values are calibrated in units of attenuation length as described in Section 4.6.2.
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Practical Transmittance After Polishing: Unfortunately, after we had the JLab me-
chanical shop polish our Acrylic samples, the surface readout increased by 50%. The scratches

on the polished surface indicate that this problem was caused by the environment in the shop.

Practical Transmittance After Painting with Lacquer: The technique of vapor pol-
ishing is very close to painting. Therefore, we have checked the effect of painting on the
practical transmittance of a previously buffed 20-cm long Acylic rod. The result is quite
confusing. The surface readout dropped almost by a factor of two after painting with Acylic
lacquer. The surface looks quite smooth. However, the practical transmittance of a 205-mm
long sample dropped by ~10%. The possible reasons for this unexpected effect are firstly, the
higher refractive index, secondly, surface cracks due to aggressive solvents, and thirdly, worse

transmission spectrum of the laser. All of this has to be carefully investigated in future.

4.6.5 Future Applications

We have developed express hand-held methods for measuring both the bulk and the surface
attenuation of light guides. Our basic assumption on the proportionality of the attenuation

to the scattering has to be verified. The developed methods allow us the following:

e to assure a proper attenuation length of Acylic in the light guides;
e to monitor the surface quality of light guides;

e to perform R&D for better light guide transmittance.
The immediate practical results of these methods include:

e we have selected the manufacturer of Acylic rods with the lowest attenuation;

e customer buffing does not necessarily improve the surface quality; other methods should

be used;

e manufacturer’s specifications should be interpreted with care.

We plan to use these methods for comparison of Acylic surfaces after ordinary buffing,

flame polishing, and, perhaps, vapor polishing.
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4.7 Studies with Monte Carlo Calculations

We have calculated the transport efficiency of the light guides using the code BARTIM de-
scribed in the Appendix of Ref. [295]. In this Monte Carlo program, a photon is either totally
internally reflected or reflected or refracted according to the Fresnel equations. Imperfections
on the surface are modeled by reducing the total internal reflection co-efficient, IR, below
100%. The light that escapes the scintillator (or light guide) is specularly reflected with the
appropriate reflection co-efficient R. The calculations were performed for the light guide con-
figuration shown in Fig. 4.17. The dimensions given in Figs. 4.21 and 4.22 for the upstream
and downstream light guides, respectively, were used. The beam was taken to be incident nor-
mally at the center of the scintillator. The transmission and loss of light at various positions

are tabulated in Table 4.9.

Percentage lost at a given position | Upstream | Downstream
Scintillator - light guide interface 5.9 16.9
Absorption (all sections) 20.7 16.8
Lost in straight sections 25.0 17.6
Lost in bends - 10.2
Lost at PMT 3.8 2.9
Transmitted 44.6 35.5

Table 4.9: Calculated values of the light guide transmission efficiency and losses for the two sides.

The parameters used in this calculation were R=0.9, IR=0.99, and a bulk attenuation
length of 4 m in the Acrylic. It was assumed that the wrapping was a radiant mirror film

VM-2000 from 3M as described and measured in Ref. [295].

4.7.1 Effect of Trapezoidal Shape of Scintillator on Light Propaga-
tion

The effect of the scintillator’s trapezoidal cross section was investigated. It was found that
only about 7.2% of the light generated in the center of the scintillator was lost, compared
with a rectangular scintillator bar. The sloped sides of the light guide, that allowed the 46-

mm cylinder to mesh with the smaller scintillator, may actually improve the light transport
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efficiency. It directs the light upward, which is needed to match the direction of the light
guide.

4.7.2 Effect of Coupling Angles Between Light Guides and Scintil-

lators

The effect of changing the pitch angle of the upstream light guide from 18° to 30° was in-
vestigated. The transmission varied by less than 1%. Varying the downstream angle is more

difficult as it would impinge on the forward acceptance. Therefore we did not investigate this.

4.7.3 Effect of Bending

The effect of varying the bend radius of the upstream light guide was examined. The radius
was varied from 10.0, 11.75, 13.3 to 14.3 cm. Surprisingly, the results were insensitive to the
radius of the bend. The smaller the radius, the smaller the losses in the bend, but this was
compensated for by increased losses in the straight sections, which were now longer. This
seems counterintuitive, but the bend radius appears to be sufficiently large that the losses are

dominated by the length of a given section.

4.7.4 Effect of Up and Down Mirrors of Light Guides

The effect of the angle and the quality of the polish, IR value, are shown in the top and bottom
panels of Fig. 4.30. There is a weak dependence on the lower angle, with a broad maximum
at about 9°. This angle was used in the calculations shown in Table 4.9. The dependence on
the upper angle is even weaker. We took it to be 9° also, but any angle between 7° and 15°

is acceptable.

4.7.5 Light Guide Transmission Efficiency vs. Refractive Index

We compared the light guide transmission efficiency for two materials — Acrylic (n=1.49)
and Lexan (n=1.58) — to estimate the benefit of using a more optically dense material for
the light guides. If we assume equal attenuation lengths, Lexan transmits 10% more light,
primarily by eliminating the losses at the scintillator — light guide interface. Unfortunately

the transparency of Lexan is about half that of Acrylic. Taking this into account, the Lexan
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Figure 4.30: Light transmission vs. 1). the “down mirror” orientation angle (left panel) and 2). the

reflectivity of the light guide surface (right panel).
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transmits only 93% of the light. However, we have to consider this option, keeping in mind

possible progress in the plastic industry.

4.7.6 Matching of the Light Guide to the PMT Entrance Window

The photocathode of the R2083 PMT is ~1-mm thick in the center. According to the in-
formation obtained from the Hamamatsu experts, the shape of the photocathode is a sphere
of 55 mm in radius with &~ 425° polar opening. On the other hand, the entrance window is
flat. Therefore, the distance between the flat end of the light guide and the photocathode
ranges from 1 mm in the center to 6 mm at the edge of the photocathode. That may cause
significant loss of light through the edges of the PMT entrance window. If the scintillator is
directly coupled to the PMT, 32% of the light output is lost. However after the light has been
transported through the light guide, the phase space has been restricted to mostly forward
angles. In this case the loss is only 8-9%.

4.7.7 Effect of the Photocathode Diameter

The number of reflections drops if the light guide has a larger diameter in its cylindrical
part. The downstream light guide was modeled with a 52.0-mm diameter light guide. This
transported about 6% more light to the PMT, but it was then lost. A larger diameter tube
could collect most of this light, giving a net gain in the signal.

Another possibility that we have investigated is the use of a reducing cone at the end
coupled to the PMT. The length of the cone was varied, keeping the overall length of the cone
plus the last straight section constant at 250 mm. In accordance with Fig. 4.20, the optimum
length of the cone was found to be about 50 mm. However this did not improve the light
guide transmission. Once again the extra light was lost at the PMT. (Note, the effect of the

curvature of the photocathode was taken into account in these calculations).

4.7.8 Effect of Light Guide Length

We investigated the effect of decreasing the light guide length by about 250 mm. This yields
a transport efficiency of 48.8% for the upstream light guide and 37.8% for the downstream
light guide. This is an &10% and 6% improvement over the numbers quoted in Table 4.9 for
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1-m long light guides, respectively. This result may be used for further estimations of longer

light guides.

4.7.9 Light Guides to Metal-Channel Photomultipliers

Finally, we investigated the possibility of using rectangular Hamamatsu metal-channel tubes
with shorter light guides. If a tandem of such PMTs and on-board preamplifiers can tolerate
magnetic fields up to ~0.3 T, then it may be placed closer to the scintillator.

A tube that might be suitable is the Hamamatsu H8500 that has a photocathode 49 x
49 mm?. The minimum light guide length is constrained by the requirement that the tubes
(52 x 52 mm? external size) are at a radius sufficient to provide clearance between the tubes.
This would be about 70 cm for the upstream light guide and 50 cm for the downstream one.

For preliminary estimations the light guides were taken to be straight guides 40-mm wide
by 47.5-mm thick. The transmission and loss of light at various positions are tabulated in
Table 4.10. The loss at the PMT was not estimated since the light guide is smaller than the
photocathode and the photocathode is flat.

Percentage lost at a given position | Upstream | Downstream
Scintillator - light guide interface 5.9 16.9
Absorption 15.9 10.4
Lost from sides 19.9 16.0
Lost at PMT N/A N/A
Transmitted 58.3 56.7

Table 4.10: Calculated values of the light guide transmission efficiency and losses for rectangular
light guides. The upstream side guide is 70-cm long angled at 22° and the downstream guide is 50-cm
long angled at 45°. There are no other bends in the light guides. The light guides are coupled to
rectangular Hamamatsu H8500 tubes 49 x 49 mm?. The light guides are 40-mm wide and 47.5-mm
thick.

This is a 30% and 58% increase in the light transmission efficiency, respectively, over the
results in Table 4.9. However these gains will be offset by the reduced photocathode efficiency
of a metal-channel tube, which is typically 20-22% vs. the 26-28% of regular tubes. However,
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there will be a net gain on the downstream side and the pulse height on the two ends will be

approximately equal.

4.8 Estimations of opop for Different CTOF Designs

According to Table 4.9, the light transport efficiency of an optimized straight light guide is
LTFE=44.6%. This value is in agreement with the previous experimentally determined value
44.2 + 4%. The LTE of the bent light guide is lower, 35.5% (see Table 4.9).

Using the previously measured oppr=77.9 ps (see Table 4.1), obtained with a symmetric
counter and 1-m long straight “pyramid” light guides, we can estimate the time-of-flight
resolution of optimized asymmetric counters in the following way. As was shown in Ref. [304]
for asymmetric light collection, the best timing is achieved by using a weighted average of the

two PMTs with o4 and opg respectively:

. (AO'A)2 + (BO'B)2
OTOF = \/ (A By ) (4.8)

where A and B are proportional to the pulse heights (amount of light) of the two tubes,
attached to straight (A) and bent (B) light guides, respectively. Note that A o LTE 4, as
well as B o« LTEpg. If we define f = A/B and opyr =04 = ﬁaB, then

f
= —— 4.9
OTOF OPMT 1-|-f ( )

Resolution with 1-m Long Light Guides: Using data from Table 4.9 we find:

A LTE,
B~ LTEg

Thus for an asymmetric counter with 1-m long light guides we estimate:

f=

= 44.6/35.5 = 1.256. (4.10)

OTOF = 0.746 x opMT = 0.746 x 77.9 ps = 58.1 ps, (411)

which is only 16% worse of the desired value 50 ps. However, that means that the amount of

light would have to be increased by a factor of 1.162=1.346.
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Resolution with 1.5-m Long Light Guides: If the total length of the light guides is
1.5 m, the amount of light will drop by ~22% (see Ref. 4.7.8), thus the resolution will be
~64 ps, which is 28% worse than the desired value. In this regard, we hope that improving
the surface quality up to IR-0.995 using cast Acylic for the light guides and wrapping them
with VM2000, may gain us a factor of ~1.2 in the number of photons at the PMT window.
Thus we may gain a total factor of ~1.17! in the resolution, i.e. o7or ~58 ps. In a pessimistic
scenario we may simply increase the thickness of the scintillator to 4 cm to get an additional

factor of ~ 1.1571.

Resolution with Metal-Channel PMTs H8500 and Light Guides: Below we consider
a counter with two H8500 MC PMTs viewing the scintillator via light guides 700 x 40 x 47 mm?
and 500 x 40 x 47 mm? in size. In this estimation we assumed that in direct contact to the
scintillator the resolution of the H8500 is the same as for the R2083. This is a reasonable
assumption since the timing characteristics of these PMTs are almost identical. The estimate
was done in the same way as above for the R2083 PMT, using the calculated parameters
of the light guides given in Table 4.10. The resulting estimate for oror ~49 ps is listed in
Table 4.11, row 5. Of course, we plan to measure the resolution of the H8500 PMT in the

environment of a high magnetic field.

4.9 Pilot Design with FM/MC Photomultipliers

In parallel we will develop the design with PMTs capable of operating in high magnetic fields.
In addition to measurements with fine-mesh PMTs, we plan to measure the time resolution
with metal-channel PMTs. Unlike fine-mesh PMTs, such photo-detectors are sensitive to
magnetic fields. However, the signal rise time of metal-channel PMTs is significantly shorter
compared to fine-mesh PMTs (0.8 ns vs. 2.7 ns). We plan to test H8500 PMTs, with a
magnetic shield, up to fields of 0.2 T, most probably with amplification to the PMT signals,
as was done in our studies with MCP PMTs.

In the low-field area of <0.3 T, fine-mesh/metal-channel PMTs may be used with light
guides <0.8-m long. In addition, their sensitive surface is wider (49 x 49 mm?), therefore an
expanding light guide may deliver more light to the photocathodes.

The pilot design, utilizing advantages of fine-mesh/metal-channel PMTs, is shown in
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RF reference Light
Counter design f | LTE,/LTE, % oror/ps deficiency
LG « LG factor
Pyr. ¢ Pyr. 1.00 | .44/.44 0.71 55 1.21
1 m, 2x R2083 ref. measur.
Pyr. <D Pyr. 1.25 | .446/.355 0.75 58 1.35
1 m, 2x R2083 estimate
Pyr. <D Pyr. 1.19 | .372/.313 0.737 63 1.58
1.5 m, 2x R2083 estimate
Bar <> Bar 1.03 | .583/.567 | 0.712 49 0.94
0.7 m, 2x H8500 estimate
MCP PMT+MCP PMT | 1. 1./1. 0.71 | 61 at 1.0 MHz 1.5
2x Burle 85011 50 at 0.1 MHz
CTOF counter 1.33 4/.3 0.76 60 1.4
(1.4m & 1.6m) estimate

Table 4.11: TOF resolution for different CTOF counter designs. The measured reference values

from lines 6, 9, and 10 of Table 4.1 were used to evaluate orop.
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Fig. 4.31. The scintillators are of the same shape as in the design with conventional R2083
PMTs. The upstream and downstream light guides, delivering light to the area of tolerable
magnetic fields are 86-cm and 50-cm long, respectively, with corresponding pitch angles of 21°

and 45°. These parameters provide room for the 50 adjacent H8500 PMTs at r ~55 cm.
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Figure 4.31: The design of the CLAS12 CTOF counter with H8500 PMTs from Hamamatsu. Acrylic
light guides may be rectangular in cross section at the photocathode (49 x 49 mm?). The length of
the upstream/downstream light guides is 863/441 mm, respectively. At the scintillator end, the light

guides and the Bicron-408 are trapezoids in cross section. Magnetic fields are shown with vectors.

The light guides will be rectangular in cross section at the PMT side for the metal-channel
H8500 PMTs. At the scintillator side, they will have a trapezoidal cross section of variable
size, which couples to the cross section of the scintillator at the corresponding end. Up to a
certain radius of ~39 cm, the light guides are in close contact to each other, thus forming a
body enclosed between two cones. Above this radius the light guides form a “fan”. Similar to
the light guides for the R2083 PMT design, they have “focusing mirrors” at the scintillator
side. These relatively short straight scintillators may be easily machined or casted. The
expected resolution (/49 ps) of counters with metal-channel PMTs is listed in Table 4.11.

In the design with fine-mesh PMTs, the light guides may be even shorter. We plan future
resolution tests with fine-mesh PMTs of large sensitive area, such as the R5924, instrumented

with realistic light guides.
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4.10 Pilot Design with Micro-Channel Plate PMTs

A general view of the pilot CLAS12 CTOF counter with 85011 MCP PMTs from Burle is
shown in Fig. 4.32. A detailed view is shown in Fig. 4.33. One multi-anode PMT is supposed

to convert the light from two scintillators, left and right.
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Figure 4.32: General view of the CLAS12 CTOF counter with Burle 85011 MCP PMTs. (1) Mirror
film, (2) two adjacent scintillators, and (3) Burle 85011 multi-anode assembly.

The outputs of the corresponding anodes will be assembled to produce a common signal for
each scintillator. The scintillators, Bicron-408, are machined with a trapezoidal cross section.
We note that the inner radius can be reduced in two different ways, provided that the sizes of
the PMT housings remain the same (72x 72 mm?). The first way is via implementing staggered
counters, as shown in Fig. 4.34. In this case r,,;,=206 mm, but the length of scintillators has
to be increased by 52 mm (the thickness of the 85011 PMT assembly). The second option is

to reduce the number of counters from 50 with 7,,;,=275 mm to 44 with r,,;,=250.4 mm.

4.11 Outlook

We have experimentally verified that the resolution of our test installation is mostly dictated
by the statistics of the primary photons. We have measured a reference resolution for the
setup of three counters with long light guides. With this reference value we have estimated
the time-of-flight resolution (relative to the RF signal of the accelerator) for different counter
designs. Estimations were done using Eq.(4.8) and Eq.(4.9). The resulting values are listed
in Table 4.11 together with the deficiency factors in the amount of light.
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1

Figure 4.34: Staggering the CTOF counters with Burle 85011 MCP PMTs.
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CTOF Counter with Conventional R2083 PMTs: For the current design with 1.3—
1.5m long light guides (row-7) the resolution is likely to be improved to the desired value
with better technology for the light guide production and further optimization of the design,
including bent and thicker scintillators (=4 cm). The desired increase of total transmittance
is about 40%, i.e. the transmittance has to be 50% and 60% for the downstream and upstream

light guides, respectively.

