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1 INTRODUCTION

The Bates Large Acceptance Spectrometer Toroid (BLAST) is a detector designed to study
in a comprehensive and precise way the spin-dependent electromagnetic response of few-
body nuclei at momentum transfers up to 1 (GeV/c)? at the MIT-Bates South Hall Ring. It
will be used to measure spin-dependent scattering from the elastic to the nucleon resonance
region from the proton, deuteron and 3He nuclei by using the longitudinally polarized elec-
tron beam of the South Hall Ring at beam energies up to 1 GeV. For these measurements
we will use polarized internal gas targets of hydrogen, deuterium and *He which have been
developed by our groups and which are at present operating in other storage rings. Po-
larized electrons are available at the MIT-Bates Accelerator and have been injected into
the ring. The longitudinal polarization at the internal target location will be maintained
with a Siberian snake. The ability with BLAST to carry out multiparticle detection over a
large solid angle from polarized internal targets will provide an unprecedented and unique
opportunity to study simultaneously the spin structure of the few-body nuclear ground
states, the reaction mechanism, and nucleon form factors.

The BLAST detector consists of an eight-sector copper coil array producing a toroidal
magnetic field, instrumented with two opposing wedge-shaped sectors of wire chambers,
scintillation detectors, Cerenkov counters, neutron detectors, a lead glass forward calorime-
ter and recoil detectors. The open geometry maximizes acceptance while allowing good
momentum and angular resolution, and with a luminosity capability that is matched to
the densities of the polarized internal targets. The design emphasizes proven technology,
commercial electronics, and existing data acquisition system software to achieve low cost
and a short implementation time. Clear upgrade possibilities exist so that the detector can
evolve to match developing physics priorities.

The BLAST program is made possible by advances in polarized internal target technology.
In the past five years members of our collaboration have been leaders in efforts to realize
this new technology in experiments at IUCF, NIKHEF, and DESY. The significant ad-
vantages over conventional approaches with extracted beams have been demonstrated and
are reliable. Routine performance levels have been established which are the basis for the
conservative estimates of anticipated results in this document.

The experimental program with BLAST will utilize a thin-walled storage cell that is fed
by a high intensity source of polarized atoms providing a target of thickness 2 — 20 x
10 atoms cm~2. This novel technique is superior to conventional polarized target tech-
nology because the target atoms are present as pure atomic species, and hence no dilution
of the asymmetry occurs in the scattering from unpolarized target material. In addition,
polarized internal gas targets allow rapid reversal of the target spin. The expected lumi-
nosity for an 80-mA circulating electron beam is 1 — 10 x 103 atoms cm™2s~*. Such values
allow for measurement of the spin-dependent electromagnetic response over a broad kine-
matic region, for many reaction channels simultaneously, in relatively short data taking



runs with high statistical precision. High statistical precision and the ability to reverse the
target spin rapidly are crucial to understanding and minimizing systematic uncertainties.

BLAST takes maximum advantage of the capabilities afforded by the Bates South Hall
Ring. This new facility provides the opportunity to utilize polarized internal gas targets
which are basic to the proposed experimental scheme. In addition, the high duty factor of
the stored electron beam is necessary for multi-particle coincidence detection.

The BLAST collaboration consists of groups from Armenia, Switzerland, the Netherlands
and the United States. This Technical Design Report had its origins in a workshop or-
ganized by the Bates user community in June, 1989 to consider how best to exploit the
new capabilities provided by the Bates South Hall Ring (SHR). The BLAST collaboration
was formed in February, 1990 and a Conceptual Design report was prepared in January,
1991. This design was favorably reviewed by a Technical Advisory Panel in April, 1991,
and 3,200 hours of beamtime with BLAST were approved by the Bates Program Advisory
Committee in May, 1991. In September, 1991 the BLAST proposal was submitted to the
Department of Energy and the National Science Foundation for review. In March, 1992 an
international workshop on the BLAST physics program attracted 56 physicists to Tempe,
Arizona. In 1996 an updated proposal that focussed on the scientific case and which in-
corporated cost-saving revisions was favorably reviewed by the Department of Energy. In
December 1996 funding approval to construct the BLAST detector was granted.

In this report we focus on the technical design of the apparatus required to carry out the

approved BLAST physics program. There are about 50 physicists from 12 institutions in

the BLAST collaboration. The total cost of the BLAST spectrometer in FY97 dollars

including a 20% contingency is § 4.42 M. This total cost amounts to § 4.65 M in actual
year dollars. We propose a schedule to build BLAST by the end of FY00.

The document is divided into 9 sections. Section 2 provides an overview of the BLAST
physics program and Section 3 contains a summary of the technical aspects of the measure-
ments. The properties and implementation plans of the required polarized stored beam
in the ring are presented Section 4. The 3He, ?H, and 'H polarized internal gas targets
to be used in the initial program of measurements are described in Section 5. A techni-
cal description of BLAST, including designs, construction plans and costs, is presented in
Section 6. Monte Carlo simulations of BLAST with the code GEANT are presented in
Section 7. Section 8 contains a summary of the costs and the schedule to construct the
device. Finally, the organization of the manpower and institutional responsibilities are
discussed in Section 9.

In summary, this document presents the technical plan for a large solid angle toroidal
spectrometer at the internal target location in the Bates South Hall Ring.



2 SCIENTIFIC PROGRAM

2.1 INTRODUCTION

Medium-energy electromagnetic nuclear physics experiments at Bates and other laborato-
ries worldwide in the 1970s and 80s have provided the empirical basis for a partly success-
ful description of few-body nuclei based on hadronic degrees of freedom. For momentum
transfers up to about 1 (GeV/c)?, measurements of elastic form factors for the deuteron,
the isovector/isoscalar decomposition of 3He and 3H elastic form factors, and quasielastic
(e,e'p) measurements have been reasonably described by a non-relativistic theory based on
meson and nucleon degrees of freedom. This work has resulted in a moderately successful
description of the strong interaction in few-body systems in the non-perturbative region.
Thus far, it has not been possible to perform accurate calculations at low Q? by using the
fundamental theory, Quantum Chromodynamics. The hadronic framework for few-body
systems in this kinematic region has been established as one of the most successful in
strong interaction physics although significant and possibly serious discrepancies between
theory and experiment exist.

However, the insights obtained in the past two decades have raised many new questions
with respect to the nuclear structure of few-body systems. Most importantly, how well
do we understand the spin of few-body nuclei in terms of the hadronic framework? Note
that recent measurements of spin-dependent deep-inelastic scattering show that our under-
standing of the spin of the nucleon at the quark level is incomplete. A significant issue since
the 1980s is the consistency of the transverse and longitudinal responses in medium-energy
electron scattering obtained from Rosenbluth separations at quasielastic kinematics. The
measurement of spin observables provides new response functions. How consistent are the
new response functions? Essentially all measurements of electron scattering on few-body
nuclei at low @Q? have been carried out with relatively small-acceptance spectrometers.
This situation has resulted in an incomplete understanding of the reaction mechanism at
medium energies. How can a comprehensive understanding of the reaction mechanism over
a large kinematic region be obtained? The charge distribution of the neutron is physically
understood in terms of an extended pion cloud. Is this charge distribution modified when
the neutron is bound in a nucleus? In many cases, while significant progress has been made
in establishing the dominant aspects of the problem, serious questions remain concerning
the relatively smaller but no less important issues. Examples are: how large are the pre-
existing A components in few-body systems? What is the magnitude of the small (~ 1%)
S’ component in *He? What is the role of the C2 and E2 contributions to the N — A
transition? To answer the above questions, it is important to probe the spin structure of
few-body nuclei using the electromagnetic probe.

The experiments which provided the basis for our present understanding of the struc-
ture of few-body systems were carried out mostly with unpolarized electron beams and
unpolarized nuclear targets. The ability to carry out measurements of spin observables
simultaneously over a large kinematic range has been demonstrated at IUCF. The sepa-



ration of different contributions to the reaction mechanism beyond that which is possible
with a small-acceptance detector has greatly enriched our understanding of the physics.

A central thrust of the BLAST physics program is to carry out a comprehensive and precise
measurement of the electromagnetic spin-dependent response from few-body systems for
momentum transfers up to 1 (GeV/c)?. The addition of the spin degree of freedom is
important for several reasons. Firstly, the determination of the spin structure of few-body
nuclei is an important aspect for understanding the strong interaction in these systems.
Moreover, in few-body nuclei, spin involves all of the nucleons, unlike heavier systems
where spin effects tend to cancel. Secondly, the addition of spin as an extra degree of
freedom allows access to small components of the wave function or reaction mechanism.
In this way a “super-Rosenbluth” separation can be carried out to isolate new quantities
that are not accessible with unpolarized experiments.

Few-body systems continue to be the focus of considerable theoretical effort. Precise rel-
ativistic and non-relativistic calculations are available for the deuteron. Recently, consid-
erable progress has been achieved in the theoretical description of the three-body system,
by realizing a Faddeev solution of the continuum wave function. Variational techniques
which can be applied to heavier nuclei have also been developed.

The BLAST detector will enable the following studies:

e BLAST will carry out a precise measurement of the spin-dependent momentum dis-
tribution in few-body nuclei. It is important to understand the spin structure of
few-body systems in terms of the successful theoretical framework which has been
developed primarily for unpolarized scattering. In addition, the spin-dependent mo-
mentum distributions are used as input for calculations of spin-dependent scattering
in the deep-inelastic region where polarized deuterium and *He are used to determine
the neutron spin structure at the quark level.

e BLAST will provide precise information on nucleon form factors for momentum trans-
fers up to about 1 (GeV/c)?. In particular, BLAST will provide data on the neutron
magnetic and electric form factors with both deuteron and He targets. These are
fundamental quantities which are essential to any description of electromagnetic scat-
tering from nuclei. BLAST offers the unique possibility to determine G7%(Q?) with
high precision from both deuteron and He targets with the same experimental con-
figuration. Because of the significantly larger binding energy of the neutron in *He
compared to that in deuterium, it is possible that the neutron charge distribution
in *He may be modified from its free value. BLAST has the necessary precision to
probe for such an effect.

e BLAST will provide a test of our understanding of the spin-dependent scattering
reaction mechanism over a large kinematic range. Determination of both the ground-
state spin structure and the nucleon form factors rely on applicability of the Plane
Wave Impulse Approximation (PWIA). It is known from unpolarized experiments
that other effects such as final-state interactions, meson exchange currents, and the
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off-shell nature of the bound nucleon can cause significant deviations from PWIA in
certain kinematic regions. It is essential to understand the spin-dependent reaction
mechanism over the broad kinematic range provided by the BLAST detector.

e BLAST will carry out measurements of spin-dependent charged pion electroproduc-
tion on few-body systems from threshold to beyond the A(1232) resonance. Such
studies are important for understanding the role of the nucleon resonance in few-
body systems. BLAST allows reconstruction of the resonance from its w-nucleon
decay channel. In this way, for example, the presence of pre-existing A components
in the *He ground state can be studied.

e With a polarized proton target, the N — A transition can be studied with polar-
ized beams. The physics motivation is to isolate components beyond the dominant
M1 transition. This reaction has been the focus of considerable study at labora-
tories worldwide. However, to date most of the techniques have used unpolarized
observables with coincidence detection. BLAST will allow sensitivity to longitudinal
components with inclusive scattering using polarized beam and target.

BLAST will thus provide an unprecedented capability to study the spin-dependent electro-
magnetic response in few-body systems over a large kinematic range. The program focuses
on the structure of both the nucleon and few-body systems and is the natural development
of the highly successful program in the 1980s. It establishes a new frontier in the study of
the strong interaction in the non-perturbative kinematic region.

The experimental assumptions used in the following simulations of BLAST experiments
are summarized in Table 1 . We note that electron currents larger than 120 mA have

Table 1: Experimental assumptions used in simulating the BLAST experiments.

I. | p. (beam) Target Thickness | pr (target) Luminosity Time
(mA) (%) (atoms/cm?) (%) (atoms cm™2? s71) | (hrs)
80 70 1H 2.0x 10 80 1032 1000
100 2H (tensor) | 1.6x10M 50 10% 1000
80 40 2H (vector) | 2.0x10% 85 1032 500
80 40 | 3He 2.0%10'5 50 1033 1000

routinely circulated in the NIKHEF storage ring. Electron beams with 40% polarization
have been injected into the South Hall Ring (see Section 3). The projected luminosities
for 'H and 2H can be achieved with anticipated improvements to the atomic beam source
presently in use at NIKHEF. These improvements include increase flow and optimization
of the storage cell dimensions. The assumed target thickness and polarization for *He are
realized straightforwardly from established routine performance values.
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2.2 POLARIZED 'H

A central issue in nuclear and high-energy physics concerns the internal structure of the
nucleon and its resonances. A topic of interest is the possible D-wave admixtures in the
quark wave functions of the nucleon and A. Whereas the spherically symmetric quark
model is successful in predicting the mass spectrum and magnetic moments of baryons,
it fails to describe the values of G4/Gy, the SU(3) decay ratio (D+F)/(D-F) and the
mNA coupling constant. Glashow [1] and Vento et al. [2] showed that the description of
these observables can be improved if one allows for a large D-state admixture. A small
admixture due to the strong hyperfine interaction between quarks in the QCD-lagrangian
has been predicted by Isgur et al. [3] Furthermore, several bag models predict a spheroidal
deformation of some baryons. Viollier et al. [4] found that the A is strongly deformed
due to the one-gluon exchange interaction, whereas the nucleon remains undeformed. In
the model of Murphy and Bhaduri [5] a deformed bag improves the description of some
of the higher lying resonances, while the wave functions for the nucleon and A resonance
are very similar to those of the spherical model of Isgur and Karl [6, 7]. These issues
can experimentally be addressed by measuring observables that are sens1t1ve to a possible
D-state admixture in the quark wave function.

Information on the quark wave functions of the nucleon, its resonances and the transition
currents between them may be obtained by measuring electromagnetic response functions.
Specifically, a D-state admixture can induce a non-zero electromagnetic E2 or C2 ampli-
tude. A quadrupole deformation of the nucleon cannot be determined by elastic scattering,
because the spin 1/2 of the nucleon forbids the E2 and C2 electromagnetic multipoles. The
logical place to search for these contributions is in the N — A transition for a number of
reasons: the A resonance is the lowest lying resonance and decays purely into two-body
final states, which considerably simplifies theoretical calculations of the cross section. It
is well separated from other resonances and it dominates in excitation strength at low
momentum transfer.

Separations of the longitudinal and transverse structure functions have been published
both for inclusive and exclusive [8]- [12] pion electroproduction in the A-regime. Unpolar-
ized inclusive experiments have several disadvantages for determining the quadrupole form
factors: the Rosenbluth separation enables one to determine the longitudinal and trans-
verse structure functions only. The longitudinal structure function contains the charge
form factor squared, but is small compared to the transverse one. The transverse structure
function contains contributions from. the dominant M1 form factor as well as from the
smaller E2 form factor, but these contributions cannot be separated in an unpolarized,
inclusive measurement.

Data obtained in polarized experiments will allow for the selection of structure functions
that are more sensitive to the C2 or E2 amplitude and can distinguish the relative sign of
these amplitudes with respect to the M1 amplitude.
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Figure 1: The spin correlations A7y (top) and Ar: (bottom) as calculated by Nozawa and
Lee [14]. The solid, dashed and dotted lines are obtained by setting G¢ /G equal to 0.15,
0 and —0.15 for Ay and setting Gg to 0.07, 0.16 and 0 for Ar, respectively. The error
bars reflect the statistical uncertainty expected for the luminosity conditions described in
the text. The horizontal axis divisions are 0.05 GeV.

Both Nozawa et al. [13]-[15] and Laget [16, 17] have calculated cross sections and asym.-
metries for pion electroproduction in the A-regime. Both groups find sensitivity to the
C2 multipole in the inclusive spin correlation parameter Arz/ and, to a somewhat lesser
extent, to the E2 multipole in Ar/. Fig. 1 shows the asymmetries Ay and A7 calculated
in the model of Nozawa and Lee [14] for Q% of 0.2, 0.3 and 0.5 (GeV/c)?. As can be seen,



sensitivity to the resonant C2 multipole is obtained in Arr: at the top of the A, and the
qualitative behavior of A7 as a function of invariant mass W does not depend strongly
on Q2. At low invariant mass W (around 1100 MeV), the resonant part of the cross sec-
tion only weakly contributes. There the spin correlations A7y and Az are dominated by
non-resonant contributions.

The large acceptance of the BLAST detector enables one to perform an accurate measure-
ment of the asymmetry A7 and A7/ simultaneously in a range of Q? between 0.2 and
0.5 GeV?, and the invariant mass W? in the full range of the A resonance. A pure inter-
nal hydrogen target can be used. Hence, contributions from heavier nuclei, which have a
different cross section dependence on Q? and W?, are small, and high systematic accuracy
"can be obtained. The statistical accuracy for 1000 hours of running time at a luminosity of
10°? atoms cm™%s7! and beam (target) polarization of 70 (80) % is shown in Fig. 1. With
the large acceptance of BLAST the ©Q?=0.2 GeV? data for these observables will extend
well into the region of the Roper (1440) resonance. The Roper resonance is considered to
be the first breathing mode (radial excitation) of the nucleon. Its study with polarization
observables is especially interesting as it is well known that no electro-excitation of the
Roper has been seen in spin-independent observables. The extraction of the nucleon res-
onance transition amplitudes from these observables would constitute important data for
testing various microscopic models of the nucleon, e.g. single-quark transition models [18].

2.3 POLARIZED %H
2.3.1 Introduction

A systematic study of medium energy spin observables from deuterium can be done thor-
oughly with BLAST and a polarized internal deuterium target. Over most of the kine-
matical range available with a 1-GeV electron beam, the BLAST detector measures the
elastic, quasi-elastic, and resonance scattering from polarized deuterium simultaneously
in a single experiment. Internal targets of polarized deuterium gas can be either vector
or tensor polarized, with the additional ability of reversing one type of polarization while
keeping the other constant and vice-versa. Thus, small systematic uncertainties can be
expected.

The electromagnetic structure of the spin—1 deuteron is described by the charge monopole
Gg¢, charge quadrupole Gg, and magnetic dipole Gy form factors. Over the past two
decades, cross section measurements for elastic e — d scattering have yielded precision data
for the structure functions A(G¢,Gq,Gu) and B(Gy) up to large values of momentum
transfer. A spin measurement is required for separating the G¢ and Gq charge distribu-
tions. From measurements at Bates of the ty0(Gc,Gg, Gar) observable, the first observation
of a node in G¢ has been reported at @ =4.39+0.16 fm™'. Recently, it has been pointed
out [19] that no theoretical model is capable of describing simultaneously the present data
set for elastic e — d scattering and the isoscalar charge form factor of the 3-nucleon system.



This is an interesting puzzle for few-body theory. To address it, an improved determination
of the G¢ node and the first determination of the position and height of the second G¢
maximum are needed. We thus need additional ¢y data with improved precision in the
range of momentum transfers already measured and additional data at larger momentum
transfers.

Members of the BLAST collaboration have conducted new analyzing power 153 measure-
ments [20] by using a tensor polarized ?H target internal to the NIKHEF electron storage
ring, with 4n situ measurement of the polarization of the target gas. These precise mea-
surements are at momentum transfers of 1.6 fm™* and 2.4 fm~!. The feasibility of pursuing
higher-Q) measurements at NIKHEF is under study. A new program of {39 measurements,
by using the recoil polarization technique pioneered at Bates, has begun at the Thomas
Jefferson National Accelerator Facility (TJNAF). BLAST will provide precise data by us-
ing the internal target technique. The complementarity of the Bates and TJINAF programs
is obvious. BLAST will take more precise data in the kinematic region sensitive to few-
body physics. The next few years can yield polarization data for elastic e — d scattering of
comparable quality to that of the unpolarized response functions.

Quasi-elastic nucleon knockout with polarized electrons from polarized deuterium is the
prototype reaction for the study of more complicated nuclear targets. By itself it can opti-
mally address two central issues in the intermediate energy region, (a) the determination
of the form factors of the nucleon, in particular G%, and (b) the determination of the spin-
dependent momentum distribution function for nucleons in the target. Vector polarization
in deuterium emphasizes the one-body response and thus is ideal for studies of nucleon
observables such as G%. On the other hand, with tensor polarization one can separate the
spin-dependent components of observables such as the nucleon momentum distribution in
the deuteron.

Recoil (€, €') polarimetry experiments to measure G with polarized electrons and un-
polarized ?H targets are presently in progress at Mainz. This technique was pioneered at
Bates with a 1% duty factor electron beam [21]. At TJNAF plans are in place to carry
out measurements with a solid-state polarized target and the (€,e'n) reaction, and also
with recoil (€,€'7) polarimetry. BLAST complements these programs well by using the
polarized internal gas target and a large acceptance detector.

The momentum distribution function has been measured with the (e, €'p) reaction up to
recoil momenta of about 1.0 GeV/c. No data are currently available for the spin dependent
components of the distribution. With BLAST these observables can be mapped out up
to about 400 MeV/c missing momentum. In addition, for quasifree scattering a wealth
of information on the spin dependence of the effects from rescattering, meson-exchange
currents and isobar configurations will be obtained by measuring the reaction channels
(e, €'p) and (e, e'n) with both vector and tensor polarized deuterium.

Spin observables from deuteron electrodisintegration in the region of the A resonance are
quite sensitive to subnuclear degrees of freedom, such as isobar configurations and meson



exchange currents from the 7- and p-exchange. In addition, polarized deuterium is an ideal
system for studying the dynamics of the N — A transition and the Roper resonance in
the nuclear medium.

In the following subsections we discuss specific measurements for elastic, quasi-elastic,
and A resonance scattering. As a guideline we have used electron scattering proposal
91-09 “Measurement of Inclusive and Exclusive Deuteron Electrodisintegration by using
Polarized Electrons and Internal Polarized Target” by Alarcon (ASU) and van den Brand
(UW-Madison/Vrije Universiteit Amsterdam) [22]. This proposal has been approved by
the 1991 PAC at MIT-Bates for 1000 hours of beam time.

2.3.2 Tensor Polarized Elastic Scattering

The cross section for elastic scattering of unpolarized electrons from tensor polarized deu-
terium can be expressed as [23]

29, _
o= 0oy [1 + %Pzz (%ﬁs_gi__}j’zo — \/gsin 204 cos ¢gTo1 + \/gsin2 f4cos 2¢dT22)
(1),

Here, oy is the cross section from unpolarized deuterium, and P, is the degree of tensor
polarization defined as P,, = ny + n_ — 2ng, where n,, ng, and n_ are the relative pop-
ulations of the various nuclear spin projections on the direction of the magnetic holding
field. The polarization of the deuteron is defined by the angles 85 and ¢q in the frame
where the z-axis is along the direction of the virtual photon and the y-axis is defined by
the vector product of the incoming and outgoing electron momenta. In the one-photon
exchange approximation of elastic e — d scattering, and as a result of time-reversal in-
variance, the deuteron vector polarization is identically zero when using an unpolarized
electron beam [24].