CTOF Counter with MCP PMTs: Recently we found a way to form a dense barrel
with MCP PMTs from Burle, or similar PMTs from Hamamatsu. The design with MCPs
looks promising. According to our recent measurements with Burle 85011 PMTs, the timing
resolution may be as good as 61 ps (see Table 4.11, row-6 ) at a 1 MHz rate. It may even be
as good as 50 ps at a 0.1 MHz rate. Thus this approach may be an alternative to the counters
with 1.5-m long light guides at fields below 1.5 T. In order to operate at higher fields, short
light guides (50 cm) have to be implemented, but in combination with the reduced QE, this
will have a significant adverse effect on the resolution.

The main disadvantage of MCP PMTs is that their counting rate capability is significantly
lower compared to ordinary PMTs. This is an effect of a positive charge, created by the
avalanche on the inner surface of the micro-channels, which leaks out slowly through the
resistive material of the micro-channel plate. This effect has been reduced with a combination
of a MCP PMT operating at low high voltage and a preamplifier [290]. We hope that progress
on the design with MCP PMTs may be achieved via further development of the on-board
preamplifier. In addition, a new MCP PMT from Burle with 10 and 5 /mum may be available
in the future. With their smaller capillaries, they may withstand higher magnetic fields and

higher counting rates.

CTOF Counter with Fine-Mesh/Metal-Channel PMTs: As seen from Table 4.11,
the design with the H8500 PMT (row-5) looks promising. We hope that the actual light
transmission efficiency will be better for light guides shaped as “pyramids” with focusing
mirrors. However, a strong magnetic shield is required in order to use 1-m long light guides.
We plan a further study of light guides with Monte Carlo simulations and Finite Element
Analysis of multi-layer magnetic shields.

The advantages of metal-channel PMTs are as follows: 3.5 times lower signal rise time
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compared to fine-mesh PMTs and higher counting rate capability compared to micro-channel
plate PMTs. We plan to make a CTOF counter prototype with magnetic field shielding and
perform resolution tests in magnetic fields <0.2 T.

Fine-mesh PMTs have an advantage of experimentally confirmed immunity of their time
resolution to magnetic fields up to 0.6 T [299]. However, due to 3.5 times longer signal rise
time, their resolution has to be worse. In the near future we plan to perform resolution tests
of fine-mesh R5924 PMTs as a component of a realistic CTOF counter with 0.8-m long light

guides.

4.12 Construction

The steps involved in the construction of the CTOF scintillators are listed below along with

general quality assurance guidelines.

1. Wrapping the light guides with reflecting & opaque materials: The reflecting
material will be procured in sheets of size 14" x 18’ x 65um. The sheets must be precisely
assembled to avoid gaps that could introduce light leaks. Sheets of Enhanced Specular
Reflector (ESR) from 3M-Vikuity will be glued to the inner surface of the opaque plastic
(Tedlar from DuPont). Therefore, the opaque plastic will be shipped with adhesive on

one side.

The thickness of the reflecting wrapping (65 pm) of the scintillators and light guides has
to be uniformly equal, otherwise the radius of the scintillating barrel becomes larger.

No double layers are allowed.

All wrapping materials must be handled with gloves to avoid deposits. A clean work
area should prevent dust and debris from adhering to the surfaces, especially to the
adhesive side of the opaque plastic. All wrapping steps must ensure that no wrinkles or

air pockets are introduced.

The bent part of the long light guides cannot be wrapped with the ESR sheets. Instead,
a narrow customer-made tape of ESR may be used for the helix-like wrapping. All seams
have to be at the outer surface of the cones formed by the light guides. The wrapping

has to stop at ~1 mm from the ends.
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2. Scintillators: The scintillators will be procured by EJ Technologies with diamond cut
surfaces according to our specifications. During the wrapping process care must be
taken that all seams are at the outer surface of the barrel, i.e. at the wide side of the

scintillator. All wrapping has to stop ~1 mm away from the ends.

3. Scintillating barrel mounting: Careful visual inspection of the rubber foam tape
that is being employed to protect the scintillators from direct contact to the metallic
backing structure. Also procedures must be carefully followed to be sure that any tape
employed has good adhesion to all contact surfaces. Sufficient measurements must be
made when positioning the scintillators on the support structure to ensure that all

alignment tolerances are met.

4. Boot attachment: Light tight boots must be attached prior to mounting the light
guides. The light tight boots must be individually inspected for holes, seams, and
proper joining. Any boots with noticeable defects should be discarded.

5. Mounting light guides to the supporting cones: Care must be taken to avoid any
damage to the light guides. The light guides will be spring-loaded along their axis in
order to provide good optical contact to the scintillators. This load has to be carefully
adjusted for each light guide after final assembly of the CTOF. Careful visual inspection
must be made of the rubber foam tape that is being employed to protect the light guides
from direct contact to the backing structures. Also procedures must be carefully followed

to be sure that any tape employed has good adhesion to all contact surfaces.

6. Optical contact: Procedures to eliminate air bubbles in the optical grease between the

scintillators and light guides must be followed.

7. Joining the barrel to the light guide cones: Care should be taken to ensure proper
orientation of the three parts in radius, azimuth, and the z direction. The stagger
structure of the scintillators and light guides must ensure precise compliance between
the scintillators and light guides. The final alignment will be guaranteed by conic flanges.

Prior to doing this, all optical contacts must be inspected.

8. PMT mounting: The PMT and magnetic shield will be first assembled together to

form a single unit. The PMT inside will be spring-loaded in the axial direction for good
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and gentle mechanical/optical contact to the light guide. These 100 units have to be
mounted on two supporting rings at the upstream and downstream ends of the CTOF.
Care must be taken to provide good optical contact with the light guides and to ensure
proper orientation along the axial axis. The units must be secured from any possible

future displacements under magnetic forces from the solenoid.

9. Workmanship: Accuracy in workmanship is very important as mishandling and poor
construction procedures can reduce the detector resolution noticeably. All measurements
have to be precise and all construction procedures and tolerances have to be rigidly

followed.

4.13 CTOF System Quality Assurance Procedures

This section provides a list of quality assurance (QA) steps prior to the construction of the

CTOF system.

Scintillators, light guides, and reflecting materials: Upon arrival of the scintillator
material and light guides from the manufacturer, all pieces should be visually inspected with
UV light for scratches, marks, and defects. All pieces should be measured for tolerances.
The light transmission efficiency of each light guide must be measured with a radiometer and
compared to the reference samples. Any product outside of acceptable size, light transmission,
or condition should be shipped back to the manufacturer. The all-plastic pieces have to be
packed properly for storage until the assembly period.

In all steps of handling the scintillators and light guides, white gloves and lab coats should
be worn. Wrapping with reflective films has to be performed in the clean room. Any naked
plastic should be covered if it needs to be left exposed for any period of time. The scintil-
lator material is very susceptible to damage from scratches, heat, cold, shock, and alcohol.
Care must be taken at each step of the construction process to monitor the environmental

conditions.

Magnetic shields and light guide handling: The PMTs and magnetic shielding are
susceptible to damage from shock, and care must be taken to handle them with care both

before and after they are mounted. Care must be taken to avoid any damage on the light
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guides and PMTs during handling and installation. The magnetic shielding has to be reliably
secured in order to avoid even small displacements due to magnetic forces induced by the
solenoid. The magnetic forces may be very strong and the forces applied to the magnetic

materials have to be estimated and taken into account.

Detector testing: HYV checks of the detectors should be performed and the dark current
should be measured for each PMT. Any measured dark current more than 100 nA is an
indication of a possible light leak. Attempts to find light leaks should continue to ensure that
the measured currents are the same in the testing area with the lights on and off. Light guide
transmission measurements should be performed on all light guides to ensure that they are

within specifications.

Installation: Quality assurance during installation must involve procedures for proper and
safe handling of the detector structures to be sure that they are not subject to any shocks
or stresses, as well as to ensure that support frames and lifting structures do not put any
stresses on the light guides, scintillators, or PMTS. Care must be taken so that the installation
procedure does not affect the integrity of the surface wrapping. Finally, procedures must be
followed regarding voltage and signal connections to the detectors to be sure that all cables
are labeled and sufficient strain-relief or slack is allowed so that no stresses are put on the

detectors or readout electronics.

4.14 Personnel Safety Issues
There are several important areas of personnel safety concern:

1. Chemical injury: The construction procedure involves the use of glues and epoxies
that can cause irritation if they come in contact with skin or eyes. Safety precautions
dictate the requirements to use gloves when mixing or handling glues, epoxies, or paints,

as well as appropriate eye protection.

2. Cutting tool injury: A sizeable number of construction tasks involve the use of scissors
and Exacto blades. Extreme care must be taken when undertaking activities using these

instruments to avoid personal injury and cuts.
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3. Fall protection: During construction the light guide and scintillator assemblies will
have to be handled and manipulated. Personnel protecting shoes and helmets must be
used when lifting or supporting loads. Operators will employ appropriate harnessing
and fall protection. Signage and personnel barriers will be installed to prevent trip and
fall hazards.

4. Magnetic fields: High magnetic field environments require that only non-magnetic
tools and hardware should be used for assembly in order to avoid potential damage to

the detector components or injuries to personnel.

4.15 CTOF System Safety Issues

The main areas of the detector safety concern are the following:

1. Grounding scheme - necessary to prevent electrical shock.

2. Elevated work areas - access to the CTOF system for installation and repairs will be via

man-lifts and crane lifts.

3. Staging and installation - special procedures will have to be detailed for the installation

of light guides and PMTs, as well as of the upstream and downstream assemblies.

4. Cable installation - floor grating will be removed and care should be taken to prevent

personnel injury and damage to unprotected cables.

5. Magnetic shielding - in addition to gravity, the force induced by a very high magnetic

field has to be taken into account in the design of the detector supports.

It is expected that the safety issues involved with this work involve low risk for personnel
injury or equipment damage, especially with the use of appropriately planned and supervised

work activities.

4.16 Conclusions

The development of the prototype detector is attributed to the Nuclear Physics Group of

Kyungpook National University. Two experienced researchers and four students are engaged in
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this R&D work. KNU provides infrastructure for this project: there are mechanical, computer,
and administrative services. Generous private workshops situated around the University are
available as well.

The R&D is done in connection with the Hall B staff physicists at JLab. The significant
support of the JLab Detector Group made it possible to perform resolution measurements
with a novel micro-channel plate PMT. Monte-Carlo simulations were performed at Bonner
Nuclear Laboratory at Rice University. A NIM paper and 5 CLAS-Notes describing the R&D
results have been completed.

The Korean Advanced Institute of Science and Technology will provide expertise and assis-
tance in testing the prototype counters in a magnetic-field environment. Test measurements
will be carried out at the 50-MeV proton beam of the M-50 cyclotron of Seoul University.
The approval for such measurements and the appropriate funding have been obtained. The
test measurements of the timing resolution in the magnetic field are scheduled to begin in the
second half of 2007. The results of these measurements will be the basis for the construction
of the first real counter, which will take place in the fall of 2008. However, prior to launching

this program, measurements with long light guides will be performed.
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Chapter 5

FTOF System

5.1 FTOF System Overview

The Forward Time-of-Flight System (FTOF) will be a major component of the CLAS12 forward
detector used to measure the time-of-flight of charged particles emerging from the target. The
average path length from the target to the FTOF counters will be roughly 650 cm. The re-
quirements for the FTOF system include excellent timing resolution for particle identification
and good segmentation for flexible triggering and prescaling options. The design parame-
ters were chosen to allow for separation of pions and kaons up to roughly 3 GeV. The most
energetic particles are produced at small angles. The system specifications call for a time
resolution of o70r=80 ps at the more forward angles of CLAS12 and 150 ps at angles larger
than 36°. The system must also be capable of operating in a high-rate environment. The
maximum counting rate occurs in the forward direction where, at an operating luminosity of
1 x 10% ecm~2s71, the average rate per scintillator is approximately 250 kHz.

The discriminated scintillator signals will be used in certain situations in the CLAS12 Level-
1 trigger. Therefore, the system must provide signals representing a uniform response with
adequate granularity to select particles reaching the detectors. The timing in the trigger hard-
ware will be limited by the flight time variations between fast particles (e.g. electrons) and
slow particles (e.g. protons), which can be as large as 50 ns. Therefore, precise timing infor-
mation will only be achieved in off-line software analysis using the momentum and position
measured with the drift chamber system.

The FTOF system will also be used for energy-loss measurements in specific instances.
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Pulse height information, being directly proportional to energy deposited, provides an inde-
pendent means for the identification of slow particles. In this regard, the flight time can
provide for a more accurate measurement of particle energy than magnetic analysis for slow
particles, where the effects of multiple scattering are the largest.

In order to meet the requirements for the tight timing resolution, the major considerations

in the design of the FTOF system are:

e Scintillator Size: The overall size of the system will demand careful consideration of
light collection in order to optimize the time resolution of the system. Also, the width
of each scintillator determines the granularity of the scattering angle definition in the

trigger.

e Geometry: The projected space behind the coils of the main CLAS12 torus is inactive
and therefore useful for locating the light guides, photomultiplier tubes (PMTs), voltage
dividers, and cables. The remaining area in the forward direction is the fiducial region

of the detector and must be covered with scintillator counters.

o Magnetic Field: The PMTs will have to be properly shielded from the stray magnetic
fields of the CLAS12 torus.

e (Crossing Tracks: Particle trajectories from the target can intersect adjacent TOF coun-
ters. Therefore light from both counters will have to be summed to optimize particle

identification in the data analysis.

Each component of the design must satisfy these design constraints and be optimized
against cost considerations.

In each sector of CLAS12, the FTOF system will be comprised of three sets of TOF counters,
referred to as panels (called panel-la, 1b, and 2), in each sector. Each panel consists of an
array of rectangular scintillators with a PMT on each end. Panel-1 refers to the sets of counters
located at forward angles (roughly 5° to 36°) (where the two panels are necessary to meet
the 80 ps resolution requirements) and panel-2 refers to the sets of counters located at larger
angles (roughly 36° to 45°). The positioning and attachment of the FTOF system panels to
the forward carriage of CLAS12 are shown in Fig. 5.1.

The panel-1 counters will consist of the current CLAS panel-1 TOF counters (called panel-

la) and a new set of panel-1 counters (called panel-1b). The existing panel-la counters
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Figure 5.1: View of the FTOF counters for CLAS12 highlighting the location of the panel-1 and

panel-2 counters. This figure was generated from our 3-D CAD model.

consist of 23 scintillators, each measuring 5.08-cm thick and 15-cm wide. The lengths of these
counters range from roughly 32 cm at the smallest scattering angles to roughly 375 cm at the
largest scattering angles. The scintillators are constructed from Bicron BC-408 and are read
out through short acrylic light guides to 2-in Thorn EMI-9954A PMTs. The new panel-1b
counters will consist of an array of 58 scintillators constructed from Bicron BC-404 scintillator
for the shorter counters and BC-408 for the longer counters, each 6-cm wide and 6-cm thick
with a range of lengths to match the panel-1a counters. This new panel will be mounted off
of the forward carriage in front of the existing panel-la counters. One sector of the FTOF
system highlighting the panel-1 counters is shown in Fig. 5.2. Note that the existing panel-
la arrays extend down to only 8° in the CLAS geometry. As the positioning of the forward
carriage in CLAS12 becomes finalized, we will then decide on the number, lengths, and widths
of additional scintillator bars to add at the small-angle apex of the panel-1a arrays to ensure
acceptance down to 5°.

The panel-2 counters will consist of the current CLAS panel-2 TOF counters, which include
11 22-cm wide, 5.08-cm thick scintillators in each sector. The length of these counters ranges

from roughly 370 cm to 430 cm. The scintillators are constructed from Bicron BC-408 and are
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Figure 5.2: View of the FTOF panel-1 counters for CLAS12 for one sector from the 3-D CAD model
of the detector.

read out through curved acrylic light guides to 3-in Philips XP4312B PMTs. These scintilla-
tors are included to give complete acceptance for outbending charged particles incident upon
the CLAS12 drift chambers. Monte Carlo simulations are currently underway to determine how
many of the panel-2 counters will need to be included in CLAS12 to match the acceptance of
the drift chamber system. Note that the exact number of the panel-2 counters that is required
depends directly on the final size of the Region 3 chambers (which is still being optimized).
Given the present design of the outermost CLAS12 drift chambers, it appears that no more
than 5 to 6 of the existing panel-2 counters will be required in each sector.

In the current CLAS detector, the panel-2 counters are mounted to the side carriages (called
the north and south clam shells). However, in the CLAS12 design these panels will be mounted
on the existing forward carriage. Work is presently underway to engineer and design the
supports and attachment scheme. A schematic representation of the layout of panel-1 and

panel-2 for a single sector of the existing CLAS TOF system is shown in Fig. 5.3.
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Figure 5.3: View of the forward TOF panel-1 and panel-2 scintillators for a single sector for the

existing CLAS TOF system.

5.2 Design Requirements

In CLAS12, operated with a maximum beam energy of roughly 11 GeV, forward-going charged
hadrons will have momenta up to roughly 5 - 6 GeV. Mounted in front of the FTOF system
will be the existing CLAS low threshold Cerenkov system. The planned radiator gas for this
system will be C4Fyq (perfluorobutane), as in the current detector system. This gas has an
index of refraction of n=1.00153, and thus a threshold for pion detection of roughly 2.6 GeV.
This threshold sets the momentum range where the FTOF system must be able to separate
kaons from pions. To separate pions from kaons up to 2.6 GeV and pions and kaons from
protons up to 5.6 GeV, a timing resolution of oror &80 ps has to be achieved for the panel-1
counters (see Fig. 5.4). This assumes a 4o difference in flight-time between the two particles
over a 650-cm path length and allows identification of a hadron species in the presence of
other hadrons with up to ten times higher rates.

The requirement of 80 ps for the FTOF timing resolution is expected to be achievable
for the panel-1 system with the planned design. The TOF counters from the existing CLAS
detector have a timing resolution of about 150 ps [305]. The new FTOF system is expected
to have an improved timing resolution relative to the existing TOF panel (panel-1a) by a
factor of \/ﬁ, or the square root of the ratio of the scintillator widths. Thus, due to the

improved light collection efficiency, the new TOF panel-1b should provide a timing resolution
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Figure 5.4: Time differences, At, between protons and pions, between protons and kaons, and
between kaons and pions (as indicated) over the 650-cm path length from the target to the FTOF
system. The horizontal lines indicate the 40 separation time differences for the panel-1b and panel-1a

counters.

of about 95 ps or less. The resolution expected from the two timing measurements in panel-1
is then expected to be oror = ((1/150 ps)? + (1/95 ps)?)~1/2 = 80 ps. Timing resolutions of
60 ps have been achieved with small scintillator counters [306]. For counters 200 cm in length,
prototypes have achieved a resolution of about 70 ps [307].

As with the design of the current CLAS TOF counters, the inactive components of the
detector for the FTOF system must be designed to fit fully within the projected space (the
shadow) behind the superconducting coils of the main torus. Therefore all light guides, PMTs,
voltage dividers, and cables have tight constraints on how much space they can take up.
Fig. 5.5 shows the shadow created by the main torus cryostats and drift chambers as projected
on the face of the FTOF system. This picture comes from our CAD model of the CLAS12
system for one particular design assumption for the drift chamber endplate design. The limits
of the shadow region are actually defined at the current time by the Region 2 drift chamber
system. While the Region 1 and Region 3 chambers have their endplates, on-board electronics,
and readout cables located in the shadow of the torus cryostats, the Region 2 chambers are
located fully between the cryostats. Thus the Region 2 endplates define the ultimate shadow
for the definition of the FTOF panel-1 inactive region. Fig. 5.6 shows the ¢ angle coverage
for each counter of the FTOF system.
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Figure 5.5: View of the projected shadow (in light yellow) created by the main torus cryostats and
drift chambers as projected on the face of the FTOF system (shown in orange and dark red).
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Figure 5.6: Calculation of the ¢ angle coverage of each counter in the FTOF system using the
nominal design for the FTOF system. The discontinuity in the ¢ coverage for panel-1b is due to the
use of shorter PMTs for the first six counters (97-mm long Hamamatsu R9779 PMTs), whereas the
larger angle counters employ slightly longer PMTs (131-mm long Photonis XP20D0B PMTs).
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5.3 FTOF System Description

The time-of-flight detectors provide an electronic signal for the data acquisition system, which
reflects the time a particle passes through the scintillator. Passing through the scintillator,
the particle ionizes the material and subsequently generates scintillation light; these photons
travel on various paths inside of the scintillator and the light guide, may get absorbed, reflected
(internally or on outer coatings), and ultimately impinge on the photocathode of the photo-
multiplier tube (PMT), producing a current of photoelectrons. In several stages this current
gets amplified within the PMT and is then available as an electronic output pulse. The pulse
finally passes through various components of the electronics system, including a discriminator
and a time-to-digital converter (TDC) for computer readout. These various processes influ-
ence and determine the total time resolution oropr. It is convenient to parameterize oror

with the following formula:

2 2
s, 01+ (opL/2)
oror \/UOJr N, exp(—L/2)) (5.1)

The parameters in this formula quantify the characteristics of the detector geometry and
components (i.e. scintillator, PMTs, and electronics). In particular, A is the attenuation length
of the scintillator and L its length; oy represents the intrinsic resolution of the electronics and
other processes that are independent of the light intensity, o1 models the jitter in the combined
single-photoelectron response of the scintillator and PMT, and op accounts for path length
variations in the light collection. Path length variations in the scintillator scale with the
distance from the source to the PMT, which we take to be half the length of the counter
(L/2), since the scintillators are read out at either side. The statistical behavior of the last
two terms is indicated by scaling the single-photoelectron responses by m, where N, is
the average number of photoelectrons seen by the PMT of a counter with an infinitely long
attenuation length. For scintillators that are several meters long, the dominant contribution
comes from transit time variations of photon paths in the scintillator. Parameters for the

present CLAS TOF system are given in Ref. [308].
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Figure 5.7: Expected time resolution for the existing panel-la counters (15-cm wide) with an as-
sumed intrinsic electronic resolution of 40 ps. Also shown are predictions for the new panel-1b
counters (6-cm wide) and for the combined panel-la and panel-1b counters. The arrow along the

bottom of the plot shows the range of scintillator lengths in the FTOF panel-1 counters.

5.3.1 Geometry

Fig. 5.7 illustrates how the detector size (width and length) affects the timing resolution.
As a guide to necessary improvements in the time resolution of the system, we scale the
parameterization of the CLAS system from the present 15-cm wide counters down to 6 ¢m in
width. An important consideration is a good match of the detector cross section to the size of
the PMT entrance window. How exactly the connection is optimized (e.g. with or without a
light guide), needs to be studied with Monte Carlo simulations and detector prototypes, which
are being built at the University of South Carolina. Preliminary results indicate that the best
time resolutions are obtained without light guides. Fig. 5.7 also shows how, by means of a

combined measurement from the two detector planes, one can improve on the time resolution.

5.3.2 Scintillation Material

The parameterization of orop is used to study the possible improvements in resolution based
on a trade-off between the decay time of the scintillator (o) and the number of photoelectrons

(Npe) arriving at the PMT, which depends on the attenuation length A. The bulk attenuation
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length and the scintillator decay times for three typical scintillators are listed in Table 5.1.
The actual value for the attenuation length in a given setup may differ and will be measured
on prototype detectors. In Fig. 5.8 the expected resolution is plotted as a function of counter
length for the three scintillators listed in Table 5.1. For the figure we have used bulk atten-
uation lengths for BC-404 and BC-418, while we have used the measured values for BC-408,
which is used in the current CLAS TOF system. The plot illustrates that the overall perfor-
mance of short counters, less than 200 ¢cm in length, is improved by the use of fast scintillators
with small decay times 7, whereas for long counters, the existing material BC-408 with its
larger attenuation length is the better choice. The final choice for the short FTOF counters
is an open question and will be explored experimentally.

The new scintillation counters, which are formed in a casting process against glass surfaces,
will be milled using a diamond-edge fly cutting technique on two sides of the counters and the
ends. This process has been shown to leave the surface typically flatter and smoother than
hand-polished surfaces. Costs associated with diamond-tooled finishes on all four sides of the
scintillator bar are significantly more than on two sides only. The technical representatives at
Saint-Gobain Crystals have indicated that scintillation bars with only two sides diamond-tool
finished and two casted against glass, perform better than bars with all four sides machined.
We will perform bench tests to verify these claims before making a final decision.

The geometry and materials for the interface between the scintillator and PMT, and the
wrapping material for the scintillator to provide for light-tightness and improved light col-
lection are important design parameters and will be studied on prototypes to provide for a

maximum of photoelectrons.

PMT (2") | Rise Time (ns)
Scintillator | Bulk (A\) (¢cm) | 7 (ns)

XP20D0B 2.5

BC-408 380 2.1
XP2020 1.5

BC-404 160 1.8
XP2020/UR 1.4

BC-418 100 1.4
R9779 1.8

Table 5.1: Attenuation lengths A and decay times 7 for various scintillators (left) and rise times
(right) for various photomultiplier tubes. The present CLAS TOF system utilizes BC-408 scintillator
coupled to 2-in Thorn EMI9954A PMTs (panel-1a) and 3-in Philips XP4312B PMTs (panel-2).
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Figure 5.8: Resolution for various scintillation materials showing the trade-off between attenuation
length and decay time. Estimates assume 6-cm wide scintillators and an intrinsic resolution of the
electronics of 40 ps. The arrow along the bottom of the plot shows the range of scintillator lengths

in the FTOF panel-1 counters.

5.3.3 Light Guides

Preliminary simulation studies indicate that the best time resolutions for the panel-1b counters
will be obtained without light guides since the number of photons entering the PMT window
is higher by a factor of two than with the best optimized light guide of non-zero length.
Eliminating the light guides altogether allows for long enough scintillators to cover the full

fiducial region given the constraints of the PMT, voltage divider, and cable sizes.

5.3.4 Photomultiplier Tubes

Prototypes have realized a timing resolution of 70 ps for 200-cm long detectors using Philips
XP2020/UR PMTs, which have 25% faster rise times than the more standard Philips XP2262
PMTs. This is achieved with an improved transit-time spread across the photocathode. PMTs
contribute to a large fraction of the total hardware costs for the FTOF system. Careful
prototyping of the detectors is therefore especially important for the selection of a specific
tube and voltage divider network, as, e.g., the XP2020/UR is about twice as expensive as

the XP2262. While we plan to perform detailed prototyping efforts to optimize the choice of
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components, we expect that a faster PMT will be required. In Table 5.1 we give the rise times
for various common tubes. Faster PMTs are available, but in practice should be matched to
the rise times of the combined scintillator-light guide system.

PMT performance must be carefully weighed against the tube geometry. An important
criterion for the new panel-1b counters is that they cover the same ¢ range as the drift
chambers. In other words, all of the inactive system elements must reside within the projected
shadow of the torus coils/drift chambers. Thus it is imperative to select a PMT model that
meets this requirement. The choice of the PMTSs for the panel-1b counter readout will employ
two different PMTs. For the first six counters, we will employ Hamamatsu R9779 PMTs (97-
mm long). For the remaining counters we will employ Photonis XP20D0B PMTs (131-mm
long). The design requirement to match the acceptances of the FTOF system to the drift
chambers is an important consideration. The coverage specification for the drift chambers is
to provide 50% ¢ coverage at #=>5°. This specification is only met for the FTOF system when
using the shorter PMTs. This ¢ coverage of the panel-1b counters with this design choice is
highlighted in Fig. 5.6. The final number of counters readout with the Hamamatsu PMTs
still needs to be finalized. The issue will be a compromise between the physics requirements
for large ¢ coverage at small polar angles and the increased costs of the Hamamatsu PMTs
compared to the Photonis PMTs. Also the timing specifications for the Hamamatsu PMTs
are slightly worse than for the Photonis PMTs. However, this is offset by the improved light

collection for the shorter counters.

5.3.5 Voltage Dividers

A schematic diagram of the high-voltage divider currently used for the CLAS TOF panel-1a
and panel-2 readout is shown in Fig. 5.9 [305]. For the panel-1b counters we are presently
planning on using the Photonis Imaging Systems VD127K/T transistorized hybrid voltage
divider as shown in Fig. 5.9. Each of these active dividers use high-voltage transistors to fix
the PMT gain by stabilizing the voltage and to protect the PMT against high light levels by
shutting down the circuit in an over-current situation.

The tube-base assembly for the current CLAS panel-la counters is shown in Fig. 5.10. In
order to allow the scintillator to span the maximum area of the detector, the PMT and voltage
divider are required to fit in the shadow of the main torus magnet. The same constraint will be

imposed on the tube-base assemblies for CLAS12. A design of this sort meets our requirements
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of an extremely compact design.
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Figure 5.9: (Left) Schematic diagram of the high-voltage divider for the EMI-9954A PMT used
for the current CLAS panel-1 readout. The last four stages of the divider are stabilized by high-
voltage FETs. (Right) Schematic diagram of the active Photonis VD127K/T dividers planned for

the panel-1b counters.

5.3.6 Assembly

Each scintillation counter will be individually wrapped, and assembled with two photomulti-
plier tubes, one at each end. The layers are shown in Fig. 5.11 for the existing panel-1a and
panel-2 counters. The outer coverings of the scintillator consist of two layers of aluminum foil,
one strip of 5-mil lead foil on the side facing the target, and finally, one layer of black Kapton.
The lead foil was included to shield the scintillators from background x-rays produced in the
target. This is the only extra material facing the target.

For the new panel-1b counters, studies are underway to decide on the final wrapping
materials, especially with regard to adding a thin lead sheet for x-ray absorption on the side
facing the target. Currently we plan on wrapping the counters in a single layer of metalized

mylar film and then a double layer of Tedlar PVF film for light tightness. Presently we are
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Figure 5.10: Side view of the PMT-base assembly mounted on the CLAS panel-1a TOF scintillators.
The compact design is required by space limitations in the detector for the 2-in PMT.

not planning to change the wrapping of the existing panel-1a and panel-2 counters as a cost

reduction measure.

Black Kapton (0.0094" thick)
Aluminum Foil (0.001" thick)

Optical fiber under
Kapton and through
both auminum layers
before glued to plastic

i

| BC-408 Scintillator |

Front Face Lead Fail (0.005" thick)

Figure 5.11: Cross section of counter wrapping for the existing CLAS panel-1a and panel-2 counters.
The UV-transmitting fiber is used for the laser calibration system. The lead foil is to absorb low-

energy background x-rays from the target.

After wrapping, each panel-1a and panel-2 scintillator was attached to a support structure,
light guides and photomultiplier tubes were glued in place, and an optical fiber installed for
the laser calibration system. Dymax 3-20262 UV-curing optical cement was used as a bond for
the light guide/scintillator interface, as well as the PMT/light guide interface. This approach
is also planned for the panel-1b counters.

The panel-1a and panel-2 counters are each supported individually by a composite sand-

wich structure of stainless steel skins on structural foam that is attached to the detector frame
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only at the two ends. The composite structure, which mounts on the scintillator side facing
away from the target, provides uniform material thickness to the scattered particles. The
support was undersized so the counters could be placed as close together as allowed by the

wrapping material. The assembly with support is shown in Fig. 5.12.

Fiber glue point

/Anglefor sector frame / Fiber Ioop_\
/

(a) ' - D —

\
\ Support /
structure

Foam tape spacer
& shock protection

Phototube Mounting
bracket

Lightguide Support structure

(b)

Scintillator (wrapped)
Figure 5.12: Counter and support assembly. a) Top view and enlarged end view of the panel-la

and panel-2 assemblies. b) Side view of the panel-2 mounting assembly.

The panel-1a counters were mounted on 1-in-thick supports to minimize the thickness of the
package from the standpoint of Coulomb multiple scattering and energy loss considerations.
The maximum deflection for the installed scintillators is 4.4 mm, as estimated from deflection
tests and the compound angle of each detector, which relieves the overall support requirements.
The space for the panel-2 counters allowed for 3-in-thick sandwich supports, which were
mechanically much stiffer and resulted in no appreciable deflection.

The mounting of the panel-1b counters in front of the existing panel-1a counters is being
designed to allow for minimal additional material in the active area of the detectors. Fig. 5.13
shows the current mounting plan for the panel-1 counters. Here the panel-1b counters will

be mounted on a triangular support frame very similar in design to that employed for the
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existing panel-1a counters. Side views of the panel-1 counters showing the individual support
frames is shown in Fig. 5.14. The support frames for the two panels in each sector will be
mounted to the forward carriage using legs that project through the gaps between the PCAL
and EC detectors.

Panel—:lb Support brackets

)
i)

==

Figure 5.13: Panel-1 counter support structure diagram showing the angle brackets used to attach

the counters in the different panels to their associated support frames.

5.3.7 Magnetic Shielding

The FTOF PMTs will be located roughly 650 ¢cm from the target in a local magnetic field
that should be less than 24 G (maximum that occurs in the axial direction with respect to
the PMT), given the field map for the current design of the CLAS12 torus. A magnetic shield
for the PMTs must be included to reduce both the axial and transverse components of the
field, especially near the photocathode. These conditions are similar to those of the PMTs in
the current CLAS TOF system. In the existing panel-la and panel-2 counters, the magnetic
shield consists of a cylinder made from 0.020-in thick py-metal, with the shield extending 2-in
beyond the front face of the PMT. For the panel-1b counters, we are planning on a design
that consists of a cylinder made from 1 to 2-mm thick p-metal, with the shield ending at the
front face of the PMT. The outside face of the cylinder will have a y-metal endcap to improve
the shielding against the axial field and the cable connections to the voltage divider (anode,
dynode, and high voltage) will be made through the shield. Detailed studies of these PMTs

will be carried out in various magnetic fields to optimize the final design of the magnetic
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Figure 5.14: Side views of the panel-1 counters in a single sector showing the panel-1a and panel-1b
counters mounted on their associated support frames. These figures were generated from our 3-D

CAD model.

shielding.