The three tensor analyzing powers Ty, T1, and T, provide a complete set of observables
to determine the form factors G¢, Gg, and Gys. In practice, only Ty is needed because
unpolarized elastic e — d scattering provides a direct measurement of both G and a linear
combination of G¢, Gg, and Gy [25]. Nonetheless, the determination of both T%; and Tb,
is important for consistency checks.

The present data for Tyy are shown in Fig. 2 together with several state-of-the-art mod-
els [30]- [34]. In order to estimate Ty data with BLAST we performed a simulation of the
experiment. We used a luminosity of 1032 atoms cm™?s™', which is presently achievable
with atomic beam sources. Due to the large acceptance most of the kinematic range shown
in Fig. 2 is covered in a single experiment. The statistical errors shown in Fig. 2 are ob-
tained for 1000 hours of beam time. Because of the large acceptance symmetric detector,
similar quality data will be obtained simultaneously for the other tensor analyzing powers,

T2e and Ty, over the entire Q-range.
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Figure 2: Data and theoretical predictions for Ty, as a function of momentum transfer.
The data are from Refs. [25]- [29]. The curves represent various theoretical models [30]-
[34]. Also indicated are the expected data (solid circles) with BLAST for 1000 h at a

luminosity L of 10°? atoms cm™2s71.

2.3.3 Polarized Quasielastic Scattering

In general, the cross section for deuteron electrodisintegration with polarized electrons and
a polarized target can be written [35] in terms of various target (AX’T) and beam-target
(AZJIT) asymmetries,

o(h, P, P{) = oo [L+ PPA] + Pf A} + b (PPAL + PFAL)] (2)

where h is the electron helicity, P¢ are the deuteron orientation parameters, and oy is the
inclusive cross section with unpolarized electrons and target. The various asymmetries A
depend on the deuteron orientation angles (64, #4), and they are measured as function of
the missing momentum p,, for different momentum transfers Q. To extract a particular
asymmetry one has to reverse the spin of the deuteron (A}"") and the spin of the electron
beam (AY;"). For example, AY, is given by

11
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From the calculations of Leidemann, Tomusiak, and Arenhével [35] we have studied the
various asymmetries for a range of momentum transfer experimentally accessible with
a 1 GeV electron beam. In these calculations the intrinsic two-body wave functions of
the initial and final states were obtained for several realistic NN potentials. Relativistic
contributions to the potential and to the electromagnetic operators were included in a
consistent manner up to order (p/M)3. For the meson exchange currents (MEC), the
contributions from both 7- and p-exchange were taken along with consistent inclusion of
hadronic form factors. The most important NA, NN’(1440) and AA configurations were
considered for isobar configurations (IC).

By measuring the (&, ¢'n) parallel and perpendicular asymmetries, AY,(0,0) and 4%;(7/2,0),
one can extract the electric and magnetic form factors of the neutron [36]. The sensitivity
to G% is contained in AY,(7/2,0), while the information from AY,(0,0) is used to obtain
an independent measurement of G%,;. The neutrons are detected along ¢ where the effects
of the reaction mechanism are negligible and the cross sections are the largest. In Fig. 3
the asymmetry AY, 4(5,0) is plotted as a function of the cm-angle that the proton makes
with respect to ¢ for a range of momentum transfers, in quasielastic kinematics. The case
for 57=180° corresponds to neutrons emitted along ¢. There are two set of curves; one
set is for no inclusion of G% and the other is for G as parameterized by Galster [37].
The dashed curve is a PWBA calculation while the solid line includes the effects of the
reaction mechanism in the final state plus the effects of MEC and IC, the last two being
negligible in quasielastic kinematics. One can clearly see the effect of G, for 0””——180O

Also indicated in Fig. 3 are the regions over which AY,(Z,0) will be measured by (€ ¢€'p)
and (€, e'n), respectively. The measurements at forward Hcm provide precise data that can
check the reliability of the PWBA calculation over a Wide range of momentum transfers.

For an incident electron energy of 880 MeV, BLAST will measure the beam-vector-target
AY, asymmetry for the 2H(e e, 2H(e e'p), and 2H(& e'n) reactions in quasielastic kine-
matics over a momentum-transfer range between 0.1 and 0.7 (GeV/c)?. To separate the
different form factors that contribute to the asymmetry AY,, the target polarization will be
oriented parallel (§; = 0) and perpendicular (63 = Z) to ¢. The target spin direction will be
positioned around 45° with respect to the incident beam direction. The BLAST detector
allows detection of electrons at positive and negative scattering angles so the parallel and
perpendicular to § configurations can be measured simultaneously.

Counting rates have been estimated for the reaction (&,¢'N) at a luminosity L of 10%
atoms cm~2s7!. For the beam and target polarization we have assumed p, = 0.4 and pr =
0.85. The resulting statistical uncertainties for a 500 hour run are also indicated in Fig. 3.
The resulting uncertainties for G are shown in Fig. 4
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Figure 3: The asymmetry AL(%) 0) in quasielastic kinematics for the reaction (€,¢'N). The
dot-dashed lines are PWBA and the solid lines are the complete calculations [35]. The NN
interaction is the Bonn potential. The effect of the inclusion of G%=Galster is shown. The

expected data quality points with BLAST are also indicated (solid circles). The statistical
errors are for a luminosity of 10°? atoms cm™2s™! and 500 h of data taking.
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Figure 4: The projected G} (full circles) as fanction of @Q® from the exclusive (&, e'n)
measurements using a polarized deuterium target in conjunction with BLAST. Also shown
are the Mainz data on the polarized ®He target (open circle) and > H target (open diamond)
with neutron recoil polarimeter measurement, respectively [38]. The open squares are the
projected data from Bates experiment E89-05.

The (e,€e'N) target asymmetry AY vanishes in PWBA. In quasielastic kinematics it is
different from zero mainly due to the effects of the reaction mechanism. Sizable 4 asym-
metries are generated when the spin is oriented perpendicular to the scattering plane. The
effect is due to the spin dependent part of the NN interaction. High quality data will be
obtained up to 400 MeV/c missing momenta for the asymmetry Ag(%, %) for the range of
momentum transfers accessible with BLAST.

The nucleon momentum distribution p(pn) represents the probability of finding a nucleon
in deuterium with momentum p,,. In PWIA, it is directly proportional to the d(e,e'p)
coincidence cross section. In terms of spin degrees of freedom p = £[pT + p~ + p°], where
p is the momentum distribution for a particular polarization state of the deuteron, with
the property p* = p~. By measuring the tensor analyzing powers AL as a function of p,
the spin components p* and p° can be separated. In fact, in PWIA AT is given by

+ Y — 249
AT = (p* +p7) 4 | (4)
(bt +p)+p
where the denominator is measured in the unpolarized d(e,e'p)n experiments. To a large
extent rescattering effects mask the sensitivity of A to models of deuteron structure.
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Therefore, an accurate evaluation of these effects, which depend strongly on the spin state
of the deuteron and the scattering kinematics, is required for the interpretation of the data,
especially at high missing momenta.

As in the case of elastic scattering there are three analyzing powers that define AJ, and
they can be separated by using different spin orientations (64, ¢4). Specifically,

AT = d3(04)Teo + d70(82)Ta1 + dio(84) Tz, (5)

where the T5; are the different tensor analyzing powers and the d;o functions describe
the deuteron density matrix. The ¢, dependence has been absorbed in the T5;. BLAST
measures the ;= ,5 orientations in the same experiment. The two orientations yield T
and a combination of Ty and Ty, just as in elastic scattering.

We have estimated the statistical accuracy in the asymmetries AZ(0,0) and AJ(%,0) as a
function of p,, and @? for 500 hours of running time. The results are shown in Fig. 5. The
dot—dash lines indicate PWBA calculations whereas the full calculation is indicated by a
solid (dashed) line when the effects of the reaction mechanism are computed by using the
parameterization of the Bonn (Paris) potential.

2.3.4 A-resonance Polarized Scattering

Polarization observables in the kinematical region of the A-resonance are particularly
sensitive to the inclusion of isobars and the effects of meson exchange currents. With
BLAST we will measure the inclusive and exclusive beam-vector-target asymmetry AY; in
A-kinematics. Fig. 6 shows the results of calculations [35] for the exclusive asymmetries,
AY(0,0) and AZ)(%,0) for Q? = 5 fm™? based on the Paris potential, as a function of 6.
There are large differences between the dashed (N + REL) and solid line (N + MEC + IC
+ REL) for nucleon detection away from the momentum transfer direction. These results
indicate a great sensitivity of A, to IC in this kinematical regime. Count rates have been
estimated by using the same parameters as in the quasielastic case.

The present discussion on experiments with the reaction zf{(é', e’X) (X=0,pn,d) is far
from complete. It is well known that good sensitivity to various multipoles can be ob-
tained by a measurement near threshold. Such experiments are performed at low-energy
transfer and high transferred momentum, and with the proposed set-up may be limited
by the resolution in momentum of the scattered electrons. In the so-called “dip”-region
between the quasi-elastic and A-resonance peaks, the study of high-momentum transfer
reactions from polarized deuterium is interesting. The cross sections for these reactions
may strongly depend on the deuterium polarization in kinematics forbidden for scattering
off a free nucleon [39]. Asymmetries will also be obtained in exclusive scattering from the
reactions (e,e'r*), (e,e/N7), and (e,e’pn). Furthermore, one can carry out searches for
the signatures of quark degrees of freedom as predicted in models of short-range hadronic
interactions [40].
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Figure 5: The tensor asymmetry A} in quasielastic kinematics for the reaction (€,€'p) as
a function of p,, for a range of Q*. The dot-dash curves are PWBA and the complete
calculations with the Bonn (solid) and Paris (dashed) potentials are also shown. The
expected data quality points with BLAST are also indicated (solid circles). The statistical
errors are for a luminosity of 10°? atoms cm™%s™! and 500 h of data taking.
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Figure 6: The AY, parallel and perpendicular asymmetries in A-kinematics. The beam
energy is 880 MeV. The NN interaction is given by the Bonn potential. The solid curve
includes MEC and IC. The expected data quality points with BLAST are also indicated
(solid circles). The statistical errors are for a luminosity of 10°? atoms cm™2s™! and 500 h
of data taking.
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2.4 POLARIZED 3He
2.4.1 Introduction

The ®He nucleus has several properties that make the study of its spin particularly inter-
esting. The three body system is unique in that, although it is relatively tightly bound,
essentially exact Faddeev solutions in non-relativistic approximation of the ground state
have been obtained from a variety of two-nucleon potentials. In addition, unlike a heavy
nucleus where the total spin is usually determined by only a few valence nucleons, the spin
of 3He involves all the nucleons in the nucleus. Further, Faddeev calculations predict that
the ground-state spin of the ®He nucleus is dominated by the neutron. This property has
motivated worldwide interest in the use of polarized *He as an effective neutron target.
Measurements of spin-dependent scattering from polarized *He have been carried out at
Bates [41, 42, 43], TRIUMF [44], Mainz [45], IUCF {46, 47], SLAC [48], LAMPF [49], and
HERA [50], and experiments are planned at NIKHEF [51] and TINAF (52, 53]. Members
of the BLAST collaboration have been leaders both in developing the target technology
and in mounting the accelerator-based experiments. In particular, they have made the
first measurements of inclusive spin-dependent quasielastic electron scattering at Bates,
the first experimental determination of the spin-dependent momentum distribution of the
neutron and proton in *He at IUCF and the first measurement of semi-inclusive deep in-
elastic spin-dependent scattering from polarized *He at HERA. As described in detail in
this section, the proposed BLAST program is a natural evolution of this work.

Spin-dependent electron scattering from a polarized ®He internal target with BLAST
will focus on the simultaneous measurements of the asymmetries for inclusive scattering,

— —

*He(€,¢'N), and *He(€, ¢'r*). These measurements will span a kinematic range that covers
the quasielastic, ‘dip’, and A-regions. In a single experiment BLAST can simultaneously
determine in *He the ground state spin-dependent spectral function, the nucleon form fac-
tors, study the reaction mechanism, the neutron resonance structure, the A components
in the 3He wave function at the level of about 0.2 %, and the elastic and threshold region.

2.4.2 The Spin Dependent Momentum Distributions of the Neutron and Pro-
ton in *He

Non-relativistic Faddeev calculations of the three-body bound state predict the following
components to dominate the 3He ground state wave function: a) a spatially symmetric
S-state, accounting for ~90% of the spin-averaged wave function, has the *He spin as
entirely due to the neutron with the two protons in a spin singlet state; b) a D-state due
to the tensor force accounts for ~ 8% of the spin-averaged wave function and has the three
nucleon spins dominantly oriented opposite to the *He nuclear spin; c) a mixed-symmetry
configuration of the nucleons, the S’-state, arises from spin-momentum correlations and
accounts for ~1.5% of the spin-averaged wave function. All other components are predicted
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to be negligibly small. In the non-relativistic approximation with Faddeev techniques, the
S and S’ state contributions to the spectral function are found to be maximum for zero
nucleon momentum while the D-state contribution is greatest for larger momenta.

The nuclear structure information is contained in the spin-dependent spectral function
Ss,(E, p,t) defined as the probability density of finding a nucleon N of isospin ¢ with

energy E, momentum p and spin on parallel (antiparallel) to the e spin indicated by
oa=-+(—), where the kinematics are defined in Ref. [54]. The spectral function has the
general form

SU'A(E7p’t) = %{fO(EaP7t)+f1(Eap7t)UN'GA+ (6)

f2(E,p,t) [(O'N -P)(oa-D) - %O'N : GA} }

The spin-averaged contribution f, and the two spin-dependent contributions f; and f, are
scalar functions which depend only on the magnitude of p. The effects of the Coulomb
interaction have been neglected. The spectral function describes the spin structure of the
3He nuclear ground state. Thus, it is an essential ingredient in the theoretical description
of scattering from polarized 3He. In quasielastic scattering experiments (both inclusive and
exclusive), it characterizes the spins of the nucleons. In addition, it is an essential ingredient
in the description of polarized 3He as an effective polarized neutron in spin-dependent
deep inelastic scattering at high energies. Convolution-model calculations require the light
cone momentum distribution, which is constructed from the ground state spin-dependent
spectral function.

The momentum distribution for a nucleon of isospin ¢ with spin parallel (anti-parallel) to
the nuclear spin is defined as [55]

Pf(l)(Pat)E /dE 50A=+(_)(E,p,t) . (7

To make a direct connection with experiment, it is useful to define the spin asymmetry in
the momentum distribution as

iy _ pi(pt) — pu(pst)
N = T ®)

Nt(p) is plotted for each nucleon isospin state in Fig. 7. In this calculation the Paris
nucleon-nucleon interaction has been assumed. Note that the spin-averaged spin-dependent
momentum distribution is the unpolarized momentum distribution which has been deter-
mined from unpolarized experiments in quasielastic kinematics.

In simplest approximation, an unbound neutron in 3He can exist only in a state where
the two protons are also unbound (the three-body configuration.) However, the proton
in 3He can be found in a state where the other nucleons form a deuteron (the two-body
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Figure 7: The spin asymmetry in the momentum distribution of the neutron (solid line)
and the proton (dashed line) plotted vs. nucleon momentum p [55].
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configuration) or as individual nucleons (the three-body configuration) as observed directly
in quasielastic *He(e,e'p) scattering [11]. In Fig. 8 both two- and three-body contributions
and the sum are shown for the proton. Physically, the distributions in Figs. 7 and 8 can
be interpreted as the probability that a neutron or proton in *He has its spin directed
parallel to the nuclear spin as a function of the nucleon momentum. Thus, the neutron
in Fig. 7 at low p has its spin completely parallel to the nuclear spin but at high p,
where the D-state is sizable, the neutron spin can be found with large probability directed
opposite to the nuclear spin. In the case of the proton, from Fig. 8 it can be seen that
the individual two- (N (p)) and three-body (IV3(p)) contributions to the total proton spin
dependent momentum distribution are sizable and of opposite sign. (Note that even in
the pure S-state NZ(p = 0) = —NEF(p = 0) ~ 0.25.) The addition of the S’-state yields
for the complete wave-function N5(p = 0) + N(p = 0) = —0.12. As with the neutron,
at high p the presence of the D-state causes the proton spin to be predominantly directed
opposite to the nuclear spin. The spin asymmetries in the momentum distribution were
also calculated for the Bonn and Reid soft core nucleon-nucleon potentials with essentially
identical results.

Quasielastic spin-dependent knockout of the constituent nucleons of *He with good res-
olution in the energy and momentum of the initial state nucleon offers the most direct
experimental approach to constrain the spectral function [56]. Consider an incident po-
larized electron which exchanges a virtual photon of 4-momentum (v;q) in quasielastic
kinematics with a nucleon in 3He resulting in a recoiling nucleon of 4-momentum (7" + M;
p'). In the plane-wave impulse approximation (PWIA), the scattered nucleon is ejected
without secondary scattering from the residual nucleus implying that the missing momen-
 tum pm = q — p’ can be identified with the negative of the initial momentum of the struck
nucleon, —p. The recoil system is either a deuteron (two-body breakup) or two unbound
nucleons (three-body breakup), and in PWIA the missing energy E,, = v — T — Trecoil
is identified with E. If PWIA is a good approximation to the scattering process, then
information on the spectral function can be directly extracted.

Experiment OE-25 at IUCF carried out a measurement of spin-dependent quasielastic
scattering from polarized *He by using the proton probe. Kinematic cuts were used to
restrict the events to the region where PWIA was a reasonable approximation in order to
extract the spin asymmetries in the momentum distribution N7V (p) for the neutron and
proton, respectively. The results are shown in Fig. 9 and compared with the PWIA model.
The limits of the PWIA model for different nucleon-nucleon phase shifts and experimental
resolutions are given by the solid curves. Good agreement is observed between the data and
the model prediction out to 300 MeV/c. The dominance of the S-state is demonstrated by
the 100% probability to find a neutron with spin parallel to the nuclear spin at low pr,. The
presence of the small $’-state is demonstrated by the negative probability of N?(pn) at low
Pm. It is noted that N?(p,,) crosses zero at p,, & 150 MeV/c. The zero crossing is sensitive
to the weighting of the 2-body and 3-body contributions to the proton asymmetry. The
lack of agreement at high p,, is consistent with previous unpolarized measurements [57]

and is likely due to breakdown of PWIA.
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Figure 9: The asymmetry in the momentum distribution of the neutron (upper panel) and
the proton (lower panel) in the ®He nucleus as determined by the CE-25 experiment at
IUCF [55]. The solid curves indicate the limits of the PWIA model.

BLAST can measure the proton and neutron momentum distributions to high values of the
initial momentum of the struck nucleon. A careful study of the reaction mechanism can be
made with the large acceptance and the different target spin orientations. Thus, one can
identify regions where PWIA is valid in order to provide a direct experimental approach to
constrain the ground state spectral function. Fig. 10 shows the expected BLAST results
for the nucleon momentum distributions. Data will be obtained simultaneously for a wide
range of the momentum transfer Q2. In the simulation we have used 1,000 hours of beam
time with a typical luminosity for a polarized 3He target of 103 atoms cm=2s7.

In Fig. 10 (bottom) both two- and three-body contributions and the sum are shown for the
proton. In the same experiment, in addition to measuring the spin dependent momentum
distributions of the neutron and the proton in *He, BLAST can provide clean separation
of the two-body and three-body contributions to the proton momentum distribution and
determination of the presence of the D-state at high missing momenta. The expected
results are the points shown in Fig. 10 (bottom).

2.4.3 The Spin-dependent Quasielastic Reaction Mechanism

PWIA describes quasielastic scattering from 3He in the simplest approximation. Mecha-
nisms beyond PWIA such as final state interactions (FSI) and meson exchange currents
(MEC) are known to be important in certain kinematic regions. For example, calculations
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Figure 10: Top: The spin-dependent momentum distribution of the neutron (solid line)
and the proton (dot-dashed line) plotted vs. nucleon momentum p. Bottom: The two-
body contribution (dashed), the three-body contribution (dot-dashed) and the total (solid)

proton spin-dependent momentum distribution plotted vs. p.
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of these effects have been carried out [58] for the unpolarized responses Ry, and Ry which
have been measured [59]. As seen from Fig. 11, the continuum Faddeev calculation, with
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Figure 11: The longitudinal response functions of *He and *H at ¢ = 300 MeV/c. PWIA
results for Paris (dotted) and Bonn-B potentials (dot-dashed); full results for Paris (solid)
and Bonn-B potentials (dashed). Experimental data are from Bates [59].

FSI exactly taken into account, gives a good description of Ry. It was also observed that
the calculated transverse response underestimates the experimental data throughout the
entire quasielastic peak. A possible reason for the discrepancy may be the effect of meson-
exchange currents, which predominantly affect the transverse component of the nuclear
current.

Calculations have been made [60, 61] of the effect of FSI and MEC in spin-dependent
quasielastic (e,e'n) scattering from polarized *He. It is found that for Q* < 0.25 these
effects are sizable. This result is consistent with the observation in CE-25 that PWIA is
not a good approximation for neutron momenta less than about 500 MeV/c. BLAST will
take data from Q% = 0.1 to 0.7 (GeV/c)? in inclusive and exclusive channels both with spin
predominantly along and normal to q. It will take data simultaneously over a large range
which will allow the reaction mechanism to be studied in a manner that has previously not

been possible. This characteristic of the BLAST program was demonstrated by experiment
CE-25 [47].
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2.4.4 Inclusive Spin-dependent Quasielastic Scattering from *He

Inclusive electron scattering from nuclei has proven to be an essential tool in understanding
the charge and magnetic aspects of nuclear structure. Thus, it is not a surprise that mea-
surements of spin-dependent inclusive quasielastic electron scattering from 3He is essential
to the study of the spin-dependent electromagnetic response of *He.

The differential cross-section for inclusive spin-dependent electron scattering from *He may
be written as [23]
do

dQdE’

where the 4 (-) sign corresponds to right (left) helicity state for the incident electron.
The asymmetry, 4 = %, is the ratio of spin-dependent to unpolarized cross-sections; and
the direction of the target polarization is specified by the angles §* and ¢*, as defined in

Fig. 12. Further, for ®He, a spin—; target, the asymmetry is given by [23]

/3He spin

= 2(9*a¢*) + A(G*a ¢*) ’ (9)

Figure 12: Kinematics for electron scattering from polarized targets. Here u, is along the
direction of momentum transfer q. u, is normal to the electron scattering plane and u, =
u, X u, lies in the scattering plane. The target polarization direction is then specified by
the angles (6*, ¢*) in this coordinate system.