5.3.8 Laser Calibration System

A system of ultraviolet (UV) lasers is used to test and calibrate the existing CLAS TOF
counters. This system will continue to be employed and will be updated to include connections
to the new panel-1b counters. The UV light is delivered to the center of each scintillator via
a silica optical fiber. The fiber core diameter is 200 ym with a 240-pym cladding. The TDC
and ADC information from the laser pulses is then used to calibrate the overall timing and
pulse-height time-walk.

The calibration system consists of optical tables located near the counters. Each optical
table contains a Laser Photonics LN203C nitrogen laser operating at 337 nm enclosed in an
aluminum box for RF shielding and personnel safety. The laser beam is directed through an
opening in the aluminum enclosure to a series of optical and mechanical elements. The laser

beam first encounters a flat quartz plate that reflects a small fraction (=~ 4%) of the light
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back to a fast photodiode circuit that is used as a reference to time the laser to the TOF
scintillators. Most of the laser light passes through a variable neutral-density filter with a
dynamic range of 1:40. This filter can be used to attenuate the light over a range of values
suitable for measuring the time-walk correction of the scintillators. The filter is adjusted by
a remotely controlled stepping motor. Downstream of the filter, the beam is expanded by a
CTR 5x3 diffuser. The diffused beam incident on the fibers is uniform to within 30%. The
beam can then be partially intercepted by a “mask” controlled by a stepping motor. Several
different hole patterns along the “mask” can be positioned to illuminate various combinations
of fiber bundles. Each bundle consists of seven all-silica 100-um-diameter fibers (numerical
aperture is 0.22) that are 13-m long and distributed to the various scintillators. For the
panel-1a counters, there are 24 bundle ends that are arranged in a four-by-six rectangular

array behind the “mask” within an area of 3.0 cm?.
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Figure 5.15: Overall schematic of the electronics used in the current CLAS TOF system.

5.3.9 Electronics

The FTOF counters will generate prompt signals for the CLAS12 Level-1 trigger electronics, as

well as signals for pulse-height and timing analysis. The overall layout of the TOF electronics
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currently used in CLAS is shown in Fig. 5.15. In this design the PMT dynode pulses go
to a pretrigger circuit to generate the Level-1 trigger. Each PMT anode pulses go to a
LeCroy 1881M FASTBUS ADC and a CAEN VME 1190 pipeline TDC (100 ps LSB) for
readout. A simplified design using pipeline TDCs, flash ADCs (or pipeline ADCs), and
improved electronics for forming the trigger signals is planned for CLAS12 (see Fig. 5.16).
With the incorporation of the new ADCs, the miles of delay cables employed in the current
TOF system can be eliminated.

The intrinsic resolution of the electronics system (og) must be reduced and it has been
measured to be as small as 14 ps in various setups [309]. There are many contributions to this
term, and each electronic component will be chosen to insure that it meets our specifications.
In order to achieve the rate capability at a luminosity of 1 x 10%% cm~2s~!, a high-resolution
pipeline TDC will be used for the new panel-1b counters. These modules may be the com-
mercially available modules used for the readout of the existing CLAS TOF counters, or may
be electronics developed at JLab. For instance, the JLab Fast Electronics group is develop-

ing such a TDC based on the COMPASS F1 chip. Presently, we assume g = 40 ps in our
estimates in Figs. 5.7 and 5.8, limited by the resolution of the COMPASS F1 TDC chip.

hits

from FTOF PMTs

Level 1trigger
L1, readout

<

v
VME

Discriminators|
with built=in
scalers

Figure 5.16: Overall schematic of the electronics planned for the new CLAS12 FTOF system.

Cables

Fast timing of signals from the FTOF system requires cables with low signal distortion. Mea-

surements were made of the response of several types of coaxial cable for the existing CLAS
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TOF system, including RG-58, the usual cable for fast NIM electronics, RG-213, and Belden
9913, a low-loss semi-solid polyethylene cable. The lengths of the cables (~400 ns) were chosen
to match the time required to form a first-level trigger for CLAS. The response of the cables to
a NIM logic signal, -0.75 V and 10 ns duration, was measured, and the transmission of pulses
through the cable was simulated. Note that the cable dispersion in high quality Belden 9913
is approximately equal to the dispersion in standard RG-213 cable for the same delay because
the slower velocity in RG-213 (8 = 0.66) compared to Belden 9913 (8 = 0.84) compensates for
the larger attenuation. We plan to keep the Belden 9913 cable from the PMT dynode to the
trigger electronics and RG-213 from the anode to the ADC and discriminator for panels-1a
and 2. The faster trigger cables reduce the need for additional signal delay. Since the panel-1b
counters will typically not be in the trigger for CLAS12 electron runs, the preferred choice of
readout cable for the new panel-1b counters is to use short standard RG-58 cables to feed into

a nearby pipeline TDC and ADC readout system.

High-Voltage Supplies

The photomultipliers for the FTOF counters will operate at about 2000 V with negative
polarity. The maximum dark current drawn by the PMTs for the existing panel-1a counters
is about 20 nA and is about 30 nA for the panel-2 PMTs. The current CLAS TOF system is
powered by five LeCroy 1458 mainframes that can contain up to sixteen cards, each supplying
12 independent channels for a maximum of 192 channels per mainframe. This system will
be reused for the FTOF system, however due to the number of HV channels in the panel-1b
system, additional HV channels will have to be added to the system.

5.4 Simulations and Reconstruction

The FTOF system is being modeled within our GEANT4 Monte Carlo framework. Fig. 5.17
shows a representation of the counters in this model, including panel-1a, panel-1b, and panel-
2 in each sector of CLAS12. The output of the Monte Carlo are the ADC and TDC values
associated with the two ends of each counter where there is a hit, modeled with the appropriate
resolution expected for these detectors. At the current time, the coding for the full FTOF
reconstruction is being implemented in the Monte Carlo. Studies of the angular coverage

of the counters, particle identification vs. momentum, reconstruction for tracks that cross
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multiple counters, and the impacts of the panel support frames will be carried out in the near
future. However, even with the low-level ADC and TDC information currently available, we

can already gain some insight into the expected coverage and response of this system.

(a) (b)

Figure 5.17: Model of the FTOF system included in our GEANT3 Monte Carlo. (a). Perspective
view looking downstream of the six FTOF sectors divided into panel-la, 1b, and 2. (b) Close-up
view of (a) focussing in on a single sector. (c). View of the back of panel-la (looking upstream)

showing details of the definitions of panel-1a (pink) and panel-1b (green).

Fig. 5.18 shows the acceptance of the CLAS12 FTOF system in terms of ¢ and 6. Plots of
this sort serve to define the shadow region in terms of ¢ vs. 6 defined by the main torus cryostat

and the drift chamber system. In this shadow, all of the inactive components of the detectors
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must reside, including light guides, PMTs, voltage dividers, magnetic shielding, support frames
and structures, and cables. Fig. 5.18 shows the thrown particles in the simulation and the
particles reconstructed by the FTOF system. The final definition of the shadow region serves
to define the lengths of the new panel-1b counters as a function of polar angle, as well as the

number of required panel-2 counters.
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Figure 5.18: Preliminary GEANT4 Monte Carlo output showing the geometric coverage of the
panel-1b FTOF system in terms of € (deg) (UL) and ¢ (UR) (deg). Here the black curves are
the thrown events and the red curves are the reconstructed events. Also shown for panel-1b is the

reconstructed y-coordinate vs. z coordinate (m) (bottom) for the full FTOF system.

371 FTOF



CLAS12 Technical Design Report Version 5.1 July 15, 2008

5.5 FTOF System Quality Assurance Procedures

This section provides a list of quality assurance (QA) steps for the construction of the FTOF
system for CLAS12. The information given here is based on experience from construction of

the TOF system for the current CLAS detector system.

Scintillator Material: Upon arrival of the scintillator material from the manufacturer,
all scintillator should be unwrapped and inspected with UV light for scratches, marks, and
defects. All pieces should be measured for tolerances. Any plastic outside of acceptable size,

clarity, or condition should be shipped back to the manufacturer.

Scintillator Handling: In all steps of handling the scintillator material, white gloves and
lab coats should be worn. Whenever possible, observe clean room-like procedures. Naked
plastic should be covered if it needs to be left exposed for any period of time. The scintillator
material is very susceptible to damage from scratches, heat, cold, and shock. Care must be
taken at each step of the construction process to monitor the environmental conditions and

to be sure that the detectors and materials are handled with care.

Workmanship: Accuracy in workmanship is very important as mishandling and poor con-
struction procedures can reduce the detector resolution noticeably. All measurements have to

be precise and all construction procedures and tolerances have to be rigidly followed.

Construction Steps: The steps involved in the construction of the FTOF scintillators are

listed below along with general QA guidelines.

e Preparation of wrapping layers: The dimensions of the wrapping materials must be
precise to avoid any gaps that could cause local efficiency problems or introduce light
leaks. Proper cutting implements must be employed with sharp blades always in use.
All wrapping materials must be handled using gloves to avoid surface deposits. A clean
work area is required to avoid any debris adhering to the surface. Finally all wrapping

steps must ensure smooth material finishes to ensure optimal resolution.

e Fiber preparation and gluing: Fibers must be cut so that the ends are perfectly flat.
Any ridges in these fibers will give rise to a surface for reflections that could impact the

calibrations. Also the cut ends must be properly polished and cleaned. Care must be
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taken when gluing the fibers into position to ensure that no glue gets on the ends of the
fibers. Care in handling and routing of the fibers is required to ensure that they are not

bent in such a manner that they could crack or break.

e Wrapping: Strict procedures must be followed when wrapping the aluminum and Tedlar
about the scintillator material. The wrapping materials and the tape employed tend to
curl or wrinkle when under stress. When smoothing the materials during the wrapping
process care must be taken not to rip the materials or introduce scratches in the material

layers or the scintillator itself.

e Support structure preparation and mounting: Careful visual inspection must be em-
ployed of any tape that is being employed to attach the counters to the backing struc-
ture to be sure it is free from defects. Also procedures must be followed carefully to
be sure that any tape employed has good adhesion to all contact surfaces. Sufficient
measurements must be made when positioning the scintillators on the support structure

to ensure that all alignment tolerances are met.

e Mounting the PMTs: Care must be taken to ensure that instructions for mixing epoxy
used to attach the PMTs are precisely followed. Procedures to eliminate or reduce air

bubbles in the epoxy must also be followed.

PMT Handling: The PMTs are susceptible to damage from shock and care must be taken
to handle them with care both before and after they are mounted. In addition, care must be

taken to avoid any scratches on the PMT face during handling and installation.

Detector Testing: HV checks of the detectors should be performed and the dark current
should be measured for each PMT. Any measured dark current more than 100 nA is an
indication of a possible light leak or bad PMT. Attempts to find light leaks should continue to
ensure that the measured currents are the same in the testing area with lights on and lights
off. Attenuation length measurements should be performed on selected detectors to ensure

that they are within the manufacturers stated specifications.

Installation: Quality assurance during installation must involve procedures for proper and

safe handling of the detector structures to be sure that they are not subject to any shocks or
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stresses, as well as to ensure that support frames and lifting structures do not put any stresses
on the detector, the light guides, or the PMTs. Care must be taken that the installation
procedure does not affect the integrity of the surface wrapping. Finally, procedures must be
followed regarding voltage and signal connections to the detectors to be sure that all cables
are labeled and sufficient strain-relief or slack is allowed for so no stresses are put on the

detectors or readout electronics.

5.6 FTOF System Safety Issues

During construction there are three important areas of safety concern. These include:

e The construction procedure involves the use of glue, epoxy, and paints that can cause
irritation if they come in contact with skin or eyes. Safety precautions dictate the
requirements to use gloves when mixing or handling glues, epoxies, or paints, as well as

appropriate eye protection.

e A sizeable number of construction tasks involve use of scissors and Exacto blades. Ex-
treme care must be taken when undertaking activities using these instruments to avoid

personal injury and cuts.

e During construction the scintillator bars and scintillator assemblies will have to be han-
dled and manipulated. Care must be taken when lifting or supporting loads to avoid

personal injury.

There are four main areas of safety concern for installation and operation of the FTOF

system. These include:
e Grounding scheme - necessary to prevent electrical shock.

e Elevated work areas - access to the FTOF system for installation and repairs will be via

man-lifts. Operators will employ appropriate harnessing and fall protection.

e Staging and installation - special procedures will have to be detailed for the installation

of these large and heavy detector panels.

e Cable installation - floor grating will be removed and signage and personnel barriers will

be installed to prevent trip and fall hazards.
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It is expected that the safety issues involved with this work involve low risk for personnel
injury or equipment damage, especially with the use of appropriately planned and supervised

work activities.

5.7 Collaboration

The design, prototyping, and construction of the FTOF system is the primary responsibility
of the University of South Carolina and Jefferson Laboratory. USC is currently in the stage of
R&D to optimize the design of the panel-1b counters and to demonstrate that the combined

panel-la/panel-1b system will meet the design specification of 80 ps timing resolution.
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Chapter 6

Pre-Shower Calorimeter

6.1 Overview and Physics Requirements

The primary goal of experiments using the CLAS12 detector at energies up to 11 GeV is the
study of internal nucleon dynamics by accessing the nucleon’s generalized parton distributions
(GPDs). This is accomplished through the measurement of deeply virtual Compton scatter-
ing (DVCS), deeply virtual meson production (DVMP), and single spin asymmetries (SSA).
Towards this end, the detector has been tuned for studies of exclusive and semi-inclusive
reactions in a wide kinematic range.

The CLAS12 program of experiments goes further than just GPDs and includes experi-
ments such as the space-time characteristics of hadronization. Detection of 7s and K's is
important to complement the measurements of nuclear attenuation seen for charged pions and
kaons. These experiments depend on the ability to detect neutral and charged pions at high
momentum.

Copious amounts of high-energy particles, both charged and neutral, will be produced
at experiments to be done at CLAS12. Electromagnetic calorimeters for the CLAS12 detector
should have sufficient radiation length to absorb the full energy of the electromagnetic showers
produced by high-energy electrons and photons. High-energy neutral pions present a challenge
as well, as they decay immediately into two photons with an opening angle that decreases as the
7% momentum increases. Unless there is sufficient position resolution in the electromagnetic
calorimeter of the CLAS12 detector, the two photons from 7° decay could be seen as a single

high-energy photon.
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The separation of single high-energy photons from the photons of 7° decay is very impor-
tant to the deeply virtual Compton scattering (DVCS) experiments that represents a major
physics program planned for CLAS12. A single high-energy photon is produced in the re-
action ep — epy and the largest background to this process is from single 7° production,
ep — epm’. Clearly, good m° detection is crucial to separate these two processes. In addition,
direct 7% production complements the DVCS measurements by accessing GPDs at low and
high momentum transfer |¢|.

Simulations have shown that the existing electromagnetic calorimeter (EC) of CLAS [310]
will not be able to absorb the full energy of the electromagnetic showers produced by electrons
and photons with momenta above 5 GeV. The leakage from the back of the calorimeter will
diminish the energy resolution, see Fig. 6.1a. For the simple kinematics of 7° decay, above
a momentum of 5.5 GeV the opening angle of the decay photons becomes too small to be
resolved with the existing EC system, which is at a distance of about 6 m from the target.
The readout segmentation of the EC is only ~10 cm. Simulations with the GEANT software
for the CLAS12 geometry show that these pions would be seen as a single cluster (i.e., one

photon) by the event reconstruction software, see Fig. 6.1b.
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Figure 6.1: Performance of the EC at high energies. a) The energy resolution of the EC as a function
of the inverse square root of energy. b) The efficiency of reconstruction of two clusters from 7% decay
photons as a function of pion momentum, filled red squares. The open symbols correspond to the

probability that a single cluster is reconstructed with the same energy as the simulated pion.

To reconstruct the energy of high-energy showering particles and to separate high-energy
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7% and photons, a pre-shower detector (PCAL), with finer granularity, will be built and
installed in front of the current EC. The PCAL will have a similar geometry as the current
EC. It will consist of a lead-scintillator sandwich with three stereo readout planes. Initial
simulations have shown [311, 312] that 15 layers of 1-cm thick scintillator layers, segmented
into 4.5-cm wide strips, sandwiched between lead sheets of 2.2-mm thickness, corresponds to
about 5.5 radiation lengths, and will be sufficient to address issues arising at high energies.
In summary, accurate reconstruction of high-energy electromagnetic showers and detection
of 7%, and in particular the ability to distinguish single high-energy photons from the two-
photon clusters from 7° decay, is essential to the experimental program using the CLAS12
detector at high energies that will be part of the GPD program. Efficient detection of high-

%5 is also needed for a variety of other CLAS12 proposals. The physics dictates

momentum 7
the need for a pre-shower calorimeter to be placed in front of the existing EC. Simulations
show that good 7 identification can be obtained with full coverage of the EC front surface.
In addition to the improved performance in the reconstruction of electromagnetic showers, the
increase of the overall scintillator thickness in the CLAS12 forward electromagnetic calorimeters

will increase the detection efficiency for neutrons.

6.2 Conceptual Design

The design parameters of the PCAL were established using the full GEANT simulations of
the PCAL-EC system. As a tool, a modified GEANT simulation computer program for the
CLAS detector was used. The PCAL was positioned in front of the current EC as shown in
Fig. 6.2. These studies are described in detail in Refs. [311, 312] and are summarized below.
The mechanical design depends on the number of scintillator-lead layers, on the angular
coverage of the PCAL, and on the size of the readout segmentation. These parameters were
determined by the physics requirements for the detection and identification of high-energy
electrons, photons, and 7%s via 27 decay.

Initial simulations were carried out with 15 layers of lead and scintillator (similar to the
inner part of the EC), using 35-mm wide segmentation for the scintillator layers, corresponding
to about 108 readout channels in each stereo view. FEvents were generated in a uniform
distribution of 7% and photon events at the target with momenta up to 12 GeV. Reconstruction

of clusters was done using the standard cluster reconstruction algorithm of the EC, but applied
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Figure 6.2: Particle ID detector package of the CLAS12 forward region. The low threshold Cerenkov
counter is shown in magenta, two layers of FTOF counters are shown in green and yellow, the PCAL

is shown in red, and the EC in blue.

to both the PCAL and EC. As shown in Fig. 6.3, the combined PCAL and EC system retains
good energy resolution, o ~ 0.1v/E, and a constant efficiency for two-cluster reconstruction
up to the highest momenta.

Keeping the number of layers at 15, the width of the readout segments (strips) was varied
from 35 mm (108 channels) up to 60 mm (65 channels). In Fig. 6.4a, the two-cluster recon-
struction efficiency is presented for different strip widths. The magenta points correspond to
a 60-mm strip width, the blue points are for 50-mm segmentation, the green points for 43-mm
strip width, and the red points are for 35-mm width. The efficiency decreases with energy for
wider strips, but remains reasonably high if the strip size is kept at less than 50 mm.

Other simulations were performed using 9 or 12 layers in the PCAL design, clearly showing
a loss of two-cluster reconstruction efficiency. In Fig. 6.4b, the two-cluster reconstruction
efficiency is shown as a function of 7° momentum for 9 (red), 12 (green), and 15 (blue) layers.
Clearly, the 15 layer configuration has the highest efficiency. The reduced efficiency in the

other cases is mainly due to insufficient radiation thickness for high-energy photons to convert
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Figure 6.3: Performance of the combined PCAL-EC detector at high energies, shown with blue
points. a) The energy resolution of the CLAS12 electromagnetic calorimetry system as a function of
the inverse square root of energy. b) The efficiency of reconstruction of two clusters from 79 decay
photons as a function of pion momentum. Red symbols correspond to the EC performance presented

in Fig. 6.1.

and deposit sufficient energy for the shower to be detected. Simulations were repeated for the
12-layer case, by doubling the thickness of the first 3 layers of lead. This configuration had
a comparable two-cluster reconstruction efficiency as the original 15-layer design, but poorer
energy resolution.

Additional simulations were performed using variable segmentation of the scintillator lay-
ers. Keeping constant the total number of readout channels per sector, it was found that
the maximum efficiency can be obtained if half of each stereo layer is equipped with 45-mm
wide strips and half with 90-mm wide strips (double-strip readout). The triangular stereo
layers overlap such that there is always a region with 45-mm wide strips in one of the stereo
layers, as shown in Fig. 6.5. There is only a small loss of two-cluster efficiency at the highest
momenta for this geometry compared with 45-mm wide strips in all stereo layers, see Fig. 6.6.
It should be noted that at forward angles (short U-strips), where most of the high-energy 7’s
are produced, all three stereo readout views have small readout segmentation.

The proposed design of the PCAL covers the full angular range of the EC. The PCAL
has 15 scintillator and 14 lead layers, confined between two endplates. A variable width of

the readout segmentation will be used to minimize the number of readout channels, while

380 Pre-shower Calorimeter



CLAS12 Technical Design Report Version 5.1 July 15, 2008

® generated at ©=24°-27° and ¢=-3°-3°

= generated at ©=24°-27° and 6=-3°-3°

1 simuftion with EC andf‘r’el-.sh.ov‘ver HH | ! HH#P[}HHHH} H |;e Hov;erm\;v;tm&
Lol .Hﬁﬁﬁﬁﬂ-- .J‘HWH!#[HHHJ Fost {*MHHH 'WWHHIHIHHW JH e
% i }}# }hlﬂrﬂﬁ E i ”{* *HIHHHH#H{ 3 modules
Tod | t B
2[4 g o
?0.4-— } S 04r |
Y (@) ol (b)

Ll
0 2 4 6 8 10 12 14
7" momentum (GeV/c)

© momentum (GeV/c)

Figure 6.4: Performance of different configurations of the PCAL. a) The reconstruction efficiency
for two clusters from 7% decay photons as a function of pion momentum for different readout seg-
mentation. The magenta points correspond to 60-mm strip width, the blue points are for 50-mm
segmentation, the green points for 43-mm strip width, and the red points are for 35-mm width. b)
The reconstruction efficiency for two clusters for different numbers of scintillator-lead layers. The red

points correspond to a 9-layer configuration, the green points are for 12 layers, and the blue points

are for 15 layers.

retaining sufficient resolution for the separation of close clusters. It is proposed to use 45-
mm segmentation for the short strips in U, and for the long strips in the V' and W stereo
readout planes, at least half of the height of the layer. For the remaining part, 90-mm wide
segmentation can be used (two strips). The total number of readout channels will be limited

to 192 per sector.

6.3 Mechanical Design

Experience gained in the design and construction of the CLAS electromagnetic calorimeters,
followed by 10 years of successful operation of these detectors, forms the basis of the PCAL
design. A calorimeter of sampling structure with lead as the radiator and scintillator as the
active medium is an economical way of covering a large detection area. The triangular shape
of the EC with sides of order of 4.5 m in length, matches well the forward-angle acceptance

of CLAS12. In the EC, three stereo readout planes were used, segmented into 36 transverse
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Figure 6.5: Variable segmentation for different stereo readout planes (U, V, and W). There is

always a region with single strip (45-mm segmentation) readout in one of the stereo layers.

stacks and into two longitudinal parts. The calorimeter showed good performance in terms
of energy and position reconstruction of showering particles. The proposed geometry of the
PCAL is similar to the geometry of the existing EC, however the mechanical design will have
a few essential differences.

The 15 layers of the PCAL will have all the same size, i.e. no pointing geometry as in the
EC. This will simplify the design of the container, including the individual elements inside,
and the assembly process. The triangular boxes will contain scintillators, lead, and support
elements, and will have 1.5-in thick aluminum side walls and two composite endplates. The
endplates will be constructed from 2-in thick composite foam, sandwiched between 2-mm thick
stainless steel sheets connected with aluminum bars. Initial FEA calculations showed that
the deflection of the plates is less than 1.5 mm in the center in the installed position [313],
see Fig. 6.7.

Light from the scintillator strips will be transported to a photo-detector via wavelength-
shifting fibers embedded in grooves on the surface of the scintillator strips. There will be no
need for optical connections inside the box. This will allow for use of simple bars to secure

the scintillator and lead layers in place inside the box, see Fig. 6.8. Spacers will be used to
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Figure 6.6: Various combinations of 45-mm and 90-mm readout segmentation. For the black his-
togram only 45-mm readout is used, amounting to a total of 258 channels per sector. The other
histograms correspond to cases when part of the layer was read out in 90-mm segments, keeping the

total number of channels to 192 per sector.

position the scintillators and lead sheets inside the box within 1-2 mm tolerances.

The fibers will be brought to the outside via feedthroughs in the side walls. There will be
only a few feedthroughs, spaced along each side of the triangle. Fibers from several scintillator
strips will be routed to a single feedthrough inside the box and will be spread out to the PMT
adapters on the outside. There will be shelves mounted along the side walls at the level of
the backplate that will hold adapters for the fiber-PMT connections. The shelves for the two
sides will be located in the space between neighboring sectors to allow access to PMTs from
the forward carriage (from behind the EC), see Fig. 6.9. For the side perpendicular to the
beam direction, the location and the length of the shelves will be defined by the space free
from the mounting arms of the low threshold Cerenkov counter. There will be thin aluminum

covers along the shelves to make the PCAL container light tight.
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Figure 6.7: FEA simulation of the endplate deflection in the position of the PCAL in CLAS12 Sector
2. The maximum deflection with 2-in thick Rohacell foam sandwiched between 2-mm thick stainless

steel sheets is less than 1.5 mm.
6.4 Signal Readout and Triggering

The electrical connections of the PCAL PMTs will be as follows: the voltage dividers for
the PCAL PMTs will have high voltage (HV) as input and the anode signal as an output.
Each PMT will be furnished with a separately regulated HV power source. The charge and
the time of the anode signals for each PMT will be measured using a flash ADC (FADC)
and a multi-hit TDC (MTDC), respectively. The PMT anode signal will be sent to a splitter
through about 15 m of RG-58 cable, with approximately a 1 : 3 split. The larger portion of
the split, ~75%, will be sent to a discriminator input. Outputs from the discriminator will
feed the MTDC and a scaler. The second output of the splitter, ~25% of the signal, will
go to the FADC. The PCAL will be included in the trigger system of CLAS12. The trigger
signals from the PCAL modules will be formed using the fast readout of the FADCs and the
FPGA programming of the mainframe controller. This type of trigger organization will allow
for more sophisticated and robust trigger configurations compared to the total energy sum
trigger configuration that is available in the current CLAS detector.

The energy uniformity of the calorimeter response is one of the important aspects in the

configuration of the trigger system. The response of the PCAL to electromagnetic energy
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Figure 6.8: View of the opening of one PCAL sector. Three subsequent scintillator layers have

strips oriented parallel to one of the sides of the triangle.

deposited in the scintillator material across the calorimeter front face depends upon several
factors. Assuming that the same amount of energy deposited in the scintillator generates
the same amount of light in the scintillating fibers independent of the position across the
calorimeter, the light attenuation along in the fiber remains the major factor that determines
the PMT response for a given scintillator stack in the U, V, and W views. A typical light
attenuation length for green fibers is Ly = 300 - 400 cm. Depending upon the X — Y position
at the calorimeter face, the light may travel up to nearly 500 cm before it reaches the pho-
tomultiplier. Therefore, the signal may be attenuated by a factor of ~4 when reaching the
PMT photo-cathode. Therefore the response of the individual U, V', or W stacks can vary by
large factors, making the response highly non-uniform. However, the triangular structure of
the PCAL with nearly equal side lengths, and with the scintillators oriented approximately
120° relative to each other, reduces this non-uniformity drastically when the signals from all
strips are added together. In fact, in the case of linear attenuation, the sum of the signals

from the U, V, and W strips is independent of the X — Y position at the calorimeter face.
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Figure 6.9: Six sector view of the PCAL. The PMTs are shown in red and magenta. The PMTs for
two sides are aligned along the openings between the sectors. On the third side, the side perpendicular
to the beam direction, the PMTs will occupy the space along the side where no fixtures for mounting

other detectors exist.

However, in a more realistic case, the signal drops like an exponential function of the distance,
ie. I(L) = Iy x exp(—L/Lg), where L is the distance along the fiber from where the signal
was generated. Adding all signals up will generate significantly higher sums (~40%) at the
edges and corners of the calorimeter than in the center. While this effect can be corrected
in the offline analysis, it could, however, significantly bias the calorimeter response towards
lower energy deposition near the edges when used in a total energy trigger. To avoid this
non-uniformity, the PCAL response can be made more uniform by giving lower weight factors
to the shorter strips than to the longer strips in the trigger logic using the FADCs and the
FPGA programming. The non-uniformity can be reduced to a few percent across the entire

PCAL face.
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6.5 Prototyping and Component Testing

The design goals for the PCAL detailed in the previous sections are based on the proposed
geometry for CLAS12, the combined performance of the PCAL, the existing EC for CLAS12,
and experience gained from the construction followed by 10 years of successful operation of
the EC [310]. In addition, several factors have established the preliminary design. These

principle considerations include:

e Comparable geometric coverage for the PCAL with respect to the EC;
e Good resolution/calorimetry coverage for up to 10 GeV photons and electrons;

e Improved particle identification ability to enhance final state reconstruction at higher

energies;
e Information on the longitudinal shower development for e/7 discrimination;
e Fast calorimeter response for use in the Level-1 trigger;
e Sufficient position information to resolve 70 — y~;
e Compatibility with the present EC and other CLAS components;
e Mechanical stability;
e Mechanical support viability;

e Constructibility (reasonable facilities, manpower and resources to assemble the detec-

tors);

e Reasonable options for testing components in order to establish PCAL operational pa-

rameters.

In the construction of the existing EC system, the components were carefully character-
ized (e.g. scintillator attenuation, light transmission, photo-electron efficiencies). Calibration
procedures were developed and continue to be improved to update the relevant properties
(e.g. PMT gains and pedestal). This information has been used to construct algorithms for
extracting particle identification, particle position, and particle energy [314]. An EC elec-

tronic sum is available as part of the current trigger options for CLAS and has proven to be
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essential for limiting the amount of recorded data, while identifying useful final states. The
calorimeter has operated reliably, providing critical information on reaction final states, with
sound performance in terms of maintenance and stability. The mechanical structures for the
calorimeter movement and support work well. Thus part of the PCAL design has been based
on the existing EC.

To match the above goals, a lead-scintillator sampling calorimeter with a wavelength shift-
ing fiber readout was chosen. Scintillator light readout systems with embedded fibers are well
known. This technique was used, for example, in the MINOS FAR, detector [315], and many
other “tile” calorimeters.

The main design features of the PCAL are:

e Triangular shape with sides of order 4.0 m in length;
e Sampling structure with Pb as the radiator and scintillator as the active medium;

— Lead 2.2 mm (available sheets) [simulation verifies this choice of sheet depth];
— Scintillator strips:

x Scintillator 10-mm longitudinal depth;
* Strip width will be important in determining position resolution;

*x Simulation suggests that 4.5-cm width is adequate to reach required position

resolution;

x U, V,and W readout;
e Light readout needs to reach several photo-electrons/MeV of deposited energy;
e Components need to be combined to reduce the required number of PMTs;

o Wavelength-shifting fibers are the chosen method for light collection.

Component testing was primarily focused on finding the components that did not com-

promise the design goals, while minimizing costs. Tests were conducted to find the optimal:

o Wavelength-shifting fibers;

e Photomultiplier tubes;
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e Number of fibers per strip;
e Grooved scintillators;

e Glue that binds fibers and scintillators and improves optical properties.

Tests were also designed to characterize combinations of components in terms of the num-
ber photo-electrons/MeV and to verify the expected attenuation lengths for the scintillator
and the fiber.

For these test measurements, several different types of scintillator, wavelength-shifting
fibers (WLS - single and multi-clad), and PMTs were studied, see Table 6.1. Extruded scin-
tillators from Fermilab (FNAL) and Kharkov, as well as commercial scintillators from Eljen
were compared on the basis of light yield and cost. The FNAL and Kharkov strips are grooved
during the extrusion by the die [316, 317], whereas the grooves for the Eljen scintillators were
machined by the manufacturer. The grooves provide insets for the WLS fibers. The fibers
are held in place by either a UV-cured glue or an epoxy. Light absorption by the fiber is
influenced by the optical properties of the glue. Preliminary results indicate that an optical
epoxy is adequate, both in terms of bonding and light transmission. The more expensive
UV-cured optical glues were used during these tests. The FNAL and Kharkov scintillator
strips were coated with a reflective material (1-mm titanium dioxide, excluding the inside
surface of grooves) to improve light collection. Tests on the Eljen scintillator were done with
and without an additional aluminized-mylar surface. The Hamamatsu R1450-13 and R6095
PMTs were tested because of their high quantum efficiency at 500 nm. R1450-13 and R6095
PMTs were chosen with QE > 18 and >16% at 500 nm and studied as possible options.
Light yield measurements were done with Kuraray 1.5-mm and 2-mm diameter Y11 fibers to
determine the dependence of the light yield on the fiber diameter. Finally, a sufficient sample

of scintillator-WLSF-PMT combinations was studied to determine the optimal combination.