{cos 8*vr: Ry + 2sin 6* cos ¢*vrp Rpp}

A=
{vLRr + vrRr}

(10)

where the vk are kinematic factors (see reference [23]). Rp(Q?v) and Rr(Q?v) are
the longitudinal and transverse response functions contributing to the unpolarized cross-
section, and Ry and Ry, are two new response functions. R/ is a transverse response
function whereas Ry arises from interference of transverse and longitudinal multipoles.
In PWIA, calculations indicate that Ry is predominantly proportional to the square of the
magnetic neutron form factor G, and Ry, is very sensitive to G5,;G%. The full Faddeev
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calculation includes the non-negligible effect of both protons in the S’ and D-states. By
orientation of the target spin at §* = 0° (along q) and at §* = 90° (normal to q), one
arranges the asymmetry (4% and Az, respectively) to be proportional to R7 and Rrp,
respectively. Thus, the determination of the neutron form factors through experiments on
the *He nucleus entails a super-Rosenbluth separation involving polarization observables.

The Bates Laboratory has pioneered the measurement of spin-dependent inclusive scat-
tering from polarized 3He. To date there have been three experiments which have taken
data at low @? ~ 0.2 (GeV/c)?. The first two measurements [41, 42] used independent
target schemes and took data in contiguous runs at the same kinematics at the MIT-Bates
Linear Accelerator in 1990. In 1993 an experiment with substantially improved statistical
precision was carried out. The quasielastic asymmetry A7 was measured [62] as a func-
tion of electron energy transfer w, as shown in Fig. 13. The data are in good agreement

A, (%)

80 100 120 140 160
w (MeV)
Figure 13: The transverse asymmetry Ap+ as a function of electron energy loss measured
at Bates [62]. The curves represent the predictions of various PWIA calculations.

with PWIA calculations, allowing the extraction of a value for G%,°. Fig. 14 shows the
extracted value of G%,% in good agreement with the world’s data. While A7 is dominated
by the effects of the S-state neutron, the asymmetry A7y in PWIA at the kinematics of
the Bates experiment arises from the sum of a contribution due to the S'- and D-state
protons (~75%) and a neutron contribution proportional to G% (~25%). Thus, Arps is
significantly smaller than A7/ and provides substantially new information which can be
used to constrain our understanding of electron scattering at intermediate energies from
the three body system. Fig. 15 shows the measured A7y at Bates as a function of electron
energy loss. A detailed study of the PWIA, as it applies to the Bates experiment, has been
carried out [43]. Unlike A7/, the experimental A7z data do not compare well with the
predictions; the experimental numbers are low at the 1.5-2 o level. This may indicate the

effects of F'SI.
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Figure 14: G%;(Q?) (solid dot) showing the value determined from inclusive spin dependent
scattering from *He [62].
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Figure 15: The asymmetry Az as a function of electron energy loss measured at Bates
[43]. The curves represent the predictions of various PWIA calculations.
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BLAST will simultaneously measure A7 and A7p: as a function of Q*. We consider the
case of 880 MeV incident energy where the target spin is oriented at 50° with respect
to the incident beam direction in the horizontal plane. We assume 1000 hours of data
taking at 103 atoms cm™? s™! luminosity with 50% (40%) target (beam) polarization.
In the sector which contains the target spin, the measured asymmetry will be centered
around #* = 90°. In the opposite sector the measured asymmetry will be centered around
6* = 0°. By combining data from both sectors A7 and Arrs can be separated. Data will
be taken at quasielastic kinematics from Q? = 0.1 to 0.7 (GeV/c)?. Fig. 16 shows the
expected statistical precision in the determination of A7/ (top) and Arps (bottom). It is
seen that the asymmetries will be determined to high precision over the kinematic range
accessible with BLAST. It is interesting to investigate the precision with which G%(Q?) can
be measured from inclusive scattering. Fig. 17 shows the projected statistical precision and
an estimate of the present theoretical uncertainty. As expected, at low Q? it is currently
impossible to extract any significant information on G% from inclusive scattering because of
the large theoretical uncertainty. However, at high Q? the statistical uncertainty becomes
comparable to the theoretical uncertainty, and it should be possible to determine G% to
about £+ 20% [63]. Thus, one can compare the inclusive value with that using the neutron
coincidence measurement. Note that both measurements are carried out simultaneously in
the same apparatus. Further, it is not precluded that theoretical advances may reduce the
size of the systematic uncertainty.

2.4.5 The Charge Form Factor of the Neutron from Polarized *He

From the discussion of inclusive spin-dependent scattering above, it is clear that given
the present systematic errors associated with the PWIA model, accurate determination
of GE(Q?) at Q% < 0.6 (GeV/c)? from inclusive scattering is not possible. Further, the
calculation of Laget indicates that the FSI of the recoiling neutron in (e,e'n) at Q? <
0.25 (GeV/c)? are sizable. Thus, to determine G, of the neutron in *He with high precision,
one is restricted to high Q? and requires the neutron coincidence measurement. High
quality measurements of G% through quasielastic spin-dependent (e,e'n) scattering at Q*
= 0.3 (GeV/c)? have been made at Mainz [45] and the initial results are shown in Fig. 18

The asymmetries for the 3 H e(€, e'n) quasielastic reaction plus the constraints from inclusive
scattering can be used to extract G%. The latter can be obtained from the relation [45]

n 0.\* At .
E=a/l4+7(1+7)|tan— M (11)
2 A

with 7 = Q*/4M?, 6, being the scattering angle of the electron, and Arp:, Ay are the
beam-target asymmetries for spin orientations perpendicular and parallel to g, respectively.
Both of these asymmetries are measured simultaneously in BLAST as well as the observable

%7 which comes directly from the inclusive measurements. Fig. 19 shows the projected
statistical errors for the extraction of G from BLAST data as a function of @*. We see
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Figure 16: The asymmetry A (top) and Arp/ (bottom) as a function of Q? at the quasi-
elastic peak for 880 MeV incident energy. The total result (solid curve) is compared with
the respective neutron (dotted curve) and proton (dashed curve) contributions. The nu-
cleon form factor parameterization of Gari and Krumpelmann was used. The solid points
are the projected statistical uncertainties for 1000 hours of BLAST running.
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Figure 17: The estimated present theoretical uncertainty (shown as an error band) for the
extraction of G% from quasielastic 3He(e,e') [63]. The uncertainty, calculated in PWIA,
is due to variations in the NN potential and off-shell prescription. The curves represent
various parameterizations of G%. The solid points are the projected statistical uncertainties

for 1000 hours of BLAST running.
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Figure 18: The open symbols correspond to the data from Platchkov at al. [64] determined
from elastic ed-scattering. The curves indicate the model dependence of those data. The
Mainz datum from Meyerhoff et al. [45] (open diamond) follows from a measurement on
polarized 3 He.
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Figure 19: The solid boxes are the projected G as function of Q* by combining the inclu-
sive and exclusive (€,e'n) measurements. The statistical error for 1000 hours of running
is shown. The X and solid diamond are the Mainz data on the polarized 3He target and
2H target with neutron recoil polarimeter measurement, respectively [38]. The + are the
projected data from Bates experiment E89-05.

that BLAST will measure G% from 0.25 to 0.7 (GeV/c)? with high precision. We see that
the projected BLAST uncertainties are such as to explore the discrepancy between G7
determinations from ?H and 3He reported from Mainz.

BLAST has the unique capability to measure G%(Q?) for both the “free” neutron in the
deuteron and the bound neutron in 3He with the same experimental apparatus. A high
precision comparison of G% in the deuteron and ®He is of great interest. The neutron
in *He is not a free neutron but is bound by the strong interaction. The effects of the

nuclear medium on the neutron charge form factor have been estimated. Sizable effects
are obtained for the neutron in 3He above Q% ~ 0.6 (GeV/c)%.

2.4.6 Spin-dependent Charged Pion Electroproduction from *He

Measurement of spin-dependent charged pion electroproduction from 3He is of interest for
several reasons. Calculations have indicated that polarized 3He is an efficient neutron spin
target for pion production. In addition, the neutron and proton structure functions in pion
electroproduction are of comparable magnitude. Thus, it is expected that spin-dependent
measurements on *He can determine for the first time the spin-dependent response for
charged pion production from the neutron. Further, pion production in the region of the
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A(1232) resonance probes the role of the A in the nuclear wavefunction. Nucleons in the
nucleus can have significant momenta which can result in A isobar components in the
nuclear wavefunction. Thus, the A has a fascinating dual role of being both part of the
reaction mechanism and also a nuclear constituent.

Lipkin and Lee [65] considered the question of whether one can see pre-existing As in
electromagnetic pion production. Assuming that one can quasielastically scatter from a
pre-existing A and ignoring effects of the D-state and rescattering, they showed that the
ratio %:—%—ﬁ—; at A kinematics was sensitive to the probability of a pre-existing A component
in the nuclear wavefunction. Milner and Donnelly [66] pointed out that one could enhance
this semsitivity by use of spin observables. In particular, measurement of the ratio of
sideways asymmetries when the pion was detected along q suppressed the dominantly
transverse A production mechanism. It was estimated that a 2% A component in the
nuclear ground state would change the ratio of charged pion asymmetries by about a factor
of two. Further, Laget [17] considered the question of rescattering effects and pointed out
the importance of reconstructing the complete A from its nucleon and pion decay products.
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Figure 20: Angle of recoil momentum as a function of electron scattering angle for 880 MeV
incident energy. The dependence is shown for quasielastic scattering and for scattering in
the A-resonance region.

BLAST is very well suited to measurement of charged pion electroproduction in the region
of the A(1232) resonance. From Fig. 20 it is seen that the angle of recoil momentum
with respect to the incident electron is essentially constant over the entire angular range
of BLAST. The average recoil momentum direction is at —24°. The target spin will be
arranged normal to the average recoil-momentum direction, i.e. at —114°. In this way 6*
will vary from 90° by ~ 4-6° for A-peak kinematics. The scattered electrons will be sorted
into f,-bins for energies at the A(1232) resonance within £50 MeV of the peak and within
¢ = £ 12°. The variation in W over the A-excitation region (= 1190 MeV to 1290 MeV)

gives rise to a variation in 8, across the A peak. Thus, on the pion side for each 6, bin
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there corresponds a kinematic region in 6,. For parallel kinematics the spin-dependent
part of the cross section has three terms: W7L(n), W7T'(), and W7 (s). If we neglect
non-resonant contributions, then W¥%(n) = 0 and we consider only the Mj., Si4, and
F, amplitudes. The asymmetry then has the form

*
A= —vr? ( 442 %e% vy sin 6% + w7 cos 6 > . (12)

| M7, |
A fit to the data of Siddle [8]- [12] was used to calculate A for each §. bin. The asymmetry
due to the transverse longitudinal term is large, ~ —0.25 to ~0.6, in the kinematics of the
proposed experiment. As the invariant mass of the hadronic system varies over the A peak,
the recoil momentum direction changes as seen from Fig. 20. The effect of this variation

on the asymmetry is typically about 15-20%.

For 1000 hours of running under the assumed conditions at low Q% ~ 0.07 (GeV/c)?, the
longitudinal-transverse asymmetry can be measured with a statistical error of about 3%,
while the error increases to about 15% at @* ~ 0.4 (GeV/c)®. Further, BLAST with its
large acceptance can allow complete reconstruction of the A by coincident detection of the
nucleon. This measurement will provide a detailed test of our understanding of charged
pion electroproduction in the A region and can probe the pre-existing A components at

the level of 0.2%.

2.5 MULTIPLE COINCIDENCE EXPERIMENTS

There are two general programs of interest with BLAST which fall under the subject of
multinucleon processes:

1. The study of NN correlations, for example in (e,e’NN) reactions; and the study of
A-nucleus interactions, for example in (e, e'rN) reactions.

2. The study of the absorption of real or virtual photons involving more than two
nucleons.

Reactions involving coincident detection of two nucleons are sensitive to the NN interaction.
While the free NN interaction itself is known, the knockout reaction from bound nuclei
could reveal new phenomena. At lower relative momentum the NN knockout reaction is
described in terms of the two-body graphs: photon coupling to charged meson exchange,
A production and damping, and the contact term (or Z-graph) arising partially from
Lorentz invariance. At higher relative momentum, shorter range phenomena dominate. In
this regime, it becomes unclear whether higher mass mesons and baryons are the relevant
degrees of freedom, or whether one should talk about overlap of quark bags, quark Pauli
exclusion, and fully antisymmetric six quark states.
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BLAST provides the capability to measure the triple coincidence (e, e’ NN) response with
high precision over extensive kinematics. We have performed simulations of *He(e, e’ NN)
experiments by using theoretical calculations by Laget [67]. In particular, we have es-
timated that a 3He(e, e’2p) experiment can be performed with good statistical precision
in about one week [68]. We will use *He and “He, in comparison with deuterium, to
determine medium modifications to the two-nucleon interaction. 3He polarization observ-
ables will contribute to the separation of multipole matrix elements. Tagging the reaction
“He(e, e'pn) by exclusive final states, the isoscalar and isovector deuteron, can separate the
response for different isospin channels.

As produced in nuclei and interacting with remaining nucleons provide an additional
baryon-baryon system to compare with the NN interaction. Measurement of the AN
interaction would provide a distinct channel for testing our understanding of strong forces
and baryon structure. A calculation by Oka and Yazaki [69] in a QCD framework of the
NN, NA, and AA systems in an SU(4) quark symmetry group provides predictions for the
various channels. For example, in the channel that dominates pion absorption, the § = 2,
T = 1 NA channel (2,1), the real part of the interaction is attractive at long range and
repulsive at short range, much like the NN interaction. Other NA channels, the (1,1) and
(2,2) channels, are predicted to be strongly repulsive.

Observed violations of the free isospin ratios for charged and neutral pions have been the
strongest guide to date for the properties of the NA interaction. For a deuterium target,
two nucleons can participate in the pion production. For the reactions *H(e,e’pr~)p and
?H(e,e'nr™)n in quasi-free kinematics, one nucleon will most likely contribute dominantly to
the strength. The corrections can be determined by comparing the ' H(e, e'r™)n amplitude
measured with proton and deuteron targets.

We have estimated single-, double- and triple-event count rates for the reaction H(e,e'N) [68].
We have estimated the count rate for an unpolarized deuterium target with a 1 GeV elec-
tron beam. In these count rate estimates, a luminosity of 10%® atoms cm™?s™" is used.

Table 2: Kinematics, solid angles and count rates for the proposed *H experiments.

f-bin Q? 0,(W=1232) | AQe | gooan'mam: | N | Nor | ANpx(500 hrs)

degrees | (GeV/e)? degrees msr | pb/st®/MeV | hr™! | hr™? %
20.0-25.0 0.09 28.4 15 236 1826 | 9.8 1.4
35.0-40.0 0.22 30.5 27 45.5 345 | 4.0 2.2
47.5-57.5 0.36 28.2 75 8.3 171 | 2.0 3.2
62.5-72.5 0.49 24.8 90 1.86 46 | 0.53 6.1

Table 2 gives the cross section as a function of angular bins from 20° to 80°. The momentum
transfer direction for A peak kinematics is directed between —20° and -30° for electron
detection between 20° and 80°. The electron acceptance is indicated in the f.-bins of
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Table 2 with ¢ covering -15° — +15° at §=80° and -9° — +9° at §=20°. Energy acceptance
at the A(1232) resonance is within 100 MeV of the peak.

The coverage of BLAST allows a determination of the cross section over an extended
kinematic range. We have performed simulations of the cross section and resulting count
rate as a function of out-of-plane angle [70]. We point out that even with two sectors, out-
of-plane angles up to and including 90° can be accessed for a range of hadron angles relative
to the momentum transfer direction. Response functions Rrr and Rpr have out-of-plane
dependencies behaving like cos 2¢ and cos @, respectively. These response functions are
clearly evident in the simulated data.

The motivation to study the absorption of virtual photons involving more than two nucleons
comes from the fact that more of the absorption cross section than we are able to explain,
for pions and real photons, is going into such channels [71]. We have modeled experiments
which would use the upgraded version of BLAST (six instrumented sectors) to study virtual
photon absorption in nuclei leading to multinucleon emission, and we have found that useful
data could be obtained in a reasonable length of time, i.e. a few weeks. We also continue
our efforts to define which observables are likely to provide us a window on new physics. We
also are keeping in contact with experimental programs at other accelerators which address
similar physics questions. In recent years related data have been taken using SALAD at
Saskatoon and DAPHNE at Mainz; CLAS at TINAF will begin taking data in roughly
one year. Before moving toward upgrading BLAST by instrumentation of more sectors,
we will of course review the physics case at that time.

Even the two-sector BLAST will provide a very significant improvement in capability for
multi-nucleon absorption studies compared to that available previously. We therefore plan
experiments with the two-sector BLAST which we expect to provide important advance-
ment in our knowledge of photon absorption.. We also expect to learn detailed information
concerning the rate capability of BLAST which will be crucial in deciding on the optimal
design for instrumenting the extra four sectors.

2.6 RELATION to LIKELY OTHER RESEARCH

In 1989 the consensus of the Bates users was that in order to perform future experiments
on spin-dependent electron scattering from polarized targets, a toroidal spectrometer of-
fered the best combination of capabilities. This view has been corroborated by our own
experience with alternative approaches in the subsequent years. Two of us (R. Alarcon
and J. van den Brand) are among the principal investigators involved in the polarized
internal target program of NIKHEF. The initial phase of this program uses non-magnetic
detectors to measure the spin dependence of the (e, €e’p) reaction from tensor polarized
deuterium [72]. The luminosity of 10! atoms cm™?s™' has limited the scope of the mea-
surements up to now. It has been established through unpolarized measurements that
the detection setup could operate up to a luminosity 102 atoms cm™?s™!. Contingent on
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target thickness improvements, this is the expected luminosity for polarized deuterium in
upcoming NIKHEF experiments.

The next phase in the NIKHEF program is to carry out inclusive and exclusive mea-
surements from polarized *He [51]. For this experiment the optimum luminosity is 10%
atoms cm™%s™!, and a new detector system will be used. The electron detector is now mag-
netic (a wedge dipole magnet) with a solid angle of almost 100 msr. At the time of this
writing, polarized 3He measurements have just been carried out with a 440 MeV polarized
beam. Measurements at the originally proposed beam energy of 900 MeV are conditional
on the repair of the spin control solenoids in the ring. The detection of protons and other
hadrons continues to be non-magnetic. This instrumentation phase is very likely to be the
final one in the NIKHEF program as the facility is scheduled to close next year.

Table 3 compares the experimental parameters of the detectors for the two NIKHEF phases
with those of the revised BLAST. The different momentum, angular, and vertex resolutions

Table 3: Comparison of the BLAST parameters with those of the NIKHEF experiments.

Parameter NIKHEF NIKHEF BLAST
(Phase 1) (Phase 2)

Luminosity (L) <10%? <1033 >10%3

( atoms cm™?s71)

Total AQ, (msr) 150 100 760

Total AQ, (msr) 300 300 760

Q?-range (GeV/c)? 0.15 to 0.45 0.15 to 0.50 | 0.10 to 0.70
sequential sequential | simultaneous

Electron Detection | Non-Magnetic Magnetic Magnetic

Proton Detection Non-magnetic | Non-magnetic Magnetic

LxAQ,xAQ,

(10%% at cm~2s1sr?) 0.045 0.3 5.8

are similar when the detector elements are magnetic, such as BLAST and electron detector
of NIKHEF phase 2. For non-magnetic detectors the resolutions are degraded by about a
factor of 3, typically.

A quantity relevant to (e,e’p) coincidence experiments is the product of the luminosity
times the solid angles of the reaction products, namely LxAQ.xAQ,, where L is the
luminosity and AQ, , the electron and proton total solid angles, respectively. This quantity
is also shown in Table 3.

An additional important consideration is that the measurements are sequential with the
NIKHEF detectors , i.e., there must be a different data run for each Q2 under investigation
and for each spin orientation. On the other hand, BLAST measurements are simultaneous
for a wide range of @2, and the symmetry of the detector allows the simultaneous measure-
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ment of different spin orientations. These unique BLAST features are necessary to ensure
control of systematic uncertainties below the 5% level, a crucial condition to carry out the
ambitious scientific program.

The BLAST program is unique and complementary to those envisaged at other electron
beam facilities, such as TINAF and Mainz, with external targets. At Bates and TINAF
measurements of G% are approved with a recoil neutron polarimeter and with a polarized
deuterium target. The proposed BLAST measurements are quite competitive with exper-
iments based on these methods, as seen clearly in Fig. 19. The TINAF polarized target
measurement contains only ~ 15% of its target nucleons in the form of polarized neutrons.
Also the target requires a relatively high magnetic field resulting in a sizable effect on
the trajectories of incident and scattered particles. Because of their associated systematic
uncertainties, these techniques are inferior to those planned with BLAST, where the sys-
tematic imitation will be the knowledge of the beam and target polarizations, which can
be calibrated, monitored and cross-checked in situ simultaneously with data acquisition.
In addition, measurements at TINAF with a polarized *He target have been conditionally
approved for the CLAS detector. However, significant technical issues have been repeatedly
raised and it is clear that, unlike the BLAST detector, the CLAS detector configuration
has not been optimized for measurement of spin observables. This example underscores
the fact that TINAF does not have an experimental configuration optimized to study the
spin structure of few body systems.

In Europe the Mainz facility has an ongoing program of measurements to measure G both
by the recoil neutron polarimeter technique and by measurement of (€,e'n) scattering from
polarized 3He. In both cases the electron detection is non-magnetic with consequently
limited information on the dependence of the electromagnetic response on the direction
of momentum transfer and possible contamination by inelastic processes. Plans to use a
magnetic spectrometer for electron detection are in progress.

In summary, the BLAST experimental configuration represents the best method to carry
out a comprehensive program of measurements of spin dependent electron scattering from
polarized few-body systems. The measurement of nucleon form-factors and the spin struc-
ture of few-body systems are of central importance to nuclear physics. To address these
important problems, our field must take advantage of the best techniques available and
not be content with limited measurements utilizing conventional approaches. Ultimately,
the important questions are decided by the best experimental information, and BLAST is
in the unique position to provide these answers for the spin structure of few-body systems.

37



3 BLAST PROJECT TECHNICAL SUMMARY

3.1 The MIT/BATES SOUTH HALL RING

The South Hall Ring (SHR) is designed to operate either as a storage ring for internal
target experiments, or as a pulse stretcher ring to convert the low-duty-factor beam from
the linac to near CW beam for use by external target experiments. Commissioning the ring
is well underway; extracted beam should be delivered to the first experiments within the
coming year, and a program of commissioning the ring in storage mode has been developed.
This program is driven by the requirements of the experiments which are planning to use

BLAST.

The layout of the ring and associated beam lines is shown in Fig. 21, and ring parameters are
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Figure 21: The layout of the SHR and associated beam lines. The internal target region
and the location of the spin—control solenoids are also indicated.

given in Table 4. The circumference of the ring is half the linac-recirculator circumference.
This relation, coupled with operation near a half-integer horizontal tune, allows two-turn
injection into the ring, when operating the recirculator in head-to-tail mode. With 40 mA
beam current from the linac, one will thus have a stored current of 80 mA. However, by
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means of beam stacking currents in excess of 200 mA have been stored at the AmPS ring
of NIKHEF. Due to the similarities between the Bates SHR and the AmPS ring we also
expect stored currents of the order of 200 mA in the SHR.