6.5.1 Setup

Measurements were performed in the semi-clean room in the EEL building at JLab using a 4-
m long dark box (see Fig. 6.10). The box was instrumented with a moving cart. In Fig. 6.11,
a schematic view of the setup is shown. Scintillator strips with fibers were secured inside

the box. The trigger PMT was attached directly to the end of the scintillator strip through
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PMT Type Photo-cathode | # of stages
Hamamatsu R7899EG 25 mm 10
R1450-13 19 mm 10
R6095 28 mm 11
ElectronTubes 9124B 30 mm 11
Photonis XP1912 19 mm 10
XP2802 19 mm 10
WLS fibers Type Diameter Cladding
Kuraray Y11 2 mm Single
Y11 1.5 mm Single
Y11 1 mm Single
Y11 1 mm Multi
Bicron BC-91A 1 mm Single
BC-92 1 mm Single
Scintillators Type Cross section | # of grooves
Eljen Tech. EJ-204 3 x 1 cm? 4
EJ-204 3 x 1 cm? No grooves
FNAL MINOS 4 x 1 cm? 1
Amcrys-Plast, Kharkov 2.6 x 1 cm? 2
2.6 x 1 cm? 3

Table 6.1: Pre-shower calorimeter readout components used in the test.

an acrylic light guide. For the scintillator-light guide and the light guide-PMT connections,
Bicron BC-630 optical grease was used.

WLS fibers were glued inside the scintillator grooves using Dymax UV-curable optical glue
OP-52. The fibers were extended about 40 cm from the end of the scintillator in order to
connect to the photo-cathode of a test PMT. The test PMT was installed inside a plastic
housing, a tube with p-metal shielding inside. The housing tube had two end-caps, one
with connectors for the HV and signal cables, and the another with an adapter for the fiber

connection [318]. To secure the fiber on the photo-cathode of the test PMT, several plastic
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Figure 6.10: Picture of the dark box. The moveable cart is mounted on rails.
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Figure 6.11: Schematic view of the setup for the light yield measurements.

adapters were built with thin metallic tubes as inserts. The inner diameter of the tubes was
chosen to have a tight fit for the fibers. The tubes were aligned along the axis of the PMT and
guided the fibers in the direction perpendicular to the photo-cathode. Bicron BC-630 optical
grease was used between the fiber and the photo-cathode for good optical contact.

The readout electronics of the system consisted of a LeCroy 1881M ADC and a Philips
704 discriminator. As a gate for the ADC, the discriminated pulse from the trigger PMT was
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used. Signals of the test and the trigger PMTs were delayed and connected to the ADC inputs,
see Fig. 6.11. The ADC information was read out using the standard CLAS data acquisition
(DAQ) software.

6.5.2 Determination of the Number of Photo-electrons

For the analysis of the photo-electron statistics, the method developed in Ref. [319] was used.
Each ADC spectrum was fit with a sum of a Poisson distribution, P;(IN,), convoluted with
a Gaussian function, C;(n.,). Poisson distributions describe the photo-electron distribution,
while the Gaussians are used to describe the PMT response. The predicted ADC spectrum

for a given average number of photo-electrons will be:

A = C-ZR-(Npe)xCi(nch) (6.1)

Pi(Npe) = # (6.2)
Ci(nen) = - 1\/{ - exp <_(nch — (a;l-f.—\(;é_; 1)- ao))2> . (6.3)

In eq.(6.1), the summation goes over the possible number of photo-electrons in the spec-

trum, ¢. The coefficient c is for the overall normalization and NV, is the average number of
photo-electrons. In eq.(6.3), n., is the pedestal-subtracted ADC channel number. The pa-
rameters a; and o; are the position and the standard deviation of the single photo-electron
peak in units of ADC channel. aq is the distance between two adjacent photo-electron peaks
in units of ADC channel (not necessarily equal to a;). The fit parameters were ¢, N, and ay.

The parameters a; and o, were defined from fits to a single photo-electron distribution for
each of the test PMTs. Two examples of single photo-electron peaks are shown in Fig. 6.12.
The left plot shows the response of the Photonis XP2802 PMT as the light intensity is lowered.
The right graph shows a single photo-electron peak for the Hamamatsu R6095 PMT.

6.5.3 Determination of the Absolute Light Yield

Since the measurements were carried out with a S-source, the amount of energy deposited for

a given event will vary significantly. Most of the measurements were done with a *Sr source

that provided a 2.3-MeV /3 based on the decay °Sr — 0.546 MeV3~ +°Y — 2.28 MeVj3 ™.
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Figure 6.12: (Left) ADC distribution of the XP2802 PMT corresponding to a few and single photo-
electrons. (Right) Fit to the single photo-electron distribution of the Hamamatsu R6095 PMT. The
fit was done using the sum of two Gaussians, one for the ADC pedestal and a second one for the

single photo-electron distribution.

The measured responses will, however, depend on the part of the 5 spectrum that was selected
by the trigger PMT. A typical spectrum is shown in Fig. 6.13. To reduce the systematics due
to variations in the trigger conditions and to estimate the deposited energy, events from the
endpoint of the § spectrum (~2 MeV) were used in the comparisons. The endpoint was
identified by increasing the trigger threshold until the average N, remained constant. In
Fig. 6.14, fits to the ADC distributions of the Hamamatsu R7899EG and R6095 PMTs for
different trigger settings (ADC channel 550 to 600) are presented. The dependence of N,
on the trigger PMT ADC channel is shown in Fig. 6.15. As one would expect, the number
of photo-electrons increases with increasing trigger ADC channel and flattens out at the end.
The number of photo-electrons at the endpoint was taken as the light yield corresponding to

a ~2 MeV energy deposition.
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Figure 6.13: ADC spectra of the trigger and test PMTs. The test PMT ADC distributions for
different slices of the trigger PMT ADC were fitted to get the photo-electron statistics.

6.5.4 Light Yield with Single-Fiber Readout

Studies of the PMT response were performed with the same FNAL scintillator and the single-
clad 1-mm diameter Y11 WLS fiber (WLSF). Sample results are shown in Fig. 6.16. The
response was extrapolated to the endpoint energy by increasing the trigger thresholds. All of
the fits show the expected flattening at the end of the spectrum. The tabulated yields (see
Table 6.2) are based on the endpoint extrapolation to ~2 MeV energy deposition.

The Hamamatsu R7899EG (green extended photo-cathode) PMT has the highest light
yield, followed by the Hamamatsu R6095 PMT with ~26% fewer photo-electrons. The other
PMTs, the PHOTONIS XP2902, the ElectronTubes 9124B, and the Hamamatsu R1450, did

not perform as well.
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Figure 6.14: Fit to the ADC spectra of the Hamamatsu R7899EG and R6095 PMTs with eq.(6.2).
The spectra correspond to the trigger PMT ADC channels 550 to 600.

PMT || R7899EG | R6095 | XP2802 | R1450 | 9124B
N, 10.3 7.6 7.3 6.5 | 4.7
ON,e 0.53 057 | 039 | 017 | 0.14
2 1.7 092 | 1.16 | 1.23 | 0.7

Table 6.2: The number of photo-electrons for different PMTs corresponding to a 2 MeV energy

deposition in the FNAL extruded scintillator with one groove. Readout employed a 1-mm diameter,

single-clad Y11 WLS fiber.

Comparison of the scintillators was done using an R6095 PMT. All of the strips had a

1-mm, single-clad Y11 fiber glued in the groove on the surface of the strip. The EJ204

scintillator did not have a reflective coating, therefore two measurements with and without
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Figure 6.15: Dependence of Ny, on the trigger PMT ADC channel. The closed squares are Ny, for
the R7899EG PMT and the open squares are for the R6095 PMT. The solid line curve is the x?2
distribution for the fit to the spectra of the R7899EG PMT.

wrapping were done. The results are tabulated in Table 6.3 and are shown in Fig. 6.17. The
FNAL extruded scintillator showed the highest light yield.

FNAL | Eljen | Eljen | Kharkov
wrapped
Npe 7.6 2.5 5.7 6.8
O Npe 0.57 | 0.55 0.33 0.23
X2 0.92 | 1.08 1.1 1.02

Table 6.3: The number of photo-electrons for 2 MeV of energy deposition in different scintillator
strips. Readout was with 1-mm, single-clad Y11 WLS fibers and an R6095 PMT.

The candidate WLS fibers were studied. Different fiber types and fiber diameters were
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Figure 6.16: Dependence of Ny, on the trigger PMT ADC channel. The closed squares are Np, for
R7899EG (red), R6095 (black), XP2802 (blue), and R1450 (green) PMTs. The open squares are the

x? distributions for the fits (in the same color coding).

glued into the FNAL scintillator strip and the photo-electron statistics were measured with
the Hamamatsu R7899EG PMT. The relative light yield for different fibers is presented in
Fig. 6.18. The light yield for the Bicron G92 fiber is not presented because it was too low
(not a surprise since G92 is designed to have a fast response time and has a small attenuation
length).

The number of photo-electrons was observed to increase with the diameter of the fiber.
A 1.5-mm fiber has ~25% more light than a 1-mm diameter fiber, and a 2-mm fiber has
~40% more light. The light yield is also higher for multi-clad fibers compared to single-clad
by about 20%. Bicron G91A 1-mm diameter, single-clad fiber has about 10% less light yield
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Figure 6.17: Dependence of Ny, on the trigger PMT ADC channel. The closed squares are Np,
for the FNAL extruded scintillator strip (red), Kharkov extruded scintillator strip (green), and the
Eljen diamond-cut strip (blue). Note that the FNAL and Kharkov scintillator strips have a reflective

coating, while the Eljen scintillator was wrapped only in aluminized mylar.

than Kuraray 1.0-mm, single-clad Y11 fiber.

6.5.5 More Measurements

Additional measurements have been performed to check the systematics of the results. The
same scintillator-WLSF-PMT combinations were measured at several settings. Results from
different measurements were consistent to within a few percent. One of the major sources of
uncertainty is the determination of the single photo-electron peak position and the Gaussian
width for a given PMT. Therefore, measurements for one PMT but several different voltages

were performed. In Fig. 6.19, the dependence in the measured number of photo-electrons vs.
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Figure 6.18: Light yield for different WLS fiber readout relative to 1-mm diameter, single-clad Y11
fiber. In all cases, the fibers were glued to the FNAL extruded fiber and the Hamamatsu R7899
PMT was used for the readout.

the trigger PMT response for different HV settings is shown. The maximum difference in the
estimated number of photo-electrons for the extrapolated end point is <10%.

Measurements were made with cosmic ray muons in order to verify the above results. The
light yield for the R6095 PMT with FNAL scintillator and 1-mm diameter single-clad Y11
fibers was determined. As a gate for the ADC, the coincidence of the trigger PMT and the
scintillator counter positioned above the scintillator strip was used. The counter had 1-cm
thick, 1.5 x 4 cm? scintillator. A fit to the test PMT spectrum, selected with a cut on the
trigger PMT ADC in the range of MIP energy deposition, yielded ~9 photo-electrons. There is
a difference of ~20% compared to the number of photo-electrons obtained with the °°Sr source
(~2 MeV energy deposition). This difference can be explained by the fact that in the cosmic
setup, the average path of particles is >1 cm. Also the energy loss in the 1-mm titanium
dioxide coating would lower the g energy deposited, but it would not influence the cosmic ray

muon energy deposition. More precise measurements of the absolute photo-electron yield will
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Figure 6.19: Light yield for the Hamamatsu R6095 PMT operated at different HV settings. The
blue squares correspond to 800 V, the red squares are at 850 V, and the green squares are at 900 V.

The open squares correspond to the x? distributions of the fits.

be done with a box prototype (see below).

6.5.6 Multiple Fiber Readout

In the final design of the PCAL, each scintillator strip will be read out with three WLS green
fibers embedded in the grooves on the surface of the scintillator strip. To estimate the expected
light yield for the three fiber readout, the Amcrys-Plast, Kharkov extruded scintillator strips
with three grooves were used with Kuraray 1-mm diameter, single-clad Y11 fibers. In Fig. 6.20,
the light yield dependences on the trigger PMT ADC bin center are shown for one, two, and
three fiber readout. The source (*°Sr) position was unchanged during these measurements.

As one can see, the number of photo-electrons is proportional to the number of fibers. In the
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figure the open squares represent the x? distribution for the fit to the two fiber readout case.
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Figure 6.20: Dependence of N, on the trigger PMT ADC channel for one (closed squares),
two (closed upward triangles), and three (closed downward triangles) WLS fiber readout from the
Kharkov scintillator strip with three grooves on the surface. The source was °Sr and the readout
PMT was the R6095. The open squares represent the x? distributions for the fit to the two fiber

readout case.

The source position dependence was studied using three fiber readout. The source was
moved on the surface of the strip from one side to the other, and the measurements of the
light yield were performed at four points. The results are shown in Fig. 6.21. No dependence
on the position of the source is observed. However, it should be noted that the multi-fiber
readout and the position dependence should be checked with the final strip geometry since the
Kharkov scintillators are only 2.63-cm wide, while for the pre-shower, 4.5-cm wide scintillators

will be used.
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Figure 6.21: Dependence of N, on the trigger PMT ADC channel for the three fiber readout of
the Kharkov three-groove scintillator strip. Different color symbols correspond to different position

of the ?OSr source. For light readout, the R6095 PMT was used.

6.5.7 Summary of the Test Measurements

The light yield for several different types of scintillator strips, WLS green fibers, and PMTs
was measured. The purpose of these measurements was to select the best combination of the
scintillator-WLSF-PMT based on the performance and price. Systematic uncertainties of the
relative light yield measurements of different combinations of scintillator-WLSF-PMT were
<10%. For the absolute light yield, the estimated systematic uncertainty was ~20%.

The best results were obtained with the FNAL extruded scintillator, Kuraray Y11 fibers,
and the Hamamatsu R7899EG PMT. The Hamamatsu R6095 PMT, selected with QE >16%
at 500 nm, showed only ~25% less light yield, while in price it is about 33% times less
expensive. Multi-clad fiber readout showed ~20% more light than single-clad fiber readout,
but it is about 35% more expensive.

Based on the measurement results and the available price estimates, the choice for the
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pre-shower will be: the FNAL extruded scintillator, Kuraray 1-mm diameter, single-clad Y11
fiber, and the Hamamatsu R6095 PMT, selected with QE >16% at 500 nm. It should be
noted that by the performance and price, extruded scintillators from Amcrys-Plast, Kharkov
(Ukraine), Bicron G91A wavelength-shifting fibers, and the Hamamatsu R1450 PMT, selected
to have >18% quantum efficiency at 500 nm, were not too far from the best choice set and

generally meet the requirements for the pre-shower.

Component Optimal Choice

WLS Fiber Kuraray 1-mm diameter, single clad WLS fiber (Y11)
PMT Hamamatsu R6095 PMT, selected with QE >16% at 500 nm

Scintillator FNAL extruded scintillator

Table 6.4: Final choice for the pre-shower calorimeter components.
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6.5.8 Prototype of the PCAL Module

A small-size prototype has been designed and constructed from existing materials. The cross
section of the prototype has a rectangular shape and is on the order of 30 cm. The prototype
contains 15 layers of scintillator and 14 layers of lead. Top and side views of this prototype
are shown in Fig. 6.22. The scintillator layers were read out on three sides (X1, Y, X2),
so as to mimic the final (UVW) readout planned for the PCALL. In each view there were
five readout strips channels. The scintillator and lead layers were stacked using horizontal
supports to secure them inside the box. There were openings made in these supports and
on the side walls to allow the WLS fibers to come out of the box. To connect to the PMTs,
the fibers were glued inside holders located on shelfs that were attached along the side plates,
outside of the box. The ends of the fibers were polished and the PMTs were attached to the
fibers using an optical gel. Only X1 and Y views were furnished with Hamamatsu R6095
PMTs. On X2, 5 different PMTs were used. The full five module longitudinal depth in each
view of the prototype will allow accurate characterization of the shower and a fairly complete
determination of the combined response of the components in terms of energy and timing.

The prototype will be placed in the Hall B beam for direct studies with electrons.

340.4mm

225mm

P 295.4mm

Figure 6.22: Two views of the box prototype currently under construction. The full 5 module

longitudinal depth will allow study of the behavior of shower development and actual sampling

features using cosmic rays or possibly from in-beam tests.
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The first measurements with the prototype were performed using cosmic ray muons. In
Fig. 6.23, a schematic of the test setup is shown. As a trigger, a coincidence of a scintillator
counter, located on top of the prototype, with an OR of one of the prototype layers was used.
The signals from each PMT were split into two parts with a ratio of 2 : 1. The larger part
was sent to the discriminator and then to the trigger logic and TDCs. The smaller part was

delayed and sent to the ADC inputs.
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Figure 6.23: Schematic layout of the cosmic test setup of the PCAL prototype.

The main purpose of the cosmic test was to determine the average number of photo-
electrons per MeV of energy deposition, and to compare this with the single strip measure-
ments presented above. In Fig. 6.24, ADC spectra of all five PMTs on the X1 view are shown.
In these distributions, events when only a single PMT is fired in all three views are selected.
This selection ensures an MIP crossing through the system. The ADC distributions in the

figure correspond to the MIP energy distribution and have a characteristic Landau shape.
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Fits were performed using two Gaussian functions and the peak position of the Gaussian with
the narrower width was taken as the point of 2 MeV energy deposition in a single scintillator

strip. The corresponding distribution of the Y view is shown in Fig. 6.25.
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Figure 6.24: ADC spectra of the X1 view PMTs corresponding to the MIP energy deposition.

To determine the photo-electron statistics, for each PMT position, the single photo-electron
peak at a given voltage was measured using a setup with a trigger PMT and a LED. For
accurate determination of the single photo-electron peak position, the gain vs. voltage for
each PMT was measured in the single photo-electron regime and in the regime when a large
amount of light was directed to the photo-cathode. Corrections to the light emission stability
of the LED were applied using the trigger PMT pulse. In Table 6.5 the obtained photo-
electron statistics for all 10 R6095 PMT's are presented. The average number of photo-electrons
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Figure 6.25: ADC spectra of the Y view PMTs
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corresponding to the MIP energy deposition.

obtained is in good agreement with the expected number of photo-electrons from previous test

measurements with single strips.
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ADC peak | ADC peak | # of p.e.

Channel | # of fibers | PMT HV (V) | for MIP (1/3) | for s.p.e. | for 1 MeV
X1-1 15 786 829+ 0.5 3.3 7.5
X1-2 15 791 954+ 0.2 2.9 9.7
X1-3 15 841 105.5£0.3 4.3 7.2
X1-4 15 825 104. £0.3 3.8 8.1
X1-5 14 855 116.3 £ 0.6 5.1 6.7
Y-1 15 865 128.3 £ 0.7 3.4 11.3
Y-2 14 822 102.9£0.5 3.7 8.1
Y-3 15 818 96.4+ 0.3 2.2 12.8
Y-4 15 762 87.44+0.2 2.9 8.8
Y-5 15 733 78 +0.6 1.9 11.9

Table 6.5: Results of cosmic test measurements for the X1 and Y PMT views. The ADC value for
the MIP energy deposition corresponds to 1/3 of the PMT signal after the splitter.
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6.6 Construction

Construction of the PCAL consists of several quasi-independent processes. Each process
requires independent manpower and work space. Most of these processes require a clean
environment. The handling of many items, such as scintillator strips, fibers, py-metal shields,
lead, PMTs, etc., requires the use of gloves. Below are the steps/processes involved and the

resources needed in the construction of the PCAL.

1. Preparation of scintillator strips with WLS fibers requires a semi-clean area with a 4.5-m
long table and open shelves for about 3000 m of scintillator strips. A table should be in-
strumented with fixtures for gluing. This process requires tools for measuring dimensions
and tools for cutting and gluing the optical fibers. Preparation of the scintillator-fiber

assembly will be done for one sector at a time. The work will include:

e visual inspection of the scintillator strips;
e cut the strips to the correct length and measure dimensions;
e cut and inspect the fibers;
e glue the fibers into the grooves;
e inspect the gluing quality.
2. Assembly and tests of the PMTs and dividers requires a room with a dark box and

storage shelves. The process requires tools for mechanical assembly, an oscilloscope, a

HV system for the PMTs, cables, electronics, and a DAQ system. Work will include:

e assembly of dividers to the end-caps of the PMT housing;

e assembly of the PMT housing, cleaning the plastic tubes and end-caps, and instal-

lation of the y-metal shield;
e full assembly of the PMT, divider, and housing system;

e measurement of the relative sensitivity to green light (500 nm) and the gain of each

PMT using a photo-diode, and compare with specifications.

3. Stacking of the scintillator and lead layers requires a semi-clean room 8 x 8 m? in area.

The room should have access to an overhead crane or other lifting device to move the
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lead sheets. The process will require wide paper or Teflon sheets to place between the

lead and scintillator layers. The stacking will be done one sector at a time. The work

will include:

The

cleaning and assembly of the backplate and the side walls of the box;
stacking scintillator and lead layers;

after scintillator layer is in place, add fixtures and shims to secure the position of
the scintillator layer from all sides; cover the layer with paper or Teflon sheets and

add the lead sheet;

after all layers are stacked, put enough paper or Teflon sheets on top of the last
layer to have a tight, uniform compression of the scintillator-lead layers between

the two endplates;
put on the front-plate and bolt it to the side walls;
inspect that all fibers are in place and that there are no broken fibers;

move the PCAL module where a high-load crane is available and rotate it to have

the front-plate down;

move the module to the area where the PMTs will be assembled.

plate that holds the weight of the PCAL should have a strong-back support to

prevent bowing. There should be at least two strong-backs, one for stacking and a

second for the PMT assembly.

2

4. Mounting of fiber-adapters and PMTs requires a semi-clean room of 6 x 6 m* area,

with gluing fixtures, polishing instruments, black masking tape, tools for mechanical

assembly, an oscilloscope, a HV power supply, and HV and signal cables. The work will

include:

mount shelves and fiber-PMT adapters;

position fibers inside the adapters according to the readout channel distribution

and glue them into place;
cut and polish the ends of the fibers;

clean shelves and adapters;

410 Pre-shower Calorimeter



CLAS12 Technical Design Report Version 5.1 July 15, 2008

e mount aluminum sheet covers;
e mount PMTs;
e check for light leaks; if there are light leaks use black masking tape to cover;

e move the PCAL module to the test area.

5. Test of the PCAL module with cosmic particles requires a room of about 6 x 6 m? area,
that is air conditioned, and includes cables and electronics for one module and a working
DAQ system. The work will include cabling, checking each channel, data taking, and

analysis.

6.7 PCAL Quality Assurance

In each process of the PCAL construction, appropriate steps will be taken to ensure the quality
of the final product. Quality controls will include — accuracy of mechanical assembly of the
box, quality of scintillator strips, quality of fiber gluing, and checks of the PMTs and dividers.
Quality assurance of the mechanical assembly will include verification of the dimensions of
the parts, and the assembly will be checked to be within the specified tolerances. During the
assembly, after installation of each layer, mechanical dimensions will be measured to ensure
correctness of the assembly procedure. As for quality checks for the gluing process and for
the scintillators and fibers, we will follow practices used during the assembly of the existing
CLAS calorimeters. The scintillator strips will undergo visual and dimensional checks. The
glued fibers will be checked using a UV light to identify any cracks on the cladding or bad
gluing. The frequency of these checks will be defined after we have more experience with the
scintillators and fibers, and the gluing process is determined. Each PMT will be tested to
verify the required QE for green light and the required gain. After a module is assembled, the

light yield and time response of each channel will be tested using cosmic particles.

6.8 PCAL Safety Issues

There are no major hazards in use of materials, high-power electrical supplies, mechanical
tools, or radioactive materials. Construction of the PCAL includes work with lead sheets,

adhesives, HV power supplies for the PMTs, and some heavy lifting. In current operation of
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the CLAS detector, work with lead, heavy lifting, and work with adhesives are done routinely.
These types of work practices are covered by the JLab EH&S manual and routine monitoring
practices.

Lead work will be handled by personnel who have ”Lead Worker Training” (SAF 136).
Lead work practice includes use of appropriate PPEs, wet washing the lead or using HEPA
vacuums to clean oxides from the surfaces, appropriate cleansing of personnel in contact with
the lead, appropriate TOSPs or OSPs and task hazard analysis, and using HEPA vacuums to
clean the work areas after lead handling.

Adhesives will be used to glue the fibers. Gluing will be done in a clean, well-ventilated
room. All personnel working on the gluing process will be trained in the use of adhesives.
Different types of adhesives are routinely used in Hall B operation, and all technical staff and
users are familiar with the associated hazards and follow the JLab ES&H manual with regards
to chemical hygiene and respiratory protection. Material Safety Data Sheets (MSDS) for all
chemicals in use will be available, and every worker will be familiarized with the hazards in
the MSDS.

Moving the PCAL modules will be done by qualified personnel using appropriate lifting
and moving tools and procedures. One of the requirements for the work area is access to an

overhead crane for this purpose.

6.9 Collaboration

Several institutions are involved in the design, prototyping, and construction of the PCAL.
The main contributions by these institutions will be in the manpower needed for the pre-
design simulations, as well as for the design, testing, and prototyping. In the construction
stage, individual institutions can take over separate tasks or participate in different activities.

The main groups are:

e Yerevan Physics Institute (YerPhI) — will provide scientists experienced in the detector
design, construction, and simulation, as well as students to help during the assembly
and testing of the PCAL modules. It is expected also that some parts needed for
the prototyping and construction can be made at YerPhl facilities (e.g. adapters for
the fiber-PMT connection). The YerPhl collaboration already has made significant
contributions in the simulations, design, and prototyping of the PCAL.
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e James Madison University (JMU) — will provide scientists and students to participate
in the design, prototyping, and construction of the PCAL. The JMU group already has

made significant contributions to the testing of the PCAL components.

e Institut de Physique Nucleaire d’Orsay (INP) — will provide engineers to participate in
the design of the PCAL. The INP group has already made significant contributions to
the design of the PCAL.

e Ohio University (OU) — will provide scientists and students to participate in the de-
sign, prototyping, and construction of the PCAL. The OU group has already made
contributions to the design of the PCAL components.

e Norfolk State University (NSU) — will provide scientists and students to participate in
the prototyping and construction of the PCAL.

e Jefferson Lab (JLAB) — will manage the project, and will lead the design, prototyping,
and construction of the PCAL. JLab will provide infrastructure for the project, work

space for different activities, and engineering and technical help.
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Chapter 7

Beamline Elements

7.1 Longitudinally Polarized Solid Target

7.1.1 Physics Requirements

The proposed experimental program requires use of a polarized solid state target. The target
will be polarized via the method of Dynamic Nuclear Polarization (DNP), which is a well
established technique that has been used extensively in nuclear and particle physics experi-
ments, including the ones performed in Hall B. Dynamically polarized target systems consist
of a hydrogenated (polarized protons) or deuterated (polarized neutrons) compound contain-
ing paramagnetic centers, such as unpaired electrons, placed in a high magnetic field and
cooled to low temperatures, with a B/T ratio of the order of 5 T/K. In these conditions,
the free electron spins can approach polarization of 100%. The high polarization of unpaired
electrons is then transferred dynamically to the nucleons by irradiating the target material
at a frequency near that of the electron spin resonance. This technique typically achieves a
proton polarization of 80-90% and a deuteron polarization of 30-40%. The nucleons in the
target will be polarized either parallel or anti-parallel to the electron beam direction. The
main systems required to realize DNP are a superconducting magnet to provide a strong (5 T)
field, a *He evaporation refrigerator to maintain the target material at ~1 K, a target insert
that will house the target material and some additional instrumentation, a microwave system
to transfer the polarization to the nucleon spins, and a Nuclear Magnetic Resonance (NMR)

system to determine the state of the polarization.
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7.1.2 Polarized Target Design
Polarizing Magnet and the Cryostat

In CLAS12 the polarizing magnetic field will be provided by the superconducting solenoid of
the central detector. The target will be placed in the center of a warm solenoid bore with the
center of the target approximately 2 m away from the upstream entrance of the magnet. A
diagram for such a setup is shown in Fig. 7.1.

The solenoid magnet is in the design stage, and not all parameters are well known at the
moment. Some additional correction coils might be necessary to improve the field uniformity
around the target cell. The DNP method requires that the target material is placed in a
magnetic field of uniformity AB/ < 10™*. The current magnet design provides for such a
region of field uniformity in a cylinder of 30 mm in diameter and 100 mm in length. Some

properties of the magnet are listed in Table 7.1.

Type Superconducting solenoid
Aperture 0.78 m warm bore
Central field 25-5T
Dimensions 1.10 m OD x 0.78 m ID x 1.800 m long
Region of AB/B < 10™* cylinder: 10 cm long, 3 cm OD

Table 7.1: Solenoid magnet properties.

The target cryostat will house the evaporation refrigerator, the target insert, and some
instrumentation necessary for the microwave and NMR operations. The cryostat needs to
be designed to allow its operation in a warm bore magnetic field. The ‘target ladder’ used
in previous experiments is not compatible with this geometry. The cryostat will contain a
single cell filled with a polarizable target material. It would also be possible to place a carbon
target upstream or downstream of the polarized target cell. A conceptual design of the target
cryostat is shown in Fig. 7.2. The main component of the cryostat is a *He evaporation
refrigerator. The refrigerator is inserted horizontally through a pumping tube between the
pumps and the evaporation chamber. One important difference between this design and the
previously used polarized target in Hall B is that the refrigerator will reside along the beam

line, so that the amount of material in the way of the beam needs to be minimized.
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Figure 7.1: A schematic drawing of the polarized target cryostat inside of the solenoid magnet.
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Figure 7.2: A schematic drawing of the polarized solid target cryostat and target insert for CLAS12.

The evaporation chamber will be situated in the bore of the magnet. The silicon vertex
tracker (SVT) will also be installed in the magnet bore, surrounding the target, and imposing
constraints on the chamber dimensions. The constraining radius of the SVT is 40.25 mm in
the current design, which is NOT compatible with the current target design, in which the
minimum outer diameter of the target cryostat is 10 cm. This volume of the cryostat will
contain the outer vacuum space, heat shield, and the evaporation chamber. Diagrams of the
cryostat section surrounded by the SVT planes are shown in Fig. 7.3. To make this picture

possible, the cryostat diameter had to be shrunk to 7.6 cm.

Name Material Dimensions
Outer Vacuum Jacket Al 0.5 mm
Heat Shield Al 0.5 mm
Cup Wall Kel-F 0.5 mm
Cup/Cell Windows Al 0.025 mm
Cell Kel-F/torlon | 0.3 mm

Table 7.2: New cryostat and insert design parameters.

Target Insert, Cells, y-waves, and NMR

The target material will be placed in the cell inside of a cup, with both containers made

of hydrogen-free plastic. The cup will be attached to a thin aluminum structure that can
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Figure 7.3: Diagrams of the target cryostat surrounded by the SVT planes.
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be inserted through the beam tube. The schematic of the insert is shown on the bottom of
Fig. 7.2. The dimensions of the target cell are determined by the size of the region of field
uniformity, and geometric constraints of the cryostat. The cup will have an opening on the
top for the LHe fill, while the cell will have small holes so that the target material will be
sitting in a bath of LHe, while also being showered by LHe coming from the run valve. The
flow of LHe in the cryostat will be maintained by a series of pumps located outside of the
cryostat. The entrance and exit windows of the target cell and cup could be made out of
thin aluminum or Kapton foils. The microwave radiation needed to polarize the target will be
guided through a designated waveguide inserted through the upstream entrance window of the
cryostat. The guide will have a slit directly underneath the target cup, providing continuous
microwave radiation directed at the target cell. With this arrangement, the target cup will
act as a resonating cavity.

Ammonia and deuterated ammonia will be used as target material with the electron beam
and CLAS12. (We will also investigate the possibility of using SLiH(D) as a target material).
Ammonia will be frozen and broken up into small beads (to optimize the cooling surface)
that fill the target cup. Some parameters of frozen ammonia are listed in Table 7.3. These
targets offer high polarization, good resistance to radiation damage, and a relatively high
ratio of polarizable nucleons per total number of nucleons. With the goal luminosity, L, of
1x10% cm~2?s~! and the tentative target dimensions of 3.0 cm in diameter and 3.3 cm in
length, we can estimate the rate of charge accumulation, J. We estimate the packing factor

to be feff ~ 0.6.

= for X I X pX Ny X Npya X (1 mole/17 g) x L (7.1)
0.6 x 3.3 x 0.91 x (1 mole/17 g) x 6.02 x 10® x 17 x 10%
= 9.22x10% /s

~N N SN S
Il

= Jx160x107" C/le” =14.7x 1077 A,

Compared to the existing target (4 nA current, 1-cm long), this represents an increase by a
factor of ~12.

The target polarization will be monitored during the run via the NMR system in the field
of the solenoid magnet. The calibration of the proton NMR can be done by measurements

of polarization in thermal equilibrium, taken with the polarizing magnet. In cases when the
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Chemical Structure NH;(ND;)
Target Diameter 3 cm
Target Length 3.3 cm
Density 0.917(1.056) g/cm?
Dilution Factor ~ 0.15(0.22)
Packing Factor ~ 0.6

Table 7.3: Some parameters of the ammonia targets.

deuteron signal is too small for the thermal equilibrium measurement, the polarization can be
monitored through the ratio of the two peaks of the NMR signal (R-ratio method). The target
cell size in the current design is relatively large, which will allow for placement of the coils
inside of the cell, resulting in a measurable thermal equilibrium signal, so the polarization of

deuterium will be monitored by the area and ratio methods.

Heat Load and Pumping Requirements

Assuming the energy loss of 2 MeV /g/cm?, the heat load due to the beam will be:

J x (2x10% eV/g/em®) x p X fog x I x (1.602 x 107 J/eV) = 0.053 W. (7.2)

The heat load due to the microwaves is more difficult to estimate. Systems with movable
target ladders, such as the existing Hall B polarized target and the UVa-SLAC target, use
horns to direct microwaves toward the target. In these systems the target is not located inside
a microwave cavity and the microwave power delivered to the target region is typically 0.5 W
to 1 W. In systems with a single, fixed target, it is possible to locate the target inside a
multi-mode cavity with highly conductive walls. The Yale-SLAC polarized target operated
with 0.5 W of microwave power even though the volume of target material was relatively large
(25 cm3). A value of 0.5 W of microwave power should be a relatively safe assumption for
this target. The total heat load is expected to be 0.55 W.