Table 4: SHR design parameters.

| Parameter | Value I Unit |

Energy range 300-1000 MeV
Circumference 190.204 m
Revolution frequency 1.576 MHz
Bend radius 9.144 m
Stored current (2-turn inj.) 80 mA
Extracted current (average) 50 pA
Extracted duty factor 85 %
Internal duty factor 99 %
Injection frequency 1 kHz
RF frequency 2.856 GHz
Harmonic number 1812

Momentum compaction 0.029

Horizontal tune (stor. mode) 7.420

Vertical tune (stor. mode) 7.875

Synch. rad. losses (at 1 GeV) 9.8 | keV/turn
Inj. energy spread (with ECS) 0.04 %
Injected emittance 0.01 mm mr

The internal target will be located in the center of the west straight section of the ring. The
ring has been designed with small S—functions at this location, to accommodate storage
cells with small diameters. The low 3’s also reduce the angular growth of the beam resulting
from small angle and multiple scattering in the target. This design will help to maximize
the beam scattering lifetime.

A polarized electron beam will be an important feature of the SHR. The anticipated po-
larizations are 40% at present, and may be 60% or higher if a high-polarization crystal is
installed in the polarized source. In order to maintain longitudinal polarization at the in-
ternal target point, for arbitrary energies, two superconducting solenoids (Siberian snake)
will be installed in the east straight section of the ring, along with various skew and normal
quadrupoles. These components are currently in-house, but have yet to be installed in the
ring.

Commissioning the ring for use by internal target experiments has produced encouraging
results, Lifetimes (1/e) of several minutes have been achieved at energies of 330 and 750
MeV. Such lifetimes are long enough for internal target experiments. In addition, these
lifetimes are much longer than typical damping times (2 seconds at the lowest energies), and
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therefore allow stacking of the beam to achieve higher stored currents. The first stacking
studies took place in the Spring of 1997. A maximum current of 30 mA was obtained.
Further studies are planned to increase the stored current (see Sec. 4).

The ring has also been operated with polarized beam. Polarized electrons were injected into
the ring, and stored for a known number of turns. After kicking the beam out of the ring,
the electron polarization was measured with the B-Line Mgller polarimeter. The spin was
thus monitored for thousands of turns, and the frequency of the spin precession measured.
By using this technique, the absolute energy of the beam in the ring was measured to better
than one part in 10,000. The measurements also showed that the intrinsic spin lifetime
was longer than 10,000 turns. The results are shown in Fig. 22 [73].
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Figure 22: Measured longitudinal polarization plotted as a function of the number of turns
the beam circulated in the SHR (Ref. [73]).

A systematic program of ring studies focussing on use of internal targets and BLAST was
proposed at the April 1997 Bates Program Advisory Committee and given an ’A’ rating.
These studies will address Lifetime, beam current/stacking, backgrounds (both injection
flash and halo) with internal targets in place, and polarization control and measurement.
A more detailed program for these studies is presented in Sec. 4. This program will be
scheduled for the regularly occurring SHR beam developments, in parallel with the BLAST
detector development.
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3.2 The POLARIZED INTERNAL GAS TARGETS

An internal polarized gas target in a storage ring provides a nearly ideal interaction between
polarized beam and polarized target [74]-[76]. The polarized target nuclei are present as
pure atomic species so there is no dilution of the spin-dependent term in the scattering
cross section; the target cells have no end windows so scattered particles at very forward
angles can be cleanly detected; the target polarization can be reversed rapidly; only a
relatively low holding magnetic field is required; and the storage cell wall may be thin,
which allows for the detection of heavily ionizing recoil particles.

An internal polarized target conmsists of a source that generates a flux of polarized nuclei
directed into a windowless conductance-limiting storage cell, through which the stored
circulating beam passes [77]. The storage cell increases the dwell time of the polarized
atoms near the interaction region by providing a conductance C(z,T) which is a function
of the longitudinal distance z from the center of the target and the temperature T of the
cell wall. The conductance also depends on the physical dimensions of the storage cell.
In this way the target thickness p(z) is significantly enhanced. The flux in (atoms/s) is
expressed as

+L/2
F= [ |, A0 (13)

where L is the length of the storage cell, and the total areal density encountered by the
circulating stored beam is

L)2
i&:‘/:+ p(2)dz . (14)

L)z

For *He, the BLAST collaboration will utilize a polarized internal target very similar to
the one constructed for experiment CE-25 at the JIUCF Cooler Ring [78]. This target was
designed to produce vertically polarized *He atoms in the A-section of the Cooler Ring and
to allow detection of scattered nucleons over a large angular range. The target was polarized
in a 1-mT magnetic field provided by a 1-m-diameter Helmholtz pair. The polarized *He
source, which uses the technique of metastability exchange optical pumping [79, 80], was
connected by a Pyrex precision capillary to the storage cell. The properties of this target
are presented in more detail in Sec.5.

The MIT group in HERMES has led the effort in the design and installation of the polarized
*He internal gas target for that experiment for the past several years. The design is based on
the target used at IUCF. A cryogenic cooled cell has also been developed [81] which allows
the target cell temperature to be varied between 10 K and room temperature. In addition,
a target optical monitor has been developed [82] which allows the target cell polarization
to be monitored. The target was installed in 1995 and used for HERMES production data
taking between August 12 and November 28, 1995. Additional information on this target
is presented in Sec. 5 as well as the technical considerations to implement the He target

for BLAST.
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The initial program of BLAST measurements involving polarized 'H and 2H was proposed
for an atomic beam source (ABS) available from the University of Wisconsin [70]. Sig-
nificant improvements have occurred in the development of internal polarized 'H and 2H
targets since that time. First, members of the BLAST collaboration led the effort to mount
and operate an ABS in the NIKHEF ring [83]. A stable performance was achieved over a
five-week running period, with on-line measurement of the polarization of the target gas.
Plans to upgrade this source and implement it for BLAST are discussed in Sec. 5. Sec-
ond, polarized *H and %H laser driven sources (LDS), which are based on the principle of
spin-exchange optical-pumping [84], have undergone considerable development. Electron
polarizations >70% have been observed at flows ranging from 2x10'7 to 2x10'® atoms/s.
The BLAST collaboration is in close contact with the groups developing the LDS for
polarized 'H and ?H.

3.3 OVERVIEW of the MAGNETIC SPECTROMETER

Table 5 summarizes the requirements of the spectrometer for the proposed measurements
with polarized electron beams and polarized internal gas targets. The proposed measure-
ments of electromagnetic spin observables require a magnetic spectrometer with a solid
angle of about 1 sr. The spectrometer must be field-free and gradient-free at the target
position, and symmetric in the scattering plane about the incident-beam direction. These
requirements lead to the present BLAST design. The various technical aspects of the

BLAST detector, including modeling of the proposed experiments, have been discussed in
detail in ref. [70].

Table 5: Requirements of the spectrometer for the proposed measurements with polarized
internal gas targets.

Spectrometer Requirements Consequences for design
no magnetic field at the target toroidal field configuration
maximum luminosity = 10%* atoms cm™?s~! detector design
magnetic gradients < 50 mGauss/cm at target 8—coil design
large solid angle 2~ 1sr
target diameter ~ 1 meter inner diameter ~ 1 meter
g-direction definition %I?—I <2%
Af, < 5 mrad
simultaneous measurement of T/ and TL'/ asymmetries symmetric detector
e/p/n/n* separation particle identification

The BLAST detector is a non-focusing magnetic spectrometer with eight copper coils
arranged in a toroidal configuration. The initial detector package consists of two opposing
sectors instrumented in the forward direction with wire chambers, scintillation detectors,
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and Cerenkov counters for tracking, time-of-flight, and particle identification (PID). In
addition, two sectors of thick scintillation detectors from 35° — 70° will provide for neutron
detection, a lead glass forward calorimeter will provide extra PID capability, and an array
of recoil detectors inside the scattering chamber will be used to detect recoiling nuclei.
The main parameters of the BLAST detector are listed in Table 6. The design empha-

Table 6: Properties of the BLAST detector.

Quantity Acceptance/Performance

Angular Range 8 = 20° - 80°
b=+ 15° at § = 90°
¢ ==+ 5%at § =20°
Solid Angle 0.38 sr/sector
Momentum Range 82 — 4 20 % for e~ detect. eff. of 99 %
% = =+ 25 % for e~ detect. eff. of 80 %
Momentum Resolution (for e™) 1.2 % FWHM at 20° and 1.0 GeV
2.4 % FWHM at 90° and 0.5 GeV
Particle Identification (TOF) /K 30 up to 0.9 GeV/c

Maximum Luminosity ~ 103% atoms cm~%s7!

sizes conventional detector technology, off-the-shelf electronic components, and existing
data-acquisition system software to minimize cost and development time. The proposed
configuration including coils, support structure, and detector elements is shown in Fig. 23.

3.4 RUNNING STRATEGY

It is proposed to take data in a running period of several months duration on a spe-
cific polarized target. The goal would be to run in a mode where the target, beam, and
spectrometer are stable over several months. During this time regular running with unpo-
larized hydrogen gas will allow monitoring and calibration of the detector acceptance and
efficiencies against a well known scattering cross-section.

It is planned to take data in a mode which maximizes the duty factor and also the luminos-
ity. A schematic illustration of the likely running configuration is shown in Fig. 24. The
SHR is filled over time ¢, by repeated dual-turn beam injections separated by about 2.5
beam-damping times (stacking). Data acquisition proceeds for some time t4 during which
the beam current decays exponentially with some time constant tg. This cycle repeats
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Figure 23: The BLAST spectrometer showing the instrumented two sectors, the magnetic
coils and support structures. The z-axis is directed along the electron beam and the y-axis

is the vertical direction, perpendicular to the floor plane. The beam height is 2.15 m above
the floor.
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Figure 24: Schematic diagram of the stored beam current vs. time showing the relevant
time constants.

indefinitely. The duty factor for data taking D is

tq
td + ta .

D= (15)

The current decays as I(t) = I exp"‘_tB— so the average current during data taking < I > is

t
<I>= %9-[1 — exp_?g] . (16)
d

The average current over the full cycle is D- < I >. Consider now some realistic expecta-
tions. For a 750 MeV beam, the damping time t44mp is 0.16 sec. At a beam life time ¢p
of 4 min. (t3/tgamp = T8 = 1500) ¢, is 5 sec., and t4,,=48 sec (14 = 300). About 100 mA
initial current is needed requiring about 13 stacks of 8 mA injection current (see Fig. 25).
Fig. 24 is a schematic diagram of the stored beam current as a function of time showing
the ON/OFF data acquisition gate for two consecutive fills. The impact of reversing the
target spin direction within one fill has not been addressed in the previous example.

The beam polarization direction is constant over the fill. The orientation will be random-
ized from fill to fill. To form a spin asymmetry, the target polarization will be reversed
at least once per fill. This technique allows the formation of an asymmetry for each fill.
The luminosity for each spin state will be monitored by measuring the current and target
thickness.
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3.5 SYSTEMATIC UNCERTAINTIES

In the determination of the scattering asymmetries there are several sources of systematic
uncertainty:

e beam polarization: The beam polarization will be measured with a Compton
backscattering polarimeter to £3%. Our plans for such a device are discussed in

Sec. 4.

e target polarization: The target polarization will be measured with a target po-
larimeter to £3%. In addition, it is planned to simultaneously measure the known
asymmetry in elastic scattering. This measurement should allow a determination
of the product of beam and target polarization over the running period to ~ 3%
and thus provide an important cross-check on the systematics associated with the
individual beam and target polarization measurements.

e luminosity measurement: The relative luminosity in each spin state will be de-
termined to 1% by monitoring the stored current and the target thickness.

e time-dependent acceptance: It is imperative that the spectrometer acceptances
and efficiencies remain stable on the timescale of the spin-flip i.e. about 2 minutes.
These quantities will be monitored on-line.
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4 The STORED ELECTRON BEAM

4.1 INTRODUCTION

The reliable availability of the polarized stored electron beam at energies up to 900 MeV
over several months per year is essential for the success of the BLAST physics program.
The physics measurements projected in Sec. 2 assume 80 mA average current with 40%
longitudinal electron polarization at the target position. The stored current must pass
through the narrow target cell and its magnitude must be monitored over a fill to better
than + 1%. The polarization of the beam must be determined to + 3 %. Further, the
background rate from beam losses in the BLAST detector must be acceptable. As de-
scribed in this chapter all essential properties of the beam have been demonstrated at the
AmPs ring in Amsterdam. However, experience at several laboratories has shown that the
development of the stored beam will require a substantial effort over several years. The
outline of this beam development program is described here.

4.2 BEAM LIFETIME

Stored electrons colliding with gas atoms at rest in the storage ring can be scattered outside
the acceptance of the ring and intercepted at ring apertures. Those electrons which are
scattered out of the beam emittance but not out of the ring acceptance will continue to
circulate in the ring and will eventually be brought back into the beam phase space by
synchrotron radiation damping. The beam lifetime is determined by contributions from
several effects: Coulomb scattering from neutral gas atoms (either from residual vacuum
or internal target); scattering from ions generated by the stored beam interacting with
gas in the ring (ion trapping); bunch-bunch instabilities at high currents, etc. Based on
experience at NIKHEF and calculations by C. Tschaldr [85] it is likely that the dominant
effect up to 250 mA at 10 minute lifetime is due to ion trapping.

Ring electrons will ionize the rest gas and trap those ions in their electrostatic (and to a
lesser extent their magnetic) field thus increasing the density of atoms in the beam and
multiplying the scattering losses. At typical rest-gas pressures of several nTorr, the ion
densities build up to their natural limit (equaling the beam electron density) within less
than a few seconds. This ion saturation density is a large multiple of the rest gas density
for beam currents in the 100 mA range.

Scattering losses from ions at saturation density reduce beam lifetime to a minute or less
at higher beam currents. To reach storage times of order 10 minutes, these ions must be
cleared from the beam continuously. Two methods of ion clearing have been considered.
The first one introduces a 20 to 30% gap in the circulating electron beam. The resulting
periodic interruptions of the electric containment field of the beam causes instabilities in
the ion cloud which, under certain conditions, disperses the ion cloud. An alternative way
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to clear ions is by introducing a set of electrostatic clearing electrodes at intervals around
the ring. This method relies on thermal migration of ions along the beam because the
installation of continuous electrodes all around the ring is impractical. Calculations show
that ions created outside the bending magnets are reflected at the magnet boundaries,
thus requiring clearing electrodes between all magnets. Ions created inside the bending
fields are expelled from the benders by the combined action of the magnetic field and the
electrostatic field of the beam. The ion density in the drift regions is then determined by the
distance between the clearing electrodes and the rest-gas pressure for a given beam energy
and current. The scattering losses, and thus the beam lifetimes, are entirely dominated
by the heavy rest-gas components such as N, CO, and possibly Ar. Beam lifetimes of
many minutes require clearing electrodes every few meters within the straight sections of
the ring along with N, or CO partial pressures in the 107! Torr range whereas He and H,
pressures of 1078 Torr are acceptable. Near an internal H, or He target, an ion saturated
region of up to 10 m between clearing electrodes would not limit beam lifetimes below
about 20 minutes.

Beam lifetimes due to synchroton radiation induced by electron losses from the RF bucket
were measured in the Spring of 1997. These lifetimes were larger than 6 min. for a beam
energy of 750 MeV. These losses are therefore not likely to dominate total beam lifetimes.

Scattering from rest-gas ions and atoms results in a beam halo which will produce back-
ground when it is intercepted by the storage cell of the internal target and other apertures.
It is assumed that a collimator system will reduce the beam halo to an emittance smaller
than the storage cell acceptance. Thus, only halo produced between the collimator and
the internal target can produce direct background from the storage cell. Estimates for the
background electron flux from the storage cell inside a 6° angle show rates below 1% of
the flux from a 3He target of 10'® atoms/cm?® at energies below 50 MeV for a N, rest gas
pressure of 10~° Torr.

4.3 WAKE-FIELD EFFECTS

In the design of an internal target system for the SHR, wake-field effects have to be con-
sidered [86]. Such wake-fields will be excited in the target chamber and storage cell and
could damage the special wall coatings on the storage cell which prevent depolarization,
and could lead to instabilities in the circulating electron beam.

Wake-field heating of the storage cell structure has been calculated [70] and it is found that
by tapering the conductance limiters the RF power stored in a given cavity (i.e. storage cell
and target chamber) can be reduced considerably. It is also found that most of the power
loss is generated by the reflections at the end of the vacuum chamber. For an optimized
design there is total power loss of only 0.25 W. From this we conclude that wake-field
effects do not pose a problem for the proposed internal target. Wake-field heating is not
a problem in the NIKHEF internal target which does not use tapered limiters. Wake-
field effects also can limit beam storage lifetime, but this was not observed at NIKHEF
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where 100 mA beams have been routinely stored for more than 30 minutes. Although the
NIKHEF experience is very encouraging, the AmPS ring is not identical to the Bates SHR
so we will make a target designed to minimize wake-field effects.

4.4 INJECTION FLASH and BACKGROUNDS

Injection flash is the high detector rate expected during the 1.3 usec injection period. It is
caused by electrons scattering forward from the injection septum into the beam pipe walls

inside BLAST.

4.4.1 Simulation

Studies of the effects of the injection flash were the subject of a report [87]. The program
modeled the electron interaction with the injection septum and followed the shower down
the beam line, through the walls of the beam pipe, and into the BLAST detector. The
shower through the walls of the beam pipe gives a luminosity during the injection which is
in agreement with the rough calculations made previously. Molybdenum was found to be
the septum material giving the lowest background. Energies of 350 MeV and 880 MeV were
used, with the expected sharp increase of background at the higher energy. The shielding
effects of the septum chamber, beam-line quadrupole magnets, and lead around the beam
pipe were studied. At 880 MeV the GEANT results predict that the ratio of the number
of electrons coming out of the beam pipe to the number hitting the septum is about 50 for
no shielding, 25 if the shielding of the collimator box is included and 10 if a 1” lead shield
is placed around the beam pipe, indicating that shielding will reduce the injection flash by
a factor of 5. The GEANT calculations also gave the angle and energy distribution for the
number of photons and electrons per 100 electrons hitting the septum. It turned out that
the electron angular distribution is not strongly peaked forward, and most of the electrons
have energies below 20 MeV and will be swept away by the magnetic field. The GEANT
calculation did not include the effect of the magnetic field. The calculated instantaneous
current in the drift chambers during injection is a factor of 10° larger than the average
current trip point. However, the injection flash from the septum should last for a maximum
of 1.3 ps. With the magnetic field on and the low energy electrons removed, this current
could drop by a factor of 100.

Calculations [70] of the effect on BLAST drift chambers indicate that their operating
voltages need to be reduced by a few hundred volts during injection. This procedure has
been routinely used in the internal target experiments at NIKHEF and IUCF. With the
anticipated injection period of 10 sec and a beam cooling time of order 1 sec we do not
expect problems from injection flash or early-time beam loss.

49



4.4,2 Measurements

Over the last five years the South Hall Ring has been operated several times to study the
properties of the stored beam. At every opportunity, measurements of the background
rates into detectors in the region of the internal target have been carried out.

In August 1992 measurements were made which allowed an estimate of the rate in BLAST
arising from injection flash. A 1.5” x 1” scintillator on a PMT at 10” from the beam pipe
at the BLAST position produced a rate of 1 MHz/mA of injected beam. The BLAST
(0.76 sr) rate would have been 65 MHz/mA or 2,600 MHz at 40 mA injection. The original
BLAST proposal to the DOE estimated a rate of 10,000 MHz at 40 mA assuming 107°
of the injected beam hits the injection septum. The BLAST rate during production data
acquisition at 40 mA is estimated to be about 0.1 MHz. It is clear that detector systems
need to be gated off during injection. On the other hand, the overall radiation stress on
the BLAST detector is less from injection flash than from production data acquisition. For
example, a 40 mA injection for 0.6 usec every 30 seconds has a duty factor of 2 x 1078,
bringing the estimated average rate down from 10,000 MHz to 200 Hz, a factor of 500 less
than the data rate. The measurements were made with a injected beam 5 mm from the
injection septum. The injection flash measurements will be repeated with the additional
restrictions of injecting with good beam storage times and the internal target in place.

In addition, measurements were made to estimate the magnitude of background rates in
BLAST arising from beam losses during cooled beam. A 1.5” x 1” scintillator on a PMT
attached to the beam pipe 5 m downstream from BLAST gave a rate of 5 kHz/mA with
cooled beam. The BLAST rate (0.76 sr) would have been 17 kHz/mA or 1.7 MHz at 100
mA. The expected BLAST rate from the *He target alone is about 0.3 MHz at 100 mA.
The rate from the counter on the beam pipe is roughly that expected for uniform beam loss
around the ring with the measured lifetime ( 4 minutes) and also agrees roughly with the
measured bremsstrahlung rate at the end of the straight section. This result was obtained
with no target in the ring. The losses to the beam pipe should increase with increased
gas load in the ring, but may be controlled by the use of halo scrapers and electrostatic
sweepers to limit ion trapping.

4.5 SPIN CONTROL

Polarized beams, as they are injected into the SHR, will be longitudinal at the internal
target location. Owing to the electron’s g — 2 anomaly, the spin will precess around
the momentum. To correct for this precession a Siberian Snake, which will maintain the
longitudinal polarization at any energy, both of the stored beam at the location of the
internal target and of the extracted beam on the B-Line, will be installed in the east
straight section of the ring.
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4.6 ELECTRON POLARIMETER

A polarimeter, which provides real-time data independent of the operating mode, is neces-
sary both to tune the beam spin direction and to monitor its status during storage and/or
extraction. Polarimeters based on the scattering of laser light from the circulating elec-
tron beam meet this requirement and are in use in a number of high energy storage rings:
SPEAR, HERA, and LEP, for example. It is feasible to use such a polarimeter in the SHR.
The main difficulty to be overcome arises from the fact that the Compton asymmetry de-
creases as the beam energy decreases (as does the scattered photon energy). For a laser
of 514 nm wavelength (Argon ion laser) the scattered photon at 180° varies between 3.5
and 35 MeV as the electron energy is varied between 300 and 1000 MeV; the longitudinal
asymmetry varies between .005 and .0175 over the same range. The low photon energy
makes one vulnerable to bremsstrahlung from the residual gas in the ring while the small
asymmetries require high statistics for good precision. With commercially available lasers
(few Watts) measurement times would be of the order of minutes to a few hours depending
on the beam energy and the stored current. Recently, a successful test has been done at
NIKHEF with an unpolarized beam in the ring. A statistical precision of about 3% is
expected for measurements lasting a few minutes, with a 900 MeV beam 70% polarized
and with laser power of 10 W [88]. Measurement times could be reduced to a few seconds
by increasing the laser intensity. This would also be useful in distinguishing the signal
from the bremsstrahlung and other backgrounds.

In addition, measurements of the spin dependent elastic scattering from polarized targets
of 1H, ?H, 3He can be used to obtain the product of the beam and target polarization.
For example, measurements of the elastic scattering asymmetry from polarized *He to a
statistical accuracy of +:10% can be done within 5 hours assuming an electron beam with
a current of 40 mA, 440 MeV energy, and 40% polarization [89]. The target thickness is
2x10* cm~? with a 50% polarization.

4.7 DEVELOPMENT PLAN

To reach the design goal of an average 80 mA of 40% polarized beam through the internal
target, several parallel lines of SHR developments are required.

4.7.1 Internal Gas Target

The collaboration together with the Laboratory is proceeding with the realization of a
complete internal gas target in the Bates South Hall Ring. The vacuum pumping has
been ordered and is expect to be at Bates by September, 1997. A retractable target cell is
under design and will be fabricated in the coming months. Further important components
include the BLAST mechanical mezzanine, the gas feed system, and the vacuum control
system. It is planned that the complete system will be installed in early 1998. In addition,
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a complement of detectors to detect scattered particles from the target gas will be available
to carry out measurements. The maximization of the luminosity and the investigation of
background, injection flash, and stored lifetime in the presence of a realistic target can
then proceed.

4.7.2 Beam Storage

We approximate beam stacking by a beam injection Iov, where I, is the injected current
for each stack and v the number of stacks in one beam lifetime, and assume an exponential
beam decay. It can then be shown that the average current I available for data taking,
averaged over the entire cycle of injection and data taking is

I=Iw(l—e)(1—e*)/(c+p) (17)

where o and p are the times allowed for stacking and data taking in units of beam lifetime.
The maximum value for I of about 20% of the maximum attainable injected beam current
Iyv is obtained for

o= p = 1.256. (18)

Assuming the currently available peak polarized beam of 4 mA from the polarized source
and an interval of 2.5 times the damping time between dual turn stacks of 8 mA, the
minimal beam lifetime to obtain the nominal 80 mA average beam has to be at least
125 times the beam damping time. The corresponding maximum beam current of 280
mA would be reached after 63 stacks. For longer beam lifetimes, the maximum required
stored beam current I,,,,, decreases. Fig. 25 shows the minimally needed I,,, as well as
the corresponding number of stacks, and the stacking and data taking times 7, and 75 as
functions of the beam lifetime 75. All times are in units of the SHR beam damping time:

tq = 0.0672(s) x (GeV?®) /E?, (19)

where E is the beam energy in GeV. At the two energies of 330 MeV and 750 MeV, the
required beam life times are 3.9 min and 0.33 min. They have both been surpassed in
commissioning tests at beam currents of up to about 40 mA. Stacking to higher currents
to reach 80 mA average current (see Fig. 25) has still to be developed which will require
about three commissioning runs of 10 days dedicated to stored beam.
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Figure 25: Stacking time 7, and data taking time 74 as a function of the beam lifetime
5. They are plotted in units of beam damping time, defined in Eqn. 19, for two average
currents, 80 mA (solid lines) and 320 mA (dash lines). Also shown are minimally needed
I as well as the corresponding number of stacks.

4.7.3 Polarized Beam

A second, parallel program concerns the installation and commissioning of the spin rotators
(Siberian Snake) and of a beam polarimeter. The spin rotators are ready for installation.A
beam polarimeter measuring laser light backscattered from beam electrons and described
above will be installed in the SHR. There is a possibility of obtaining such a polarimeter
from NIKHEF after they shut down operations at the end of next year. Commissioning
polarized stored beam is estimated to require several dedicated runs of about 10 days each.

4.7.4 Schedule Outline

With BLAST completion projected for Fall 2000, it is clear that the stored polarized beam
must be developed in advance of this date. The beam development is estimated to require
at least five commissioning runs of about 10 days duration each. A significant effort to
instrument SHR diagnostic elements and implement a complete control system is also
required. Further, some modification of the ring vacuum system is anticipated.
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To develop the beam for BLAST, a dedicated commissioning run of about 10 day duration
must be scheduled approximately every six months for the next three years. This frequency
should allow for detailed analysis and substantial hardware modification (if necessary)
between commissioning runs. A reasonable timeline with some contingency to achieve this
would focus on the stored beam development until the end of 1998. By this time an average
current of 80 mA at 880 MeV should be routinely available through the internal target cell.
In 1999 the focus would turn to development of the polarized beam. Thus, installation of
the Siberian Snake cannot be delayed much beyond the end of 1998. In addition, the beam
polarimeter must be fully operational by the latter half of 1999. Note that the full BLAST
coils and supports together with prototype detectors are projected to be on the floor by
early 1999 so it is likely that a polarized target would be installed also at this time. A
reasonable goal would be to have stored polarized beam available by the year 2000. This
schedule has about 9 months contingency with the possibility of another commissioning
run in Spring 2000. A schematic chart of the schedule is shown in Fig. 26.
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Figure 26: Outline of schedule for BLAST beam development. The specific dates indicating

milestones are in calendar years. The header is in fiscal years.




5 The POLARIZED INTERNAL GAS TARGETS

5.1 The POLARIZED *He INTERNAL TARGET

The polarized *He internal gas target to be used with BLAST was developed at Bates in
the early 1990s by R. Milner’s group [78, 90, 91] with the primary motivation to measure
spin-dependent electron scattering from polarized 3He in the Bates South Hall Ring. Since
that time targets based on this principle have been used at IUCF to measure the spin-
dependent momentum distribution of the nucleons in 3He [55]; at HERMES to measure
spin-dependent deep inelastic scattering from polarized *He [92], and at NIKHEF [51] to
measure quasielastic spin-dependent scattering from polarized 3He. Here we describe the
basic principle of the target, review the three previous realizations, and detail the important
technical issues relevant for the BLAST target.

5.2 PRINCIPLE of the POLARIZED *He TARGET

The metastability exchange technique for optically polarizing helium was developed in the
early 1960s [93]. High-polarization targets become realizable after the LNA laser became
commercially available in the 1980s [94]. The technique has the advantage that it produces
samples of pure *He gas with high polarization.

5.2.1 The Optical Pumping Mechanism

When an RF field is applied to a low pressure *He gas, electrons can be accelerated to
speeds where a collision with an atom can produce another electron. This action causes a
sustainable avalanche. A collision can also excite the atom. Its deexcitation will produce
electromagnetic radiation with frequencies corresponding to the energy differences between
the different states of the atom. The impact excitation can populate levels that cannot
easily decay by emitting electromagnetic radiation. These levels have comparatively long
lifetimes and are called metastable. Sustaining a weak discharge in a low pressure helium
gas will produce a small fraction of the atoms (~ 107°) in the long-lived 23S; metastable
state, illustrated in Fig. 27 . This state is essential for the optical pumping mechanism
used in the target.

Circularly polarized light incident upon the sample along the axis of a weak magnetic
field can cause transitions between the 3S; and 3P, states. Angular momentum is thus
transferred from the pumping light to the metastable atoms, and the metastable atoms be-
come polarized. Transfer of the nuclear polarization to the ground-state atoms is achieved
through metastability exchange collisions.
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Figure 28: Schematic of pumping cell flow system.
5.2.2 The Flow-through Pumping Cell

In order to create an internal target, 3He gas is flowed through the pumping cell and into
the storage cell, which is located inside the storage ring [78]. A schematic diagram of the
target is shown in Fig. 28 . The ®He atoms flow through a glass pumping cell of volume V'
at a rate of F atoms/sec. As shown, the *He gas has an input density of p; and traverses
an input conductance C;. The gas in the pumping cell has an average density of p, and
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exits through a conductance C, to the storage cell. The average residence time of an atom
in the pumping cell, ¢,, is given by

PV
tr = == 20
A (20)

For equilibrium flow with py ~ 0, one has

F = Ci(pi — pp) = ppC (21)

and so v
t, 8 — 22
. (22)

Thus, to a very good approximation the average residence time of an atom in the pumping
cell depends only on the quantities V' and C,.

We can also deduce the following relation:

oG (23)
Pi Ci+ C,
and so a measurement of p, as a function of p; measures the ratio of conductances C and
C,. Note that in the intermediate flow region C; and C, become functions of p, and p;.
For the usual pressure range this is not a problem for C,, but it needs to be taken into

account for C; design calculations.

In the pumping cell the atoms are polarized by absorption of angular momentum from the
laser pumping light at the 1.083 pm transition. Consider a sample of *He atoms in a sealed
cell, i.e. a pumping cell where there is no flow and the sample of *He atoms is static. In
the approximation that the polarization rate does not depend upon polarization, the SHe
atoms will be polarized to an equilibrium polarization P} with a pump-up time-constant
of ¢ given by

P(t)= Pl —e %) . (24)

Consider now the atoms in an identical pumping cell but flowing at a constant rate of F
atoms/sec. We can treat the flow as a depolarizing effect, taking away polarized atoms at
a rate F times P and replacing them with unpolarized ones. Hence we have:

dP v

—gt—:—l/thP»—l/trXP . (25)
The gas in the cell will be polarized to an equilibrium polarization POJc with a pump-up
time constant t; where

1 1 1
=t (26)
tf ot oty

The equilibrium polarization obtained with a flowing system, P/, and the equilibrium
polarization obtained on a sealed copy of the pumping cell, F§, are related by

tr
P/ = Ry — (27)

v
p

57



where the difference between sealed and flowing systems is the presence of a polarization re-
laxation with time constant ¢, due to unpolarized atoms entering the pumping cell through
C,. Hence, t, is equal to the residence time of the atoms in the pumping cell.

From Eq. (24) it is seen that high polarization in the flowing system requires that ¢, >

ts tg, i.e., the pump-up time must be much shorter than the residence time in the pumping

cell.

To study the operation of the flowing system it is convenient to define two quantities. First,
we define the polarization rate R of a sample of He to be

_ NP,
=3

R

(28)

where the sample contains N 3He atoms that are polarized to an equilibrium polarization
P, with a pump-up time constant ¢,. Secondly, the *He atoms are polarized by means of
a discharge whose intensity is characterized by 74, which is the time constant associated
with the polarization decay in the absence of optical pumping and in the presence of the
discharge. As we shall see below, the performance of the polarized *He internal target is
strongly dependent on R and 7.

5.3 PREVIOUS EXPERIMENTS with the *He TARGET

Since the development of the target at Bates, similar targets have been operated at the
IUCF ring in the CE-25 experiment [90] at the HERA ring in the HERMES experiment [92]
and at the AmPS ring at NIKHEF [51].

5.3.1 The CE-25 Experiment

Fig. 29 shows a schematic of the target used in the CE-25 experiment at IUCF. The target
polarization was typically about 50%, as shown in Fig. 30 and operated at a flow rate of
1.2 x 10'7 atoms/sec. The target cell operated at room temperature and had a rectangular
cross-section of dimensions 16.6 mm (high) x 13.1 mm (wide) X 400 mm (long). The
target thickness was 1.4 x 10'* atoms/cm?.

5.3.2 The HERMES Experiment

Fig. 31 shows a schematic of the target used in the HERMES experiment at DESY. The
target polarization was typically about 50%, as shown in Fig. 32 for over a period of three
months. It was only accessible for 10 hours per month during this time. This configuration
is close to the situation envisaged with the BLAST experiment where we expect the data
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Figure 29: The ®He target used in the CE-25 experiment at
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taking also to continue for several months. The HERMES target operated at a flow rate
of 1 x 10'7 atoms/sec and this was limited by the impact on the stored beam lifetime. The
target cell typically operated at 25 K and had an elliptical cross-section of dimensions 29.6
mm (horiz.) X 13.1 mm (vert.) x 400 mm (long). The target thickness was 3.3 x 10
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Figure 31: Schematic illustration of the HERMES target.
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5.3.3 The AmPS Experiment

A polarized 3He target internal to the NIKHEF ring is currently installed and is being used
to take data for spin correlation measurements. The performance and properties of this
target are quite similar to those previously described.

5.4 The BLAST *He TARGET

The BLAST polarized 3He target will be very similar to the previous targets. With a flow
rate of 2 x 10! atoms/cm?, a cylindrical target cell of inner diameter 12.5 mm and length
400 mm at a temperature of 25 K will produce a target of thickness 2 x 10*° atoms/cm?.
As seen from the Table 7, the BLAST target is a comfortable extrapolation from the CE-25
and HERMES targets where the thickness was limited by the effect on the beam lifetime
in each case. The assumed target polarization is 50%, a value that has been obtained
routinely.

Table 7: Summary of internal polarized ®He target performance.

experiment cell cell cell target thickness
shape dimensions temperature (K) atoms/cm?
IUCF CE-25 rectangular | 16.6 mm x 13.1 mm 300 1.4x10
HERA HERMES | elliptical 29.6 mm X 9.6 mm 25 3.3x10™
BLAST circular 12.5 mm dia. 25 2x 108

5.4.1 The Target Cell

Optimizing the target cell size includes minimizing the transverse dimensions to maximize
the target density while keeping them large enough so that the beam does not interact with
it. For the HERMES experiment, a thin-walled cell constructed from ultra-pure aluminum
(99.9999 %) was developed at MIT {81]. The HERMES elliptical cell had dimensions of
29.0 mm (horiz.) x 9.8 mm (vert.) x 400 mm (length). The BLAST cell will be circular
with a diameter of about 12.5 mm. To increase the target density, the target cell will be
cooled by conductive connection to a cold head. Several Watts of cooling power at 15 K
should be sufficient.

5.4.2 The Laser System

An infrared laser system will be used as the source for the 1.083 pm photons. A cylindrical
crystal with dimensions 4 mm x 79 mm of LagsNd 5MgAl;1O19 (Nd:LNA) will be used
as the lasing rod in a standard Lasermetrics 9550 Nd:YAG cavity. The output mirror has
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target. The lenses are labelled with their focal length in mm. Retardation plates are
labelled as “)\/2” (half-wave) or as “M\/A” (quarter-wave). The figure is not to scale. The
total pathlength from laser to pumping cell is about 10 meters.

a reflectivity of 92.5%, the back mirror has maximal reflectivity. The Nd:LNA gain curve
has peaks at 1.054 and 1.084 pm. Two uncoated etalons, one 0.3 mm and the other 1.0
mm thick, are placed inside the cavity to select the desired frequency. Both etalons can
be mounted in rotatable, temperature-controlled ovens to stabilize the tune. To facilitate
the tuning process a tuning cell is installed behind the back mirror of the cavity. The
laser light leaking through this highly reflecting mirror passes through a small cell filled
with 0.5 Torr of pure 3He gas. A small discharge creates a metastable population in
the same way as it does in the pumping cell. The scattering cross section for the laser
light will increase dramatically when its frequency corresponds to the energy difference
between the metastable 23S; and one of the 2°P levels. By observing the laser light with a
simple photomultiplier tube at 90°, the increase in the scattering cross section is translated
into an easily detectable signal. This signal can be monitored while rotating the etalons
to scan through the different resonances. With some experience one can distinguish the
different resonances fairly easily. To make the signal easier to observe, the leaked laser
light is chopped and the resulting periodic signal is displayed on a standard oscilloscope.
The average signal is measured and displayed in the control room to provide a continuous
measure of the laser tune. Up to 7 Watts can be extracted at 16 Amps. A schematic
diagram of the laser transport optics system used in the HERMES target is shown in

Fig. 33 .
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Figure 34: The optical polarimeter. QWP: rotating quarter wave plate ; LA: fixed linear
analyzer ; F: 667 nm filter ; PMT: photo-multiplier tube.

5.4.3 The Target Holding Field

A holding field is required to determine the quantization axis of polarization, and the
strength and uniformity of that field play a key role in obtaining good polarization. Gradi-
ents in the transverse components of the holding field (i.e. transverse to the quantization
axis) contribute a relaxation time Tgrap to the total relaxation time of the polarization.
Taking into account the velocity, mean free path, and diffusion time in the pumping cell,
1 LIVBLP g
TGRAD 3 |BJ?
The residence time in the pumping cell is about 125 seconds. Thus, the target holding
field must be designed so that 7grap > 300 sec in order that the gradients will not be
the determining factor in the ultimate polarization. This requirement implies that the
gradient-to-field ratio above should be less than 0.1 m™, or about 10 mGauss/cm for a
10 Gauss field. Such conditions are easily achieved by using holding coils in a Helmholtz
pair configuration. However, space constraints may not allow the ideal Helmholtz geometry.
For example, in the case of the HERMES target a pair of rectangular coils of dimensions
1560 mm by 1200 mm, separated by 640 mm were used. Even so, significant transverse
gradients of order 200 mgauss cm™! required the implementation of an active cancellation

dipole field.

3He at room temperature and at 0.5 Torr pressure.

one can show that

5.4.4 Target Polarimetry

The polarization of the target needs to be measured accurately in order to minimize the
error on the extracted asymmetry. The polarization will be measured in the pumping cell
by detection of the circular polarization of the 667 nm light from the 3'D, level to the 2P,
level. The relation of the circular polarization of this photon to the nuclear polarization of
the gas has been determined experimentally by using NMR [95]. Fig. 34 shows a schematic
of the 667-nm polarimeter. A similar system will allow a determination of the target
polarization to +3%.
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5.5 POLARIZED HYDROGEN and DEUTERIUM TARGETS

Significant improvements have occurred in the development of internal polarized 'H and
°H targets in the past few years. First, members of the BLAST collaboration led the
effort to mount and operate an ABS in the NIKHEF ring [83]. A stable performance was
achieved over a five-week running period, with on-line measurement of the polarization of
the target gas. Plans to upgrade this source and implement it for BLAST are discussed
below. Second, polarized 'H and ?H laser driven sources (LDS), which are based on the
principle of spin-exchange optical-pumping [84], have undergone considerable development.
An update of this new initiative is presented below.

5.6 The NIKHEF ATOMIC BEAM SOURCE

Fig. 35 shows a schematic outline of the internal target setup. A polarized hydrogen or
deuterium beam produced in an atomic beam source is fed into a cooled storage cell located
inside the AmPS electron storage ring at NIKHEF. A detailed description of the apparatus
can be found in Ref. [83]. The ABS is based on the well-known principle of Stern-Gerlach
separation. An intense atomic beam is produced by means of an RF dissociator with
a cooled nozzle (typically ~ 70 K) and a powerful differential pumping system with a
skimmer and a collimator. The upper hyperfine states with m; = +1/2 (J = electron
spin) are focused into the target cell feed tube by two sextupole magnets, while the lower
hyperfine states are defocused. In order to populate the required nuclear spin substates,
high-frequency transitions are induced. A medium-field transition unit (MFT), located
between the two sextupole magnets, can be used to remove one hyperfine state from the
atomic beam. Strong-field (SFT) and weak-field (WFT) transition units are used after
the second sextupole to produce the actual nuclear polarization (see Table 8 below). A
thorough description of the currently available high-frequency transition units is given in

Ref. [96].
The luminosity of the experiment £ is governed approximately by
L~ Ie fABS L/C (29)

where I, is the electron beam current, faps the intensity of the injected deuterium beam

and
4D, [T D [T
~ 3. —= 2 TN 30
C 381( I A/ +Lﬁ \/ (30)

is the total vacuum conductance (in £/s) of the storage cell, including the feed tube (ft).
Here, T cen, Lficon @and Dy cen are the temperature (K), length and diameter (cm) of the
target cell and feed tube, respectively. M is the target mass in atomic mass units. From
these expressions it is clear that one will try to minimize the diameter, increase the length,
and lower the temperature of the cell. The minimum diameter of the storage cell is de-
termined by the charge distribution of the stored electron beam, while the length of the
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Figure 35: Schematic outline of the atomic beam source, Breit-Rabi polarimeter, internal
target, and ion-extraction system. All components, except the neutron detectors (PS),
correction magnet (CM) and target holding fleld magnet, are inside the vacuum system.
D: RF dissociator; CH: cold head; S1, 52, S3: sextupole magnets; MFT, SFT: medium-
and strong-field transition units; SH: shutter; C: chopper; QMS: quadrupole mass spec-
trometer; RL: repeller lens; EL: triplet of ion-extraction lenses; SD: spherical deflector;
AL: electrostatic lens; WF: Wien filter; IC: ion collector; Ti(T): tritiated titanium target.

cell is constrained by the detector acceptance as well as the variation of the beta-functions
in the field-free region near the interaction point. The cell diameter is also limited by the
divergence of the atomic beam, because the latter constrains the dimensions of the feed
tube.

A magnetic holding field is applied over the entire target cell region by using two electro-
magnets. The direction of the magnetic field, and thus of the polarization axis, can be
oriented at will in the scattering plane. Corrector magnets are added outside the target
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chamber to counterbalance the transverse target holding field and to preserve a closed orbit
in the storage ring. The holding field coils are provided with two holes, one for injection
of the deuterium atoms into the storage cell, and one to sample a small fraction of these
atoms in a Breit-Rabi Polarimeter (BRP). This polarimeter consists of a sextupole magnet,
a chopper and a quadrupole mass spectrometer (QMS).

The BRP is used to optimize the intensity of atoms injected into the storage cell as a
function of e.g. nozzle temperature, deuterium flow into the RF dissociator, and sextupole
fields. Furthermore, it is used to test the performance of the high-frequency transition
units. A drop of 1/2 (1/3) in the amount of hydrogen (deuterium) atoms detected by
the QMS when the with high-frequency transition units are turned on indicates a 100%
efficiency of the transition. These measurements also indicate that the polarization of the
injected atoms is not lost in passing through the target holding field magnets, where the
field components have zero crossings. In addition, the BRP is used to set the holding
field strength such as to avoid resonant electron beam-induced depolarization of the target
atoms. We have performed extensive studies of such beam-target interactions. The results
are discussed in detail in Ref. [97].

Several effects can decrease the polarization of the injected atoms inside the storage cell.
Polarization losses can originate, e.g., from the dilution of the target by unpolarized mole-
cules, from spin-exchange collisions among the target atoms [98], from the interaction with
the cell walls, and/or from the interaction of the atomic spin with the RF magnetic fields
radiated by the circulating beam bunches [97]. For NIKHEF experiment 91-12 we have
built and used a dedicated polarimeter, based on ion extraction and analysis, that measures
the absolute target polarization in the storage cell with the same weighting over target gas
and electron beam density as in the actual experiment. This polarimeter is described in
detail in Refs. [99, 100]. Tons, produced by the electron beam, are extracted and analyzed
by using a combination of electrostatic lenses, a spherical deflector, a Wien filter, and an
ion collector. These ions are prevented from reaching the walls of the storage cell by a
longitudinal holding field. They are on one side of the cell reflected by an electrostatic
repeller lens, on the other side extracted by using a triplet of lenses and a deflector. A
Wien filter separates the atoms from molecules, and the atomic fraction is measured in
an ion collector. The tensor polarization of the DT ions is measured by accelerating them
to 60 keV to bombard a tritiated foil. The neutron anisotropy of the *H(d,n)*He reaction
is used to measure the tensor polarization directly. The ion extraction polarimeter allows
invaluable systematic studies on the target polarization. In experiment 91-12 we obtained
crucial information on the fraction of molecules present in the storage cell and on their
polarization [101]. Furthermore, it allowed us to observe spin-exchange effects (at the level
of §P,, ~ 0.01) on the target polarization in the storage cell [98]. With this polarimetry
technique, we were able to measure the absolute target tensor polarization with an overall
accuracy of 5 %.

In order to carry out the experiments proposed here, we intend to upgrade the target setup.
Compared to the NIKHEF experiment 91-12, the main improvements are
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o construction of high-frequency transition units, needed to obtain vector polarized
deuterium and hydrogen beams with the highest possible figure-of-merit;

o a set of new focusing (permanent) magnets in the ABS, that will increase the flux
of injected atoms by a factor of three and, because of the reduced molecular beam
fraction, the absolute target polarization by a factor of 1.2;

o the use of a longer (600 mm instead of 400 mm) storage cell, which will boost the
target thickness visible to the detectors by a factor larger than two;

e an improved cryogenic system to cool the cell to 80 K (instead of ~ 180 K), which
will increase the target thickness by a factor 1.5;

o twice the pumping speed on the scattering chamber, which will reduce by half the
dilution by unpolarized background H, or D, gas;

o for deuterium, a larger target guide field Biarget (with new correction magnets) that
will increase the polarization by about a factor of 1.1 .

Most of the above listed modifications have been or are being carried out. In addition, new
beam scrapers will be installed in the ring section (south straight) preceding the ITF section
(west straight). In combination with the currently available scrapers (east straight), this
new slit system is expected to considerably reduce the background generated by beam halo
scattering from the ITF storage cell walls, while hardly affecting the beam lifetime. Such
an improvement will substantially increase the efficiency of the proposed measurements in
the 2H(e, €’p) channel at high missing momenta (see Section 2).

In Table 8 we list the most relevant parameters for the polarized H and D targets. For the

Table 8: Target parameters for the proposed measurements with polarized hydrogen and
deuterium.

Hydrogen | Deuterium | Deuterium

(vector) (tensor)
MFT off 3-4 1-4
SFT 2-4/off 2-6/off 2-6/3-5
WEFT off/1-3 off/1-4 off
P, +0.8 +0.8 0
P.. - 0 0.6/-1.2
flux (10’ at/s) 8 4 4
target thickness
(101 at/cm?) 1.5 1.1 1.1

total target polarization, a dilution factor by unpolarized molecules of 0.84 was included.
A strong target holding field is assumed for all cases (Btarget > hyperfine critical field ).
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The target thickness for hydrogen (deuterium) will amount to 1.5 (1.1) x 10'* cm™?, which
results in a luminosity of 1.0 (0.7) x 103 cm™* s™! at I, = 100 mA.

For the BLAST experiments, we intend to make use of a mezzanine to support the targets
(see the following section). In this case the atomic beam source must be positioned verti-
cally, above the scattering chamber. The new vacuum chamber and frame needed for this
modification are being designed at the Vrije Universiteit of Amsterdam.

5.7 The LASER DRIVEN SOURCE

A laser-driven polarized hydrogen or deuterium internal target is currently being tested at
the Indiana University Cyclotron Facility [102]. This target is based on the principle of
spin-exchange optical pumping technique [103]. Polarized laser light optically pumps the
alkali atoms, typically potassium. The photon angular momentum is transferred to the
target atoms through spin-exchange collisions of the laser polarized alkali atoms and the
hydrogen or deuterium atoms.

The source is typically operated at high flow rate (~ 10'® nuclei/s) in which frequent H-
H or D-D spin-exchange collisions increase the probability of hyperfine interactions and
drive the system into spin temperature equilibrium even at high magnetic holding field (~
1 kGauss), a condition necessary to overcome radiation trapping and achieve efficient opti-
cal pumping. In spin temperature equilibrium, relatively high nuclear vector polarization
can be obtained from this type of source without RF transitions. In spin temperature equi-
librium, the nuclear polarization and the electron polarization are of the same magnitude
for hydrogen and the nuclear vector polarization is larger than the electron polarization
for deuterium. Electron polarization as high as 50% are obtained for both hydrogen and
deuterium from the laser-driven source at flow rates higher than 6x10*7 nuclei/s [104].
The typical K/D or K/H ratio is <0.5%. Spin temperature equilibrium in the laser-driven
polarized hydrogen source and laser-driven polarized deuterium target have been verified
recently by the Erlangen group [105] and the Argonne group [106]. This target has the
advantage of potentially higher figure-of-merit than that of the conventional atomic beam
source. In addition to that, compactness is a unique feature of this target.

5.8 INTERNAL TARGET INFRASTRUCTURE

The internal target infrastructure consists of large pumping systems and additional equip-
ment necessary to mount and operate the polarized targets. Most of this infrastructure
will be mounted on a special support system, a mezzanine, over the BLAST frame. In
the following, we discuss our plans for the scattering chambers and the vacuum system.
Fig. 36 shows the mezzanine with some of the vacuum equipment.
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Mezzanine and Vacuum System X

Figure 36: The mezzanine used to support the vacuum pumps, the atomic beam source,
and additional target equipment.

5.8.1 Scattering Chamber

The scattering chamber has several requirements to meet the specifications of the ring as
well as the BLAST experiments. The chamber must be made to fit inside the BLAST
toroidal coils including all services, (cryogenics, laser pumping cell, etc.). The chamber
must have the appropriate opening to allow for all the angles that the experiments require.
To ensure compatibility with the ultra-high vacuum of the SHR, all components will be
machined and cleaned according to good vacuum practice. The methods include the use
of only hydrocarbon-free cutting fluids and solvents. All seals for the system will be made
with metal seals, including the aluminum flanges which will utilize Altine TiN coated
aluminum conflats with aluminum gaskets. All components of the system will be capable
of repeated bake-outs to 150 °C. The system must also be “non-magnetic”, having materials
that cannot be excited to magnetism. The chamber and seals will be entirely of aluminum
construction, with the bolts and threaded inserts being the only steel (stainless steel)
components inside the toroidal field. The bolts will be specified to be 316 SS and the
threaded inserts will be 304 SS. These materials will minimize the perturbations to the
magnetic field. Finally, the chamber must be compatible with the target, so that different
chambers will be needed for the different target gas sources. The laser-driven sources can
be accommodated by one chamber type and the Atomic Beam Source will require another
chamber type.
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For the laser-driven sources, an existing chamber used in a previous 3He experiment will
meet all of the above requirements. New flanges and supports will need to be designed
and manufactured for this chamber to be used in the BLAST spectrometer. Included in
these designs will be cryogenic cooling capability which was not used with this chamber
previously. This chamber is currently at Bates and is being refurbished. A second chamber
will have to be designed and manufactured for the Atomic Beam Source. Estimated costs
for this chamber are § 28,800 for engineering and drafting and $ 22,500 for manufacture,
plus the cost of any transfer lines from the source to the chamber.

5.8.2 Internal Target Vacuum System

The vacuum system must be capable of pumping the severe gas load created by these inter-
nal targets. The gas flow is estimated at 5x 1017 atoms/sec for *He and 1x10'7 atoms/sec
for hydrogen and deuterium. These values correspond to rates of 0.0167 Torr-1 /sec and
0.0033 Torr-1 /sec, respectively. The nominal ring vacuum is in the 1x10~° Torr range
and it will be necessary to be in the 1x10~" Torr level in the target section in order for
the ring vacuum to remain at its nominal level. The system also needs to be a “dry”
pumping system so as not to introduce contamination, especially hydrocarbons. The only
components capable of pumping this amount of gas for an extended amount of time while
maintaining a “dry” environment are turbo pumps backed by “dry” roughing pumps.

Another consideration is RF wake-field heating from the beam. The beam should perceive
a continuous wall as it travels through the interaction area. This requirement is accom-
modated by wake-field suppressers, perforated tubes that allow gas to get to the vacuum
pumps but have enough material remaining to have the appearance of a continuous wall
to the electron beam. The perforated tube will be made of a 316 SS mesh that is 1/32"
thick with 3/32" diameter holes and a 50% open area. This design utilizes the same basic
design of current pumpouts used in the SHR.

The proposed system design is based on the previous considerations as well as vacuum
calculations [107] and experience from the HERMES experiment at DESY. In choosing the
pump size for the target system the gas load contribution due to outgassing, permeation
and leakage of the vacuum system is ignored because it is orders of magnitude lower than
the source gas (*He and ?H ) contribution. The system will include six 1000 liter/sec
turbo pumps backed by a hook and claw pump. Diaphragm pumps were eliminated from
consideration because of their tendency to retain helium, making leak checking impossible.
The same size pumps were chosen to give part redundancy so that a spare of only one type
of pump is required. The system will provide a vacuum level of 2x10~7 Torr at the end
of the pumping section for *He. The vacuum level for hydrogen gas flow will be 5.6x1078
Torr. These numbers meet the specifications as given by Ernie Thloff, the Associate Group
Leader for Mechanical Engineering at Bates.

Several manufacturers were consulted and asked to give quotations for the above vacuum

pumps. Of the manufacturers that bid, we have decided to use OSAKA TG 1120 MC
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magnetic levitation 1000 1/s turbo pumps. The OSAKA bid was competitive with even
Ceramic bearing pump manufacturers making it the clear choice for the turbos. For the
“dry” backing pumps, there are fewer manufacturers that meet our requirements. The
main pumps under consideration are the Edwards Drystar, Leybold Vacuum Dryvac, and
Ebara. The Edwards Scroll pump has reliability problems and the Kashiyama has no
support network in the United States. All three of the hook and claw pumps require cooling
water and a nitrogen purge. These pumps have far in excess of the backing requirements
for one pump, so it is planned to manifold two turbo pumps per roughing station. This
arrangement will justify the high cost of the roughing stations, approximately $ 17,000 per
station. The low bidder of this group of three was Leybold Vacuum, and after examining
the pump we have chosen to use the Leybold pump.

5.8.3 Costs and Personnel

The costs for the internal target system for the SHR have been calculated in conjunction
with those of the BLAST project. These costs are part of the capital equipment section of
the Bates budget and, therefore, do not appear in the BLAST budget presented in Sec. 8.

The personnel to implement the polarized internal gas targets in the SHR come from
the Medium Energy Group at MIT, the ETH Institute in Switzerland, Vrije Universiteit
and NIKHEF in the Netherlands, and the University of Wisconsin-Madison. All these
groups have expertise on doing experiments with these targets at other laboratories around
the world. The available manpower from these institutions for target development and
implementation is discussed in Sec. 9.
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6 The LARGE ACCEPTANCE DETECTOR

6.1 INTRODUCTION

The BLAST detector is an open geometry, non—focusing spectrometer toroid with eight
copper coils. The initial detector package consists of two horizontal opposite sectors in-
stalled in the forward direction back to § = 80°. It contains multiwire drift chambers
for tracking, scintillation detectors for time-of-flight measurements, and Cerenkov coun-
ters for e” /7~ separation and two sectors of thick scintillation detectors from 35° — 70°
will provide for neutron detection. The design emphasizes conventional detector technol-
ogy, off-the-shelf electronic components, and existing data acquisition system software to
minimize cost and development time. The proposed configuration including coils, sup-
port structure, and detector elements is shown in Fig. 23. The design requirements and
their consequences have been summarized in Table 5, and the main properties are listed

in Table 6 (see Sec. 3).

In each of the two instrumented sectors there will be three drift chambers covering the
scattering angle range from 20° to 80°. Each chamber consists of four planes of wires.
Behind the wire chambers there will be three Cerenkov counters and fourteen vertical
scintillators, with the scintillators located behind the Cerenkov counters. Each of the
two instrumented sectors is backed up by eight neutron scintillator bars with a PMT at
each end. Finally, a movable shower counter to eventually consist of 64 lead-glass bars
can be moved behind one sector or the other, and detectors for recoiling nuclei will be
located inside the scattering chamber at about 10 cm from the target. Upgrade paths
to this instrumentation are relatively straightforward and will be investigated if they are
important for physics.

In this Section we present the technical design of all the spectrometer components. First,
we explain the design requirements that have been summarized in Table 5. Then we
present each of the designs: magnet and its support structure, different detector elements,
electronics, and data acquisition. Costs and work plans are also discussed for each of these
branches.

6.2 REQUIREMENTS of the SPECTROMETER

The spectrometer has been designed to satisfy the requirements of the physics program.
This program will take advantage of the capability to select the polarization of the ini-
tial state, as well as to determine multi-particle final states. The following are the main
constraints on the design of the spectrometer:

1. Luminosity: In the Bates South Hall Ring, the high intensity circulating beam
(average currents ranging from 40 to 80 mA) allows luminosities of the order of 1032
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to 10% atoms/cm?/s to be achieved with typical polarized target thicknesses of the
order of 10** to 10'® atoms/cm?. Compared to a typical external unpolarized electron
scattering experiment, with luminosity of the order of 1037 atoms/cm?/s, there is a
reduction in luminosity of four orders of magnitude. To compensate for this reduction
in luminosity, a large acceptance spectrometer with solid angle of about one steradian
is needed.

. Magnetic Field: There are several reasons for having a toroidal magnetic spec-
trometer. First, a non—magnetic spectrometer will not provide sufficient electron and
hadron energy resolution to carry out precise measurement of electromagnetic spin
observables. Second, the use of polarized targets requires a well defined magnetic
holding field to define the target spin. If a holding field of the order of 30 Gauss
is used, the field due to the spectrometer at the target position must be less than
about 5 Gauss. In addition, the polarized *He target currently under development
requires a field gradient of less than about 50 mGauss/cm for optimal polarization.
Thus, the spectrometer must provide an essentially field-free and zero-gradient mag-
netic region around the target position. Finally, the magnetic field should be able to
shield the first set of drift chambers from the Mdller scattered electrons. Hence, the
field integral between the target and the position of the first drift chamber must be
about 0.05 T-m.

. Energy Resolution: To perform a generalized Rosenbluth separation with polar-
ized electron beam and targets, the direction of the three-momentum transfer must
be accurately determined. It is also necessary to know 6*, the angle between the
direction of the spin and the three momentum transfer q. The direction of the target
spin can be measured directly to high accuracy, and the direction of q is determined
by measurement of the initial and final energies £ and E’, and the scattering angle §
of the electron. Hence, the accuracy in determining E’ and 0 has a direct impact on
the determination of the response functions. Thus the spectrometer must have good
energy and angular resolution. We require AE'/E’' < 2% and Af < 5 mrad.

. Particle Identification: The proposed experiments require the separation of elec-
trons, protons, neutrons, 7+ and 7.

. Other Considerations:

In addition to the above considerations, the detector should contain a region of
about 1 meter in diameter in the center where the polarized target will be located.
A vertex resolution of approximately 1 cm is desirable to allow the binning of the
measured asymmetry in longitudinal target position. Finally, in order to measure
simultaneously the transverse and longitudinal-transverse interference asymmetries,
the detector package has to be symmetric in the scattering plane with respect to the
incident beam direction.
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6.3 The MAGNETIC SYSTEM

A non—focusing spectrometer with a toroidal field configuration has been chosen to meet
the physics goals. The field is non-uniform and varies approximately as B(r) = B;r;/r,
where r; is the inner radius. Because the magnetic field lines form circles around the beam,
no return yoke is needed for this configuration. One thus obtains a large solid angle for
particle detection and provides a field-free and low-gradient region at the beam and target
position. The toroidal configuration has the additional advantage that no compensating
magnets are necessary for operation of the electron ring. An eight-coil design with 1.4 MA-
turns yields sufficient [ B - dl to meet the required momentum resolutions and minimizes
the magnetic field gradients around the target region. Normal-conducting coils have been
selected in order to decrease costs.

6.3.1 Coil Specifications

The shape of the coil and its specifications are shown in Fig. 37 . The geometry of the coil
consists of straight sections and arcs in order to simplify the winding procedure. The coil
has been designed around a 1.5-in? copper hollow conductor with a 0.8 in inner diameter
for the passage of cooling water. It is made up of two layers of conductors with a total
of 26 turns per coil. The total DC current is 6,750 A. The power supply is planned to be
near the coil assembly. A total of 1.85 MVA in AC distribution must be supplied to the
power supply location.

Coil sections will be epoxy vacuum cast in a permanent mold. Due to the nature of the
coil supports and the tolerance requirements dictated by the field quality, the coil sections
must be cast, cured, handled and stored to minimize permanent deformation. While the
permanent mold technique will represent a higher tooling cost, it was chosen because it
yields reproducible dimensions, identical coil sections and will provide accurate positioning
of the coil mounting pads. Such uniformity is essential to provide accurate knowledge of
the magnetic field. A total of nine coils will be ordered out the same original mold so one
spare will be available in case one of the coils fails. Glass reinforced plastic (G10) sheets
of 3 mm thickness will be used on the sides of the coils for additional stiffness and thermal
insulation. The G10 mounting pads are to be wrapped with the glass-tape ground layer to
the coil section prior to casting for added strength. Tests and inspections at the vendor’s
facility will include hydrostatic tests of splices and fittings, voltage impulse and ground
tests before and after casting.

6.3.2 The Magnetic Field

To achieve the desired momentum resolutions the required values of the [ Bdl over the
detected particle trajectory should be between 0.6 and 0.2 Tesla-m, with the highest values
for forward particles. The operation of the internal 3He polarized target requires that the
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Figure 38: TOP: By on the midplane between two coils along straight trajectories from
the target center at angles of 90° (dashed), 45° (dot-dashed), and 20°(solid). MIDDLE:
The [ Bdl as a function of the scattering angle. BOTTOM: B, as a function of the radial

distance from the toroid center at §=90°.

magnetic gradients due to the main coils be less than 0.05 Gauss/cm in a region of + 15 cm
around the target center. However, about 0.05 Tesla-m should be available in the region
between the target and the first set of wire chambers in order to provide shielding from low-
energy Mgller electrons. The magnetic fields will be realized with normal-conducting coils
in order to decrease costs and block less solid angle. Consideration of the above, coupled
with the physics program, has led to the choice of an eight-coil device with a toroidal field
configuration capable of operating with field excitations as high as 1.4 MA-turns.

In Fig. 38 the azimuthal field By is plotted for straight trajectories from the target center
at angles of 90°, 45°, and 20°, respectively, and on the midplane between two coils. Going
radially out in the midplane the field increases quite fast and then falls off as 1/r. The
peak value depends on the scattering angle of the detected particle. The [ Bdl is shown
as a function of the scattering angle § for the extreme target positions, z = -40 cm and
z = 40 cm. It can be seen that forward-angle particles will have much more [ Bdl than
backward-angle particles. The field is zero along the beam line and a flat region to operate
internal targets is available between the coil 1.3 m straight segment and the beam line. The
field value at a radius of 3 m is about 20 Gauss in the midplane at 8 = 90°. This amount
of residual field will require careful magnetic shielding of the photomultiplier tubes. The
fields have been calculated at the actual position of the photomultipliers for the timing
scintillators and Cerenkov detectors. They are discussed below in the design sections
corresponding to each of these detector elements.
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The total magnetic field B around the 3He target is a superposition of a weak spatially
varying field due to the main coils upon a much stronger homogeneous field B, due to the
Helmholtz coils. It has been shown [93] that Brownian motion in the presence of magnetic

—_

field gradients causes the moving 3He atoms to experience randomly fluctuating magnetic
fields. Such fluctuations contribute to spin relaxation. This time relaxation of the spin
should be >300 s to insure that there is no depolarization of the target atoms. To achieve

these spin relaxation times, it is required that in the pumping cell the field gradients be
kept to <0.05 Gauss/cm.

Our calculations show that for radial distances of the order of 12 cm or less, the fields are
extremely small and flat. For radii greater than 15 cm the values of the fields grow faster
approaching 0.2 Gauss at a radius of 17 cm. For radial distances <15 cm the gradients
6B,/bx and §B,/6y are below the 0.05 Gauss/cm value thus ensuring relaxation times
greater than 300 s. The effect of the number of coils on the fields around the target has
also been studied. Our results show that the field for a six-coil device would grow much
faster thus making the fields incompatible with the operation of the *He target without
field correction coils.

The above results indicate that the magnetic gradients are less than 0.05 Gauss/cm, which
is very convenient for the operation of the internal polarized target. The underlying as-
sumption is that the coils have been aligned perfectly. Misalignment in the x and y di-
rections have been examined by shifting an entire coil by an amount Az or Ay and then
calculating the fields and corresponding gradients in the region around the target. We
have examined values of + 1 and + 2 mm for Az and Ay. The BLAST windings can be
constructed to within a tolerance of 1 mm. Our results indicate that the mazimum allowed
misalignment is of the order of &+ 2 mm.

6.3.3 Power Requirements

When all 208 turns are energized at 6,750 A the power required will be 1.50 MW with 208
GPM water flow resulting in a water temperature rise of 30°C at a pressure drop of 58 psi.
This design results in a coil assembly weighing about 43,500 pounds.

Free-wheeling diodes will clamp the voltage across the coil in the event of a power supply
trip. Connections can be made to minimize the potential between adjacent circuits. The
dielectric strength of the glass reinforced epoxy holding a coil section together is about 500
V/mil. Insulation between turns is nominally about 2 mm, and is ample to withstand the
induced voltages between adjacent windings and pancakes.

Currently the flow rate of cooling water available in the South Hall at Bates is 500 GPM.
The heat capacity of the cooling towers for the South Hall system is 2 MW. There is also
approximately 0.5 MW capacity available from the primary water system used for the
South Hall Ring. The inlet temperature of the water is 30° C and the inlet pressure is
120 psi. The coils will be cooled utilizing the South Hall water system. The requirements
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for the toroidal coils are 208 GPM and 1.5 MW. The calculated temperature rise across
the coils is 30° C and the calculated pressure drop across the coils is 60 psi. Therefore the
South Hall cooling system, with the added capacity of the primary system available in the
South Hall, can accommodate the total requirements of the BLAST detector.

Both water flow switches and thermal switch interlocks will be incorporated for coil pro-
tection. The coil sections are operated at reasonable temperature rise and water pressure
drop values. Since the coil section terminations will be buried between the detector seg-
ments we will include pairs of thermal switches on each end of the conductor to allow a
variety of connection possibilities and provide spare circuit strings in the event of failures.
In addition, a water flow-rate meter will be interlocked with the power supply, so that the
power can be cut off in case of restricted water flow before the temperature rises.

6.3.4 The Mechanical Structure

A mechanical frame has been designed to support the eight magnet coils. The requirements
on this structure are as follows:

1. The deflections caused by gravity and the magnetic forces should not exceed + 2 mm
in any member of the frame under full load;

2. The frame must allow access to the target and inner detector elements without break-
ing the ring vacuum;

3. Non-magnetic materials must be used;

4. The frame should maximize use of the area that is shadowed by the coils.

A 3-D finite element model of the frame has been made by utilizing beam elements in the
Ideas finite element program. The original conceptual design of the BLAST frame [70]
utilized 3" x6 x5/16" 316 SS tubing for most of the structural elements. This frame has
been analyzed with the 3-D Ideas model and deflections were found to be larger than
the + 2 mm range. The associated stresses were in the 11,000 psi range where the yield
strength is 25,000 psi. A redesign of the original frame has been carried out. This work
involved increasing the cross section of existing beams as well as slight manipulation of the
location of key members in the frame. The final design numbers for the revised frame are
1.3 mm deflection and stresses of 2,820 psi maximum.

The revised frame has been analyzed to determine if it can be split into two halves in order
to facilitate access to the target, scattering chamber, and interior detectors. A linear drive
system for the BLAST halves has been designed with linear roundway bearings and 2’
shafts. We are also investigating a system with Hillman rollers in order to reduce costs
and improve reliability. However, in our first study we used the Thomson costs to be
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conservative. The Thomson system will have a capacity of over 130 tons and be capable
of moving the BLAST halves at a rate of 1 m/min. The drive system for each section will
have a direct drive motor with 2020 oz-in torque and a recirculating ball nut on an acme
thread and will have a capability of moving the section 1.8 m. This distance gives a total
space of 3.6 m that will ensure adequate room to access the central components of BLAST.
This redesign assumed three support rails on the floor to help distribute the gravity loads
and minimize the size of the support beam for the bottom two coils. The design was made
so that the floor height beneath BLAST does not have to be lowered.

The large pumpout stacks, the turbo and roughing pumps with their electronics, the atomic
beam source for polarized hydrogen and deuterium, and the cryogenic and laser systems will
be supported by a mezzanine above the BLAST frame. The mezzanine will allow access to
these systems without separating the two halves of the BLAST frame. This arrangement
will give access to the vacuum pumps for maintenance, access to the cryogenics, access
to the laser system for adjustments and maintenance, and access to the gas system for
adjustment and maintenance.

Fig. 39 shows the BLAST frame and the mezzanine when the two halves are 3.6 m apart.
The total weight of the structure is approximately 25 tomns.

6.3.5 Frame Assembly

Assembly of the structure will start with the base, followed by the lower support structure,
the rings and the two lower coil sections. The remaining coil sections and radial members
will be added from the lower sections to the upper sections. Periodic alignment checks
must be performed as the assembly proceeds. The detector segments will be installed last
and appropiate fixtures will be constructed to allow installation without disturbing the rest
of the assembly. The detector segments will be supported as independently as possible to
minimize the effect of any deformation of the support structure. This could include some
dedicated members for the detector support coming up from the main support base.

The assembly procedure will require special handling fixtures for the coil sections during
installation and future maintenance. - The total weight of each half of the BLAST spec-
trometer could exceed 25 tons. As stated earlier, each half of the spectrometer will have
a linear drive system allowing 1.8 m of travel. In the event that we find it necessary to
move a half of the spectrometer with the crane the detectors will be removed from the
corresponding half and thus the remaining support structure and coils will be well within
the load rating of the crane (40 tons). Lifting fixtures will be designed and constructed to
allow the crane to lift a BLAST spectrometer half safely.
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Figure 39: The BLAST support structure showing the mezzanine and the two halves apart.
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6.3.6 Surveying and Alignment

The design requirements can be discussed with respect to the four major components
which need to be surveyed and aligned: magnet coils, drift chambers, internal targets and
beam line elements. The position tolerances on the magnet coils are estimated to be +
2 mm in both x and y. Larger displacements would result in magnetic field gradients
greater than 0.05 Gauss/cm in the target region. The position tolerances for the drift
chambers are such that, locally, the individual wire locations need to be determined to
better than 4 80 microns, but globally the absolute chamber positions can be uncertain
by several millimeters. Even though the internal targets will have translation stages for
fine positioning, initial positioning to at least -1 mm is desirable for efficient operation.
Meeting this position tolerance should be straightforward with appropriate fiducialization.

The transverse position tolerance for quadrupole installation in the ring is + 100 microns,
magnet-to-magnet. The stability requirement is + 10 microns. The quadrupoles inside
BLAST will have to be independently alignable and probably supported separately from
the BLAST frame. Surveying the internal quadrupoles will require opening BLAST.

For survey and alignment the primary tools at our disposal are mechanical and optical
tooling, ‘industrial measurement systems’ (based on precision, automated triangulation)
and electronic devices such as tiltmeters and level sensors. It should be noted at the outset
that the required tolerances discussed above have been achieved (and exceeded) at other
laboratories. Bates personnel are well experienced in surveying techniques because of their
work with the pulse stretcher ring. Our task is primarily one of selecting the most overall
cost-effective techniques and assuring that survey and alignment issues are considered in
all stages of the design, construction and installation.

The principal steps involved in meeting the design goals begin with fiducializing the com-
ponents: survey targets on the magnet coils and the three support rings will be located
relative to their respective mechanical axes; targets on the drift chamber frames will be
located with respect to the sense wires. This placement is done primarily with conven-
tional mechanical tooling. The two outer support rings are large enough that the primary
survey targets located at their peripheries will not be shadowed by nearby quadrupoles
when BLAST is installed in the ring. The coils and chambers will be aligned with respect
to the support rings by using optical tooling. Secondary survey targets will be mounted on
the outer portions of the support structure and will be referenced to the primary targets
with SIMS, an industrial measurement system developed at SLAC. SIMS will also be used
during magnetic mapping of the toroidal field to relate the Hall probe positions to the
primary fiducials on the support rings. This mapping will be a multi-step process as our
automated measurement table has a range of 1.75x0.90 m, and the vertical axis is manual
drive with a range of 7 cm. Electronic tiltmeters and /or level sensors will also be attached
to the support structure to aid vertical alignment after the preassembled BLAST is moved
into location on the ring. Several of these devices will be necessary because the support
structure is not rigid and will be supported by several jacks. A precision optical level will
be used to check the tiltmeters and level sensors. Horizontal alignment will be made with
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respect to a network of fixed floor monuments, which have already been surveyed with
respect to the design orbit of the ring. This final step will most likely be performed by
using CLASH and GEONET, triangulation survey systems from SLAC.

6.3.7 Safety

The size, weight, currents, voltages and magnetic fields associated with this device will
present many potential safety hazards. A thorough safety review and detailed assembly
procedure prior to construction will be performed. All special handling equipment and lLift
fixtures will be load tested prior to use.

6.3.8 Costs and Personnel

The costs for the magnetic coils and the mechanical structure were developed by Bates
personnel. They are listed, in actual year dollars, in Table 9 . The cost for the copper

Table 9: Cost estimates for the BLAST magnetic system in actual year dollars including
a 20% contingency.

Sub-system Cost

(15)
Copper conductor 198.0
Coil fabrication 363.0
Magnet power supply 255.0
Mechanical support structure | 103.0
Engineering and design 312.0
Installation in the SHR 98.0
Total 1329.0

conductor is a quote from Qutokumpu, and the fabrication cost a quote from the Budker
Institute of Nuclear Physics in Novosibirsk. The plan is to fabricate the magnet coils
in Novosibirsk from the conductor supplied directly by Outokumpu. Shipping costs are
included in the quotes. The magnet power supply estimate follows from a quote by Alpha
Scientific. The cost of the support structure is split almost equally among the material
(SS for the structure, aluminum for the support rings), fabrication costs, and the Thomson
bearing assemblies to split BLAST in two sections. The engineering and design cost listed
here includes a Project Engineer with responsibility for the assembly and integration of all
the BLAST components as well as the design of detector support systems and drift chamber
stress calculations. This position is costed through the entire project. The installation cost
was estimated by Bates personnel responsible for the water and power systems, and includes
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the cost of the custom quadrupole doublet which will lie in the downstream coil support
ring inside BLAST. A uniform 20% contingency has been added to estimate the total cost.

The Bates Laboratory would make available a manpower of 10 FTEY (full time equivalent
years) in the next three fiscal years (FY98, FY99, and FY00). This personnel will finalize
the design, supervise the construction and carried out the implementation in the SHR of
the toroidal magnet and its associate support structure.

6.4 The DRIFT CHAMBERS
6.4.1 Introduction

It is of course necessary to track charged particles through the magnetic field in BLAST
to determine their points of origin and vector momenta. This task will be accomplished by
using drift chambers of fairly conventional design. The sense wires and cathode wires will
be in parallel planes, as shown in Fig. 40. There will be three drift chambers per sector,
covering the angular range between 20° and 80°. Because the side sectors will be the ones
instrumented, the wires will be vertical or nearly vertical. Fig. 40 shows the arrangement

20 DEGREES

80 DEGREES

—

PLAN VIEW DRIFT CHAMBERS AND COILS

Y X

3

Figure 40: Plan view of the BLAST drift chambers. The system of coordinates is such that
z-axis is along the beam direction and the y-axis is the vertical direction perpendicular to
the floor. The figure is in the ¢ — z plane.
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of the chambers between the coils. The system of coordinates is such that z-axis is along
the beam direction and the y-axis is the vertical direction perpendicular to the floor. Thus
the plane of Fig. 40 is the # — 2 plane, which is the traditional scattering plane.

6.4.2 Design Specifications

The dimensions of the chambers are indicated in Fig. 41. The drift chambers are of
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Figure 41: Frame dimensions of the BLAST drift chambers.

trapezoidal form as they must fit inside the coils. Each drift chamber consists of 4 layers
of sense wires. Two of these layers (called axial) will have the signal wires vertical (parallel
to the magnetic field at the center of the sector) whereas the other two (called stereo)
will be tilted by ~10° with respect to the axial wires. Fig. 42 shows the arrangement of
sense and cathode planes for the inner drift chamber together with the cell dimensions and
a schematic electric field pattern. The outer two chambers are similar, but the distance
between sense wires is increased by a factor of two. Configurations of drift chambers with
similar cell structure have been built by members of the collaboration and used in other
magnetic spectrometers.
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Figure 42: Cross sectional view of the inner drift chamber.

The dimensions of the proposed drift chambers do not present mechanical stability prob-
lems for the wires under electrostatic forces. We have estimated that, for the proposed
arrangement, the maximum wire length for stable operation is 5.0 m. The longest wire we
propose to use is about 1.5 m.

The primary technical challenge for the drift chambers will be to maintain the largest
possible angular coverage, both in the polar angle § and in the azimuthal angle ¢. This
is an issue because of the solid angle subtended by the coils and because of the size of
the frames of the drift chambers. Ideally one would like the drift chamber frames to stay
within the shadows of the coils, and indeed this is likely possible for all but the inner
chamber. However, it will be important to keep the frame size as small as possible for the
inner chamber. This is especially important at forward angles, as there, the shadow of the
coils is fractionally the greatest.

Given the necessity to keep the drift chamber frames as thin as possible, the issue of
deformation of the frames caused by the wire tension is especially important. We are
considering using aluminum instead of G10 as a frame material because of its considerably
higher (x4) modulus of elasticity. We also expect to pre-stress each plane frame before
attaching the tensioned wires so that the wires do not cause any additional deformation
and resulting lowering of wire tension.

In the kinematical range relevant to electron beams up to 1 GeV, multiple scattering
dominates the momentum, angular, and vertex reconstruction resolutions for electrons
and protons. Detailed GEANT tracking simulations show that the angular resolutions are
mainly determined by scattering from the various foils in the target region (see Sec. 7).
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The intrinsic position resolutions of the proposed chambers should be small compared to
the contributions from multiple scattering. Drift chambers built at MIT with cell structure
identical to that proposed here have reported intrinsic average position resolutions of about
175 ym FWHM. In addition, the present drift chambers have 4 planes of wires stacked
together, 2 axial and 2 stereo, in order to constitute a redundant set in each chamber.
This redundancy should remove left-right ambiguities.

The arrangement of the proposed drift chambers is such that a track curvature measure-
ment is done by three clusters of points, each with an accuracy e. In the equidistant case
the momentum resolution, in the absence of multiple scattering, is given by

Ap 8p 1 2 2 2
—;)— = O.3LOW\/(€1/2) + (€2)? + (e3/2) (31)

where p is the particle’s momentum and [ Bdl is the integral of the field along particle’s
trajectory. The accuracies ¢; = -% where o; are the intrinsic position resolutions of
the drift chambers and N is the number of measurements. Under these circumstances we
estimate an intrinsic momentum resolution for 1 GeV electrons of about 1% (slightly worse
at forward angles), which is the design goal of BLAST.

Because multiple scattering is expected to be the dominant contribution to the eventual
momentum resolution, we may still improve the resolution by eliminating some material
along the trajectory. In particular, the current design includes an atmosphere of air in the
two volumes between the three drift chambers. This air is a significant contributor to the
multiple scattering. If needed, the air could be replaced by an atmosphere of He if the
corresponding resolution improvements were important for physics.

In Sec. 7 we have also used GEANT to estimate the occupancy of the drift cells, which is of
course related to the number of redundant planes which will be required. Our simulation
studies for BLAST have indicated that the toroidal field acts as a magnetic bottle for low-
energy scattered particles, which constitute the major source of background. The number
of sense wire planes appears comfortable in terms of providing the necessary redundancy.
It is interesting to note that our experience at NIKHEF shows that for luminosities of
1032 ¢cm~2s7!, one can achieve tracking efficiencies of 99% for individual planes of wire
chambers in the forward direction and in a non-magnetic environment.

It may be of interest to comment on the differences between our drift chamber design
and that of the CLAS detector at TINAF. CLAS is physically significantly larger and has
drift chambers with non-parallel endplates. That is, the endplates follow the faces of the
magnetic coils. This design produces somewhat larger solid angle coverage and somewhat
better momentum resolution than does the more conventional design presented here. It is
also very much more complicated and expensive than the conventional design. BLAST will
operate at momenta much lower than those needed for the CLAS program, and therefore
the requirements on relative momentum resolution are considerably relaxed. The size of
the drift chamber frames in our design reduces solid angle coverage most significantly at
forward angles, where the cross sections of interest are in general highest. For these reasons
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we believe that, in adopting a relatively conventional drift chamber design, there is little
compromise in the ability to access the most important physics issues for which BLAST
is designed. The advantages in a simpler, less expensive option for the drift chambers are
obvious.

Table 10 summarizes the specifications for the proposed drift chambers.

Table 10: Specifications for the horizontal drift chambers.

| Wire Chamber | Vertex | Middle | Outer ]
Dimensions 143%x 54 cm 205x 81 cm 267x109 cm
Cell size 8 mm 16 mm 16 mm
Position resol. 180 pm typ. 180 pm typ. 180 pm typ.
Gas Mixture 50%Az1/50%Ethane | 50%Ar/50%Ethane | 50%Ar/50%Ethane
Anode Wire Dia. 20 pm WHAu 20 pm W+Au 20 pm WHAu
Cathode Wire Dia. | 140 pm W+Au 140 pm W+Au 140 pm W+Au
Cathode foils 10 pm Al 12 pm Al 15 pm Al
Cathodes/chamber | 5 5 5
Window foils 10 pm Al 12 pm Al 15 pm Al
Windows/chamber | 2 2 2
Sense wires/plane | 180 128 167

6.4.3 Drift Chamber Electronics

The high voltage will be supplied to the drift chambers from a central, computer control-
lable high voltage distribution system. Currently this is specified as the LeCroy 1489HP
High Voltage Mainframe system with 1469 High Voltage Pods. The readout of the drift
chambers is done as follows: LeCroy 2735DC amplifier-discriminator cards will be local
to the drift chamber, probably mounted on the coil support structure. The cable runs to
the amplifier discriminators will be short to reduce noise pickup and to minimize signal
attenuation. The discriminated signals will be run from BLAST to a shielded electronics
area, probably inside the SHR and immediately downstream of BLAST. The cable runs
will be less than 50 m, so signal slewing will not be a problem. Time digitization will take
place in LeCroy 18778 FASTBUS TDCs. The TDC information will be read out via the
Struck FASTBUS Interface (SFI) as discussed in Section 6.11. Currently, the plan is to
provide one TDC channel per active wire. This approach is a conservative one. We are
exploring the possibility of multiplexing the readout by a factor of two in the same manner
as is done in CLAS at TINAF. There, an active wire is multiplexed with another one
four physical wires away. The multiplexing is done by using short or long pulses from the
amplifier-discriminator boards. The TDC then digitizes not only the arrival time of the
pulse, but its pulse length as well, allowing for de-multiplexing to be done by the software.

87



If this scheme works and can be adapted in a cost effective manner, we can realize some
cost savings in the FASTBUS electronics.

6.4.4 Costs and Personnel

The costs for the Drift Chamber branch are listed in actual year dollars in Table 11. The

Table 11: Cost estimates for the BLAST drift chambers in actual year dollars including a
20% contingency.

Sub-system Cost
(i)
Prototype 110.0
Electronics 614.0
Manufacture | 363.0
Total 1087.0

drift chambers are similar, in principle, to those that have been built at Bates, LAMPF
and other laboratories. As with the other branches, there is a strong emphasis on stan-
dard commercially available technology with little emphasis on custom development. The
estimates for the fabrication, stringing and assembly are based on many years of building
this kind of drift chamber system. The electronics costs are principally catalog prices.

The MIT Medium Energy Group will provide the personnel resources for the drift chambers.
They amount to a total of 15 FTEY over three years. Of this total 7.0 FTEY come from
faculty, a full-time research physicist, and post-docs; and 8.0 FTEY from students.

6.5 The CERENKOV DETECTORS
6.5.1 Introduction

Gas threshold Cerenkov counters are widely used in medium energy electron scattering
to discriminate electrons from pions and thus generate the trigger signal indicating the
detection of an electron. Typical gases, such as isobutane, have an index of refraction at
atmospheric pressure that can discriminate between electrons and pions with momenta up
to about 2.0 GeV/c. This value is more than adequate for experiments with a < 1 GeV
electron beam.

Originally we decided to instrument BLAST with an array of gas threshold counters similar
to the array being considered at that time for the CLAS detector. Large acceptance, non—
focusing devices such as BLAST and CLAS present the typical gas threshold counter with
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new problems. First, very high quality mirrors of ellipsoidal and flat shapes are needed
to maximize the solid angle and the number of detected photoelectrons. Second, due
to the different degrees of curvature for the particle trajectories, the optics may have to
be adjusted across the acceptance in order to obtain a uniform efficiency over the large
solid angle. On the other hand, to facilitate the production of high quality mirrors it is
convenient to standardize the parameters of the ellipsoids so the mirrors can be replicated
from a negative mold. Thus one may have to give up the standardization of the mirrors
for the sake of a uniform efficiency. This compromise can produce the desired Cerenkov
array but it would in all likelihood increase the tooling costs.

Recently we have reviewed the possibility of building the BLAST Cerenkov counters by
using the well-known material aerogel. Several years ago we rejected this option on the
grounds that the aerogel was difficult to handle and prone to damage and, when low enough
indexes of refraction were available, not enough light was produced to guarantee the desired
performance. However, in the past few years there have been significant improvements
in the optical quality of aerogel. Moreover, large silica aerogel Cerenkov counters with
dimensions and properties very similar to that required for BLAST have been built and
operated very successfully [108]. Consequently, we have reviewed the BLAST Cerenkov
original design and adopted as a final design an array of counters having silica aerogel as
radiator with indexes of refraction n =1.020 for angles forward of 40° and n =1.030 for
angles backward of 40°. This arrangement is good enough to discriminate pions up to at
least 700 MeV/c. Each counter is equipped with a large single diffusion box to collect the
light into properly arranged photomultiplier tubes.

6.5.2 Conceptual Design of the BLAST Aerogel Detector

To design the BLAST aerogel detector we have used a simulation technique developed in
conjunction with the construction of a large diffusely reflective aerogel Cerenkov detector
for internal target experiments at NIKHEF [109]. For a wide range of aerogel detectors
reported in the literature, the code was found to predict quite well the average number of
electrons, the uniformity, timing resolution, and the photomultiplier multiplicity.

First, we examine the momentum and angular distributions of pions in BLAST. Consider
the single pion photoproduction cross sections from *He for a 880 MeV electron beam,
shown as a function of the pion momentum in Fig. 43 for scattering angles between 20°
and 80°. It can be seen that pions with momenta > 600 MeV/c are present only for
- angles < 40°. To choose the n of the silica aerogel and therefore the momentum threshold
one must balance between complete pion rejection and sufficient light output from the f=1
electrons. For example, the light output for pions from silica aerogel with n =1.03 is shown
relative to that of the electron in Fig. 44 as a function of the particle momentum. From
the results we have chosen n =1.03 for angles backward of 40°, and n =1.02 for the forward
angles. These forward Cerenkov detectors cover the angular range 20°-40° and, due to the
coil shadow, their length is shorter than those covering the range 40°-80°. This difference
is an advantage because the forward detectors will yield approximately the same number
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Figure 43: Single pion photoproduction cross sections for a 880 MeV electron beam.
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Figure 44: The percentage of signal in the BLAST Cerenkov for electrons and pions versus
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of photoelectrons as the backward detectors. The threshold for n =1.02 is 700 MeV/c.
In addition, the presence of the lead glass calorimeter discussed below will, to the extent
necessary, complement pion rejection in the 20°-40° angular range.

A conceptual design of a BLAST Cerenkov detector unit is shown in Fig. 45. The detector

TTTTT] | BLAST Cerenkov Unit

Dimensions: 100 cm Width

150 cm Length
30 cm Height

150 em Aerogel Index n=1.03

Average Signal = 4.5 Photoelectrons

Reflector 60 cm

Average Efficiency = 99%

12 Five Inch Photomultiplier Tubes

TEET

Reflector : 10 cm

100 cm 150 cm

Figure 45: A schematic design for one of the BLAST Cerenkov units. Each detector will
be filled with 15 cm of 1.03 refractive index aerogel. The light box region of the detectors
will be covered with aluminized mylar and viewed by twelve 5 photomultiplier tubes. The

center reflector is added to produce a uniform detector efficiency over the entire width of
the detector.

is filled with an average thickness of 15 cm of n =1.03 aerogel and has a light collector
box, the area that the Cerenkov radiation is emitted into, of 100 cmx150 cmx 15 cm. The
light box region is viewed by twelve 5" photomultiplier tubes. The diffusely reflective walls
of the light box are covered by millipore diffusely reflective paper for the case without a
center reflector and with aluminized mylar with the reflector. The choice of n, thickness of
aerogel, light box dimensions, and number of phototubes was optimized to yield an average
number of about 5.0 photoelectrons for B=1 particles, i.e., a detector efficiency > 99%.

6.5.83 Previous Results from Similar Arrays

A large silica aerogel Cerenkov counter with dimensions and properties very similar to that
shown in Fig. 45 was built for the superconducting kaon spectrometer (SKS) at the KEK
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12-GeV proton synchrotron to veto pions of 0.7 GeV/c [108]. It features a large single
diffusion box with a sensitive area of 140 cmx120 cm and a thickness of about 40 cm.
The aerogel was 9 cm thick with n =1.06. We have simulated the results of the SKS
prototype diffusely reflective Cerenkov detector. This Cerenkov is nearly as wide as the
BLAST design so it represents a very good benchmark to test the ability of the simulation
code to deal with these wide detectors. The results of the simulation are compared with
experimental results in Fig. 46 where the average number of photoelectrons is plotted as

SKS Cerenkov
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Figure 46: The SKS Cerenkov’s experimental and simulated signal as a function of the
width of the detector. Both results are for the case without the center reflector.

a function of the event position across the width of the detector. The code reproduces
the experimental results for the SKS prototype Cerenkov results. The final SKS Cerenkov
included a center reflector in order to provide a uniform efficiency across the sensitive area.
These results are summarized in Fig. 47. The effect of the center reflector is to increase
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Figure 47: The SKS Cerenkov’s experimental efficiency with and without the center reflec-
tor.
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the signal from the central region of the box, thereby producing a uniform efficiency across
its entire length.

6.5.4 Simulations for the BLAST Array

By changing only the refractive index of the aerogel and the size of the detector in the input
file, the code was used then to simulate the proposed Cerenkov unit shown in Fig. 45. The
results are summarized in Figs. 48 and 49 where the results for the number of photoelec-
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Figure 48: The BLAST Cerenkov’s signal as a function of the width of the detector is
shown for both with and without the center reflector.
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Figure 49: The BLAST Cerenkov’s efficiency as a function of the width of the detector is
shown for with and without the center reflector.

trons and A=1 efficiency as a function of the event position are shown with and without
the central reflector. From these figures, it can be seen that, for n =1.03, the Cerenkov
will be able to produce 4.5 photoelectrons with an average electron detection efficiency

of 99%. Thus this design of the BLAST Cerenkov will misidentify 1% of the electrons
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as non-radiating pions. With the addition of a central reflector the detector’s detection
efficiency becomes uniform over the entire 150 cm of width.

6.5.5 Arrangement in BLAST

A plan view of the aerogel Cerenkov array is shown in Fig. 50 . The array consists of

Plan View - Cherenkovs & Coils l;fx

Figure 50: Plan view of the Cerenkov array. There are 3 units per sector, each viewed by
photomultipliers on both ends. The angular coverage from the center of the target is 20°
to 80°. The figure is in the © — z plane. The coordinate system is that of Fig. 40.

three units per sector. The forward unit has the lowest index of refraction and it is viewed
by six 5 phototubes from each end. The other two units in each BLAST sector have
n =1.03 with seven 5" phototubes at each end. We have calculated the magnetic field over
the region where we expect to locate the photomultiplier tubes. Fig. 51 shows the B,
B,, and B, components of the magnetic field across the front face of the photomultiplier
tubes. They are plotted as a function of the z—position for the rearmost Cerenkov unit.
The target center is located at (0,0,0). Similar field values hold for the other two panels.
The field is predominantly vertical, i.e. along the phototube, and of the order of 100 G.
The photomultiplier tubes must be fitted with the appropriate magnetic shields that will
extend at least one photocathode diameter beyond the photocathode region.

To avoid any deterioration of the optical properties of the silica aerogel the humidity around
it must be kept below 30% at all times. The units will be built air tight and nitrogen will
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Figure 51: The B, B,, and B, components of the magnetic field across the front face of the
photomultiplier tubes. They are plotted as a function of the z—position for the rearmost
Cerenkov unit.

be flowed into the unit during operation. Due to the length of the units the central reflector
is necessary to guarantee uniform efficiency. Our plan is to build a prototype unit of a size
similar to that simulated here. This prototype can be built and tested within one year.
Production of the remaining units will proceed right after, and it is estimated that they
can be mounted in BLAST approximately a year later.

6.5.6 Costs and Personnel

The costs for the Cerenkov detectors are listed, in actual year dollars, in Table 12 . The

Table 12: Cost estimates for the BLAST Cerenkov system in actual year dollars including
a 20% contingency.

Sub-system Cost

(k3)

Phototubes, bases, and magnetic shields | 254.0

" Silica Aerogel Cost 32.0
Light boxes (material and fabrication) | 178.0

Electronics 56.0

Miscellaneous 88.0

Total 608.0

cost for the phototubes, bases and shields is a quote from Burle. The cost of the light
boxes include the final design specifications, material, fabrication, and shipping. The plan
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is to fabricate the Cerenkov light boxes in the relatively dry climate of Arizona. A uniform
20% contingency has been added to estimate the total cost.

Arizona State University will provide the personnel resources for the Cerenkov detectors.
They amount to a total of 5.0 FTEY over three years. Of this total 1.0 FTEY come from
faculty, 1.0 FTEY from the ASU post-doc, and 3.0 FTEY from students.

6.6 The TIMING SCINTILLATORS
6.6.1 Introduction

The scintillation time-of-flight system provides timing signals for particle identification
and triggering. The timing and position information is also used for wire chamber track
reconstruction. The time-of-flight resolution required by BLAST to separate hadronmic
particles below 1 GeV/c is not particularly stringent. Pions are separated from protons at
1 GeV/c by 3 nsec. High segmentation would allow timing measurements for closely spaced
tracks. This challenge is also not a significant one for the physics program described above,
because particle multiplicities are low. Consequently the scintillator array can easily meet
the physics requirements of BLAST.

The array provides geometrical coverage of the active detection region of BLAST, extend-
ing beyond the wire chambers to include curved tracks. Fig. 52 shows a plan view of the
array of scintillators. The angular coverage from the center of the target is 15° to 85°.
The scintillators are hung vertically on the two BLAST sectors, 14 per sector in three
panels. The three panels are positioned behind the three Cerenkov units. The five scin-
tillators in each of the two rearmost panels will be identical to each other, while the four
scintillators in the most forward panel will have decreasing length as the scattering angle
decreases. Scintillator thickness is chosen to be 2.5 cm, as a compromise between cost and
performance.

6.6.2 Specifications

The scintillator material will be fast timing plastics with long attenuation length. NE-110
from Nuclear Enterprises, BC-408 from Bicron, and SCSN-38 from Kuraray are known
candidate materials. The requirement for long attenuation length may be traded for faster
timing for the two shortest scintillators. Most scintillator bars are 180 c¢m long, 30 cm
wide, and 2.5 cm thick; the ones forward of 40° are progressively shorter.

Photomultipliers on each end will convert the light signal to current. Because the face of
the scintillator plastic is 75 cm?, more light can be collected with a 3” tube than with a
2” tube. Tests performed for the CLAS detectors at TINAF yielded an improvement in
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Figure 52: Plan view of the scintillator array. There are 14 scintillators per sector, each
viewed by photomultipliers on both ends. The angular coverage from the center of the
target is 15° to 85°. See Fig. 40 for the coordinate system.

timing of nearly 30% when 2” tubes were replaced with 3” tubes on those 20-cm by 5-cm
plastic bars.

An actively stabilized voltage divider network will be used to supply the phototube volt-
ages. This divider network was developed by the UNH group for the CLAS detector, and
has been adopted by TINAF as a standard. It contains four high voltage field effect tran-
sistors to stabilize the voltage differences across the last four sections. The stabilization
scheme acts only on changes induced by signal currents from the dynodes and does not fix
the voltage differences as zener diodes would. The photocathode to first dynode voltage is
set by a zener diode to provide excellent timing regardless of phototube gain.

The scintillators are fitted with two adiabatic light guides, which serve several purposes.
They adiabatically collect light from the 2.5-cmx30-cm cross section of the scintillator
plastic and match it to the 3” photocathode. They serve to optimize the position and
orientation of the photomultiplier tubes in the field region. We have calculated the mag-
netic field over the region where we expect to locate the photomultiplier tubes, and found
them to be less than 30 Gauss. The photomultiplier tubes will be fitted with the appropi-
ate magnetic shields. These will extend at least one photocathode diameter beyond the
photocathode region. '
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Fach scintillator will be wrapped individually in a light-tight covering. The innermost
layer will be a lead foil of 10 mil thickness to shield the scintillator from low-energy x-
rays and bremsstrahlung. This layer has a minimal influence for charged particles. Next
will be two layers of aluminum foil to provide the primary light barrier over the body of
the scintillator. The outer sheath will be black kapton, taped at the joints and the ends
with black tape. The light guides and photomultiplier tubes will be wrapped with two
layers of flexible aluminized plastic, and heat sealed. The scintillators will be supported
by individual composite sandwich structures consisting of fiberglass skins separated by 2”
plastic honeycomb. The ends of this sandwich material will be fitted with drilled plates
that provide for the assembly of the scintillator panels onto an intermediate substructure.
This substructure will also include the patch panels for signal and high voltage. These
substructures will then be hung onto the main BLAST support structure.

6.6.3 Electronices

The scintillator package will be attached to an electronics package that includes high
voltage power supplies, constant fraction discriminators, time to digital converters (TDOCs)
and analog to digital converters (ADCs), as well as passive cable delays and signal splitters.
Each photomultiplier tube base will supply two negative signals, the anode signal and an
inverted dynode signal. The dynode will provide signals through cables of minimum length
to the trigger, via threshold discriminators and coincidence units that assure pulses on both
the top and bottom PM tubes. This arrangement is discussed below in Section 6.10 on
BLAST triggering. The anode signals are delayed by long cables and then passively split.
One branch is provided to the ADCs. The other branch is provided to the constant fraction
discriminator, which produces a TDC stop.

The photomultiplier tubes typically operate at about 2000 volts and draw currents of
about 0.5 mA. The high voltage supply will provide independently controlled voltages for
the 56 tubes. The high voltage mainframes will be controlled remotely by the Experimental
Physics and Industrial Control System (EPICS) over a local area network.

Discriminators will be selected based on their sensitivity, speed, and channel-to-channel
independence. Tests performed for the CLAS detector at the TINAF revealed that some
commercial discriminators are far from ideal in this last requirement. The problem of cross
talk between channels was explored by pulsing two adjacent channels at known times, and
shifting the relative time between the pulses through positive to negative values. The
Philips 7106 exhibited reproducible time shifts of over 300 ps when the pulses were sepa-
rated by a few nanoseconds. The LeCroy 2313 showed shifts of only 50 ps and are preferred
for our implementation. The two ends of a single scintillator will not be plugged into ad-
jacent channels of a discriminator, or even into the same discriminator unit if possible.

The time-of-flight TDC will be selected on the basis of fast conversion and readout time,
high resolution, high linearity, and cost. The LeCroy 1872 TDC, modified to provide fast
conversion times (1872A), was selected for the CLAS detector. The original unit had a fixed
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conversion time of 177 us. The modified version converts channels at a rate of 2.7 us per
channel, significantly reducing the average conversion time for the sparse data anticipated
for the CLAS configuration. The least significant bit was set to 50 ps, allowing for a 205
ns dynamic range for this 12 bit TDC. The rms uncertainty was measured to be 80 ps,
with counts spread over six or seven channels for fixed input time.

The analog-to-digital converter will be selected on the basis of conversion time, noise,
linearity, and cost. The CLAS collaboration selected the LeCroy 1881M ADC. This unit
is a 64-channel, 13-bit FASTBUS ADC with a fixed conversion time of 12 us. Noise was
measured at 50 fC (one count) when good ground connections were provided. Dynamic
range was 400 pC. Linearity was good with maximum deviation of 400 fC (eight counts),
and typical deviations of 100 fC (two counts).

6.6.4 Costs and Personnel
The costs for the scintillator array are listed, in actual year dollars, in Table 13 . The cost

Table 13: Cost estimates for the BLAST scintillator system in actual year dollars including
a 20% contingency.

Sub-system Cost

(i5)
Phototubes, bases, and magnetic shields | 67.0
Scintillator and lightguide material 100.0
Labor and misc. 173.0
Electronics 126.0°
Total 466.0

for the phototubes, bases and shields is a quote from Philips. The cost of the scintillator and
lightguide material comes from Bicron, and the fabrication cost is based on our experience
in the assembly of the CLAS scintillators. The plan is to fabricate the scintillator array
at the University of New Hampshire. Shipping costs are included in the quotes. The
electronics estimate follows from catalog prices. A uniform 20% contingency has been
added to estimate the total cost.

The University of New Hampshire group will provide a total 1.0 FTEY of physicists and

supervisory support over three years to the personnel resources for the scintillator detectors.
This personnel is in addition to the full-time technician costed in Table 13.
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6.7 The NEUTRON DETECTORS

6.7.1 Dimensions

An array of neutron detectors will be located behind the Cerenkov detectors. The angular
coverage will be about 30°, between §= 38° and 6= 70°, in each sector of BLAST. The
detectors will be made of 300-cm-long, 22.5-cm-tall and 10.0-cm-thick BICRON type BC-
408 plastic scintillators, with 3” photo multiplier tubes (PM) coupled at each end. Fig. 53
shows the arrangement of the neutron detectors relative to BLAST. These detectors will

Plan View - Neutron Detectors & Coills E_x

Figure 53: Plan view of the neutron array. There are 8 neutron bars per sector, each
viewed by photomultipliers on both ends. The angular coverage from the center of the
target is 350 to 70o. See Fig. 40 for the coordinate system.

be mounted horizontally and eight of them will cover an area of 3.0x1.8 m?. The detector
thickness was chosen as a good compromise between efficiency and energy resolution. The
flight time of a 200 MeV neutron across the 10.0 cm thickness is about 590 ps. A similar
intrinsic time resolution is expected from the combined performance of the detectors deriv-
ing the stop/start signals. A thicker neutron scintillator would provide a better detection
efficiency, at the expense of lower energy resolution.

The horizontal mounting was chosen for several reasons. First, we will have better angular
resolution (# as opposed to ¢). An estimated 1”-2” position resolution of the event in the
scintillator is expected, which at 4-m corresponds to §6 ~ 1°. The width of the bar gives
rise to a resolution in ¢ of about 4.5°. Second, the bars can be easily calibrated with cosmic
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Figure 54: Calculated momentum resolution for the neutron detectors. For the diamonds
and squares a timing resolution of 600 ps has been assumed to which, in quadrature, the
detector thicknesses contributions have been included. The crosses represent the case for
a 1.0 ns timing resolution.

rays. A trigger event requiring an eight—fold vertical coincidence will select cosmic rays
depositing about 50 MeV of energy in each scintillator bar. Time and energy calibration
are achieved simultaneously while data are being acquired. Finally, the mounting is more
straightforward and stable. Separate stands will hold the neutron walls and they can be
easily moved to other locations. :

The chosen material combines a good light output and a good bulk light attenuation length.
The surfaces will be diamond milled.

6.7.2 Momentum Resolution

The momentum resolution for neutrons has been estimated and is shown in Fig. 54. A
600-ps timing resolution from all sources other than detector thickness was assumed and
added in quadrature with the latter contribution. The 600-ps time resolution corresponds
to intrinsic time resolutions of the start and stop time detectors, added in quadrature.
These values are realistically achievable. A flight path of 4-m has been assumed for the
neutrons. Calculations were made for a 10-cm and a 12.5-cm-thick scintillator assuming
the 600-ps timing resolution. A worst-case scenario in which a 1.0-ns timing resolution
is achieved is also presented in Fig. 54, for the 10-cm-thick scintillator. Under the stated
conditions, a 200 MeV neutron will have a 5.0% ( 5.6%) momentum resolution for a 10-cm
(12.5-cm) thick scintillator. Values for other neutron energies are shown in Fig. 54.
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Figure 55: Monte Carlo calculated neutron efficiencies obtained at the indicated thresholds
for a detector 300-cm long, 30.0-cm high and 12.5-cm deep. Normally incident neutrons
penetrate the detector along its depth.
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Figure 56: Same as in Fig. 55, but for a 300-cm long, 22.5-cm high and 10.0-cm deep
scintillator.

6.7.3 Neutron Detector Efficiencies

We have used the Monte Carlo code Stanton to calculate the neutron detector efficiencies
for neutrons in the energy range between 0 to 500 MeV. Several energy thresholds for 10, 20
and 30 MeV neutrons, have been assumed. The calculations for the two cases, scintillators
of 5”x12” and 4”x9”, both 300-cm-long, are shown in Figs. 55 and 56 . For a suggested
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bias of 20-MeV neutrons, the 5” thick scintillator is about 11% efficient compared to a
8.7% efficiency for the 4” scintillator and neutrons in the 100-200 MeV range.

6.7.4 Monte Carlo Calculations

We have used a Monte Carlo program (Guide7) to evaluate the performance of detectors
coupled with different length light guides and different sizes of PMs. Scintillators of 47x9”
and 5”x12” cross sectional area and 300 cm long were assumed in the study. A linear light
source in the direction of the detector thickness was located at several distances from the
phototube. Assuming a 3” PM, the study showed similar light collection efficiency for the
two types of scintillators. The 5” PM coupled to the 5”x12” scintillator resulted in almost
a factor of 3 better light collection. This factor is similar to the ratio of areas of the two
types of PM. What was found to be important in order to get the best time resolution for
photons arriving at the photocathode was the length of the light guide. Double pulsing
was observed with some light guide lengths and the best result, less than 500 psec FWHM
single peak in the arrival time, was obtained with a 25-cm-long light guide in the 47x9”
scintillator and a 35-cm-long light guide for the 5”x12” scintillator.

Although efficiency considerations are important, the effective cost of the 5”x12” scintil-
lator coupled to a 5” PM compared with the cost and better momentum resolution of a
47x9” scintillator coupled to a 3” PM, have led us to select the latter solution.

6.7.5 Costs and Personnel
The costs for the neutron detectors are listed, in actual year dollars, in Table 14 . The cost

Table 14: Cost estimates for the BLAST neutron detectors in actual year dollars including
a 20% contingency.

Sub-system Cost

(i5)

Phototubes, bases, and magnetic shields | 52.0

“Scintillator and lightguide material 184.0
Electronics 52.0

Labor and misc. 83.0

Total 371.0

for the phototubes, bases and shields is a quote from Philips. The cost of the scintillator
and lightguide material comes from Bicron, and includes the fabrication cost of the neutron
bar. The electronics estimate follows from catalog prices. A uniform 20% contingency has
been added to estimate the total cost.
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Most of the assembly of the neutron bars as well as the testing of the detectors will be done
by Ohio University (OU) personnel. For these tasks OU will make available 2.0 FTEY over

three years.

6.8 LEAD GLASS CALORIMETER
6.8.1 Introduction

Particle identification (PID) in BLAST is provided by scintillators and silica aerogel Cerenkov
detectors. Time of flight (TOF) information can resolve protons from pions and electrons
up to about 1700 MeV/c, and dE/dx information can resolve protons from pions and elec-
trons up to about 500 MeV/c. However, pions cannot be resolved from electrons above
about 250 MeV/c with TOF, and perhaps 100 MeV/c with dE/dx. The aerogel Cerenkov
detectors should give about 1 photoelectron for a pion and 4 photoelectrons for an elec-
tron, providing good but not perfect particle identification. One purpose of the lead glass
calorimeter is to give a redundant separation of electrons from pions as a check on the
efficiency and discrimination of the Cerenkov detector. For this purpose the calorimeter
should cover a reasonable fraction of the solid angle to provide adequate sampling, and
should be placed at strategic positions where the PID efficiency of the Cerenkov detectors
may vary. The signal from the lead glass blocks placed close outside the neutron detectors
can be included in the trajectory information obtained from the drift chambers and the
scintillators. Multiple scattering in the TOF scintillators and the bottom of the Cerenkov
detectors detectors will not change the hit point on the lead glass by more than 2 cm. A
total of 32 lead glass detectors (each 15 cm x 15 c¢cm x 30 cm) at 3.9 m from the target
covers about 0.10 sr or 10 % of the BLAST solid angle. This coverage is an adequate
sampling of the PID efficiency.

The lead glass array may also be used in the early stages of the BLAST detector develop-
ment, before the Cerenkov detectors are in place. The lead glass can be used as the primary
PID device for the testing of other prototype detectors or in any preliminary experiment
that may be proposed. With 64 blocks, about 20% of the eventual BLAST solid angle
would be covered. A plan view of the lead glass arrangement is shown in Fig. 57.

6.8.2 Resolution and Calibration

The lead glass energy resolution is of order 25% (FWHM) for electrons. The ability to
separate pions from electrons is seen in Fig. 58 , which shows the pulse height distributions
for 750 MeV/c electrons and pions in two layers of 10 cm x 10 cm x 25 cm lead glass
placed in the focal plane of the OHIPS spectrometer at Bates. The particle separation is
substantially better for 20 cm of lead glass than for 10 cm. The lead glass blocks available
for BLAST at Bates are 15 cm x 15 cm x 30 cm and should be good for pion-electron
separation. The pion signal is produced by charge exchange and other photon-producing
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Figure 57: Plan view of the lead glass calorimeters. The 6 angular coverage from the center
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reactions. Some of the production will also occur in the thick (10-20 cm) neutron detectors,
but the contribution will not exceed that from the lead glass itself. The electron resolution
will be better for the blocks pointed toward the target than with their long dimension
presented to the target. The resolution in the latter case is adequate to do the pion-
electron separation, but one might want to use the better angular, energy, and timing
resolution of the former geometry at the expense of losing half of the solid angle.

The lead glass blocks will be calibrated in the reduced electron beam in the 14° Extension at
Bates and the response measured at 400 MeV. The response is immediately cross calibrated
with the cosmic ray response which can be referred to at any time when the lead glass is
used on BLAST. Fortunately, the proposed uses of the lead glass calls for the blocks to be
in the horizontal plane where the cosmic ray peak will be unchanged. Radioactive flashers
and LEDs or fiber optic flashers are also useful for calibration and linearity checks.

6.8.3 Magnetic Field Effects

The fringing magnetic field effect on the PMTs should be manageable. Outside the
Cerenkov and neutron detectors the fields are only a few Gauss. For the lead glass de-
tectors at 90° close to the coils the field is of order 100 Gauss. The field is perpendicular
to the axis of the PMTs so magnetic shielding with py-metal cylinders and wrapping is
possible. The Bates blocks are already provided with this type of shielding. In addition,
it is possible to box in an array with 1/8” iron sheet, with an insignificant loss in energy
resolution.

6.8.4 Packaging and Support

Fig. 59 shows the planned stacking of a standard 16 block array used to separate pions
from electrons. The package is designed so that it can be placed as close as possible to the
neutron detectors. It is tall enough to both overlap the shadow of the magnet coils and
get well into the region where the PID system should be close to 100% efficient. Because
the array will need to be moved around as a unit from place to place, provision is made
to restrain the blocks against a tip angle of 10°, which might occur in handling. Provision
will be made to support a 1/2” scintillator over the front of the lead glass array in case it
is needed for improved spatial resolution or to reject photons and neutrons