The heat of evaporation of “*He at 1 K is approximately 80 J/mole. To provide 0.55 W, a
flow rate of 0.0069 moles/s will be required. At 1.0 K the vapor pressure of “*He is 0.160 mb.
The displacement of the pumping system will be:
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Figure 7.4: NMR signals for polarized NH;z(left) and ND3(right).

.0069 mole/s x (22.4 1/mole) x (1 b/0.160 x 10™* b) = 966 1/s = 3480 m?/hr. (7.3)

The measured pumping speed for the existing Hall B polarized target pump set is 3300 m? /hr.
A larger pumping system will be required. It is desirable to use hermetically sealed pumps in
order to avoid contamination of helium gas that is returned to the liquefier. A system based

on the WKP6000 AM series (Pfeiffer) would be suitable.

7.1.3 Expected Performance

With the magnetic field of 5 T and temperature of ~1 K, we expect to obtain polarization
values of 80-90% (30-40%) for the ammonia (deuterated ammonia) targets. Target polariza-
tion will be monitored using the NMR system. The target cell size in the current design is
relatively large, which will allow for placement of the NMR coils inside of the cell resulting
in a measurable thermal equilibrium signal. The polarization of deuterium will be monitored
by the area and ratio methods. Typical NMR signals for the proton and deuterium targets
are shown in Fig. 7.4. The signals are obtained from the small target cells with NMR coils
wrapped on the outside, and represent the minimum expected quality.

Ammonia can accumulate a charge of ~ 10'° electrons/cm? before showing signs of de-
terioration. Accumulated radiation damage can be mostly restored through the annealing
process, in which the target material is heated to temperatures of 80-90 K for short periods of
time. At a flux of 9.22x10' electrons/s (14.7 nA), a 3-cm diameter target would accumulate
a dose of ~5x10' e~ /cm? in 4 days (106 hours). If ammonia is used as the target material

then frequent target anneals and target changes should be anticipated. Experience with the
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existing Hall B polarized target has demonstrated that withdrawing the target to a heated
region, rather that attempting to heat the 1 K section of the cryostat, is an effective method
of annealing the target. A load lock for the target insert could be useful both for frequent
target anneals and changes. It may also be desirable to increase the diameter in order to
extend target lifetime. A history of target polarization as a function of accumulated charge

and anneal cycles is shown in Figs. 7.5 and 7.6.
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Figure 7.5: »NH; polarization as a function of time.
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7.2 Mgller Polarimeter

7.2.1 Physics Requirements and Polarimeter Design

Several experiments in the proposed experimental program require the use of polarized electron
beams. The design of the polarimeter for the upgrade is similar to the present polarimeter
and will provide a similar uncertainty in the polarization measurement: APg/Pp ~2.5%.

The polarimeter is based upon elastic electron-electron scattering. The electrons are de-
tected in coincidence at center-of-mass scattering angles near 90° where the analyzing power
of the reaction, and therefore the beam asymmetry, is a maximum. For a beam of polarization
Pf and a target of polarization P7, the measured beam-helicity asymmetry is given by:

N, — N_

A== 4 prpa 4
N++N_ BT (7 )

where N, (N_) is the number of counts with positive (negative) beam helicity and A,, is
the average analyzing power for the beam and target polarized along the beam direction. By
detecting both of the scattered electrons over a small range of scattering angles, the reaction
kinematics are fixed. Thus, this method has the advantage, as compared to single-arm Mgller
polarimetry, of producing a clean data set without having to do energy-dependent background
subtractions. In the present CLAS Mgller polarimeter, accidental rates are typically less than
5% of the real rate for normal operating conditions. Furthermore, the accidental rate is
measured and included in the corrections.

The general layout of the present Hall B polarimeter is shown in Fig. 7.7. It is located in the
beamline immediately upstream of the tagger. The system consists of a target chamber, two
quadrupole magnets, and two detectors in the horizontal plane on either side of the beamline.
The target is a permendur foil that is magnetized with a small Helmholtz-coil system. The two
quadrupoles separate the scattered electrons from the unscattered beam. The two detectors
are lead /scintillating fiber composites. The magnets are powered by a power supply providing
currents up to 2676 A but is capable of providing 4800 A.

The major components of the polarimeter — target, magnets, detectors, and power supply
— will be reused for 11 GeV operation, however, the relative positioning of these elements
will need to be modified and the water-cooling system will need to be upgraded. At a beam
energy of 11 GeV, the scattered electrons are not sufficiently deflected by the magnetic field

to reach the detectors in the present configuration. Our simulations indicate that running the
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Figure 7.7: Layout of the Hall B Mgller polarimeter.

power supply at the maximum current of 4800 A, improves the situation. At this current, the
present cooling system cannot handle the heat load, thus the need for an upgraded cooling
system.

In addition, while the deflection angle of the scatted electrons increases with the larger
magnet currents, it is still not sufficient for the electrons to be detected in the present con-
figuration. Simulations indicate that this can be remedied by a combination of increasing the
flight path from the downstream quadrupole to the detectors, moving the detectors closer to
the beamline, and increasing the separation between the quadrupoles. This will likely require
moving both quadrupoles as well as the target. More simulations are necessary to determine
the geometrical configuration required for optimal operation. We are thus planning for all
three changes.

The changes to the geometrical configuration of the present polarimeter will require several

changes to the beamline and auxillary hardware. This includes new beam pipes, bellows,
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anchors, cables, and beam exit windows.

At 11 GeV a larger center-of-mass scattering-angle range will be detected with the present
detector system. This reduces the effective analyzing power of the polarimeter and thus
increases measurement times required to achieve the desired statistical precision. Therefore,
it will be necessary to increase the segmentation of the detectors to restrict and/or identify
electrons in the desired angle range. This can be done placing a smaller scintillator in front of
each of the existing detectors. These detectors would be half as wide and the same height as
the present detectors: 8 cm wide by 9 cm high. This is preferable to simply reducing the size
of the present detectors, since the full present width is required if polarization measurements
are ever needed for beam energies in the range of 5-8 GeV.

Finally, the existing polarimeter target system can be reused in its present configuration.
However, since has been in use now since 1998, it would be prudent to remeasure the target
polarization, and if necessary, replace the target material. Replacement target material is in

our possession as well as the equipment to do the measurements.

7.2.2 Collaboration and Responsibilities

Florida International University is actively involved in this project. The FIU nuclear physics
group (5 faculty, 1 post doc, and 8 graduate students) is currently supported by a DOE
grant. The group’s contribution to CLAS12 will be the design of the polarimeter, construction
of additional detectors, and refurbishment of the target. Design of the final polarimeter

configuration will require further simulations to optimize performance.

7.3 Other Beamline Devices
The other beamline devices concerned by the upgrade are:

e Raster. The raster is used to evenly spread the heat load of the beam on the surface
of the target. It consists of two pairs of kicking magnets for vertical and horizontal
rastering. The water-cooled magnet coils can be used to raster an 11-GeV beam. The
present power supplies are not powerful enough to provide a suitable magnetic field, but

they will be upgraded for the CLAS 6 GeV DVCS experiment. The new power supplies
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will be powerful enough for a 11 GeV beam. Consequently, no upgrade will be necessary

for the raster.

e Faraday Cup. The Faraday cup (FCup) is the device presently used for monitoring of
the absolute beam current in Hall B. The higher luminosity and beam energy will make
standard operations of the FCup impossible. However, the FCup can be used at low
luminosity for calibration of other devices measuring beam current. The beam stopper
will then be inserted at high luminosity and the current will be provided by nanoAmps
BPMs (see next item). Consequently, no hardware or software upgrade is necessary for

the Faraday cup.

e Beam Position Monitors (BPMs). The BPMs measure both the position and the current
of the electron beam. The BPM can work with an 11-GeV beam as they are. They are
currently read out by the slow controls system. However, upgrading the data acquisition
to 60 Hz is necessary in order to monitor the beam current and beam charge asymmetry
at a large enough speed in the absence of Faraday cup monitoring. This necessitate a
fast intensity 60 Hz signal. The lock-in amplifiers will have to be reconfigured. It is
necessary to provide VtoA for the 6 channels (phase/amp) per nA and scalers for the

18 channels, as well as writing the corresponding software.
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Chapter 8

Additional Equipment Required for
Physics Program

8.1 Transversely Polarized Target

Measurements of the transverse target single spin asymmetry (SSA) for different final state
particles in semi-inclusive and exclusive hard processes, including photon deeply virtual Comp-
ton scattering (DVCS), and pseudoscalar and vector meson production in a wide range of dif-
ferent kinematic variables are a critical part of the CLAS12 physics program. Our preliminary
studies show that it is technically possible to run a polarized target with CLAS12. Two main

options for a transversely polarized target are currently under consideration:

e Standard transverse target with 4.2 T field;

e HD target.

8.1.1 Standard Transversely Polarized Target

For CLAS12 operation with the standard transversely polarized target, the solenoid magnet
and central detector will be removed and replaced by a stand-alone polarized target, similar
to the existing polarized target used in electron scattering experiments. As the magnetic field
orientation is transverse to the beam direction, the electron beam will be deflected vertically.
This will be compensated for by installing a magnetic chicane system upstream of the target

so that the beam after the target is again in the horizontal plane. Special care is needed
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Figure 8.1: Transverse target magnetic field distribution in terms of B, (kG) vs. z-coordinate (cm)

for different radial distances.

for shielding of the electromagnetic background, especially Mgller electrons. Note that the
chicane system is necessary for transverse target operation, and has to be robust enough to
allow the beam to go through the center of the target and restored afterwards to go into the
beam dump.

The basis for the design of a transversely polarized target is the 5 T magnet, which has
been used very successfully in SLAC and JLab, along with a 1 K “*He evaporation refrigerator.
The 5 T magnet was optimized for scattering with longitudinal polarization, but allowed
a reasonable aperture for scattering with a transverse field. This mode was used at both
SLAC and JLab. A similar magnet was built and operated successfully with CLAS in Hall B;
modifications to the design were mandated by the magnet having to be supported inside CLAS,
and it could not be configured to operate with a magnetic field transverse to the electron beam.
Both magnets were designed and built by Oxford Instruments, and through a cooperative effort
with JLab and the University of Virginia, Oxford Instruments produced an optimized design
for a high-field transverse magnet to be used in CLAS for the 6-GeV program. However, the
target concept is such that it can be operated with CLAS12 as well.

The target will have a warm bore for the target cryostat that also allows detection of slow

protons in specially designed magnetic field insensitive detectors located around the target
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cryostat. The target field map is shown in Fig. 8.1. The magnet specifications are listed in
Table 8.1.

Central Field 42 T at 4.2 K

Homogeneity 1 part in 10* over a 15 mm DSV (diameter spherical vol.)

3 parts in 10* over a 25 mm DSV

Cold vertical access | 100 mm (helium temperature)

(for target access)

Bore access +35° onto a 25-mm diameter sphere.
Removable room temperature re-entrant cones on axis to

within 12 ¢m of central field position.

Split access Vertical: £35° onto 25-mm diameter sphere.

Horizontal: +22.5° onto a point.

Table 8.1: Listing of polarized target magnet parameters.

The refrigerator is vertical and will be very similar to that used in the UVA/SLAC/JLab
system with the target samples easily inserted and removed. The target can operate in a
beam of up to 100 nA, but it will be much less in CLAS12. Initial ammonia polarizations
give £95% for protons and 38% to 48% for deuterons. The target is polarized continuously
by applying microwaves, and the most important process affecting the polarization value is
radiation damage. However, this can be repaired by warming the ammonia to about 100 K
for up to an hour, after which the polarization returns to its starting value or, in the case
of deuterons, actually improves. This process can be repeated many times before the target
material must be changed. Fig. 8.2 shows the kinematic coverage of CLAS and CLAS12 with

the transversely polarized target.

8.1.2 Transversely Polarized HD Frozen-Spin Target

The magnetic holding fields accompanying transversely polarized targets can deflect an elec-
tron beam and create challenging background conditions. A magnetic chicane can be installed
upstream of the target and arranged in such a way that the target’s magnetic field bends the
electron beam back on axis. However, bremsstrahlung created in the target material will be

peaked along the direction of the incoming electrons, which will then be at several degrees to
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Figure 8.2: Kinematic coverage with the transversely polarized target (electron angles below 22.5°).
The plots on the left show (top to bottom) 8, vs. pe, 0, vs. pr, and Q? vs. p; for CLAS12. The plots
on the right are the same but for CLAS at 6 GeV.

the detector axis. Generally, one can arrange to have either the electron beam or the target
bremsstrahlung centered at 0°, but not both. A transversely polarized target in a frozen-spin
state that requires only small holding fields would greatly mitigate such background problems.
Problems associated with beam deflection are virtually eliminated by the small holding fields,
and this potentially allows the target to be located in the center of the detector, thus dra-
matically increasing the acceptance. In addition, the target has almost no dilution. The only
unpolarizable nucleons are associated with the target cell and these can be sampled and sub-
tracted in conventionally empty-cell measurements. At the same time, the low Z of the target
material results in a long radiation length and comparatively few bremsstrahlung photons.

The HDice target developed at LEGS in Brookhaven and now migrating from BNL to
JLab, has been used successfully in photon beam experiments. The factors affecting the
target polarization are complex and intertwined; a direct test of the performance of polarized
HD with electrons is essential. This will be carried out during the course of the E06-101 run
with CLAS.

At BNL, HD target polarizations of 60% H and 35% D have been achieved in photon

experiments with spin-relaxation times in excess of a year, and polarizations are expected
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to be higher with the smaller diameter cells that will be used at JLab. The deuterium
polarization is particularly stable; spin-relaxation times of 2 months have been measured with
only a 0.01 T holding field at 0.2 K. The projected D decay time for a 0.04 T saddle coil, 0.12 m
in length ([ B x dL = 0.005 T-m), is ~7 months. Comparable H relaxation times require
higher fields, but should be possible with [ B x dL = 0.050 T-m, which is still about 30 times
less than a dynamically polarized ammonia target. The beam heating expected from 5 nA
of 10 GeV electrons traversing a 2-cm HD target is ~5 mW (as calculated with GEANT).
This is about the cooling power of the existing BNL In-Beam-Cryostat (IBC) at 0.5 K, and
will be significantly increased in the CLAS-IBC now under design for E06-101. Beam heating
is considerably less in HD, as compared to butanol, due to the lower Z of the target material
and, unlike butanol, HD relaxation times are not such strong functions of temperature, so
long life-times are achievable up to about 0.7 K.

Free radicals generated by electron bremsstrahlung will have randomly oriented polariza-
tions. While their absolute number is small, they can generate polarization sinks within the
target if the spin-diffusion time is short. This time constant has been indirectly measured at
BNL by using RF waves to punch a local polarization hole within a highly polarized target.
The rate at which this hole heals after the RF power is lowered reflects the in-diffusion of spin
from other regions of the target. At 2 K, this measured spin-diffusion is ~1 day for H, but
unmeasurably long for D (greater than a year). Whether or not the H performance improves
at lower temperatures is a matter for further study, but the extremely slow spin-diffusion for
D already suggests that frozen-spin HD could maintain its deuterium polarization during
electron experiments. Frozen-spin HDice may provide an attractive alternative for electron

experiments with at least transversely polarized deuterons in CLAS12.

8.2 The BoNuS Radial Time Projection Chamber

The BoNuS experiment needed to detect very low-momentum recoil protons at backward scat-
tering angles used as a tag on quasi-free electron-neutron scattering from a deuterium target.
For that experiment, a radial time projection chamber (RTPC), surrounding an integrated
thin-walled target gas cell, was built. This detector is going to be used for the conditionally
approved experiment PR12-06-113, using the upgraded 11 GeV electron beam and CLAS12,

and can be used for other experiments with other target gases as well.
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The RTPC will be placed inside the central detector solenoid magnet, which will provide
the analyzing magnetic field for the momentum determination via the track curvature of
scattered charged particles.

The 283-mm long, thin-walled Kapton target tube can contain up to 7 atm of target gas,
like deuterium, and is surrounded by the radial time projection chamber. The sensitive drift
region of the 200-mm long RTPC is an annulus with an inner radius of 30 mm and an outer
radius of 60 mm. Materials between the target gas cell and the sensitive detector volume are
minimized to prevent energy loss of the scattered particles and to minimize the interaction
of background particles. These background particles are mostly Mgller electrons forced into
helical trajectories along the beam axis.

The amplification of the drifting electrons is achieved by three layers of gas electron mul-
tiplier (GEM) foils at radii of 60, 63, and 66 mm. This is surrounded by a cylindrical readout
surface at a radius of 69 mm.

The resulting detector consists of two similar half-cylinder units that are mated together on
either side of the central beam axis. Axial mechanical structures fit within a £16° wedge along
the top and bottom of the assembly, as shown in Fig. 8.3. All of the structural components are
light-weight and self-supporting. These parts nest together to form the final detector module.

Gas electron multipliers are 50-pm thick polyimide foils coated on both sides with a 5 ym
copper layer, and punctured with 70 um holes. The distance between these holes is about
140 pm. By applying a voltage in the range of 200 V to 300 V across the two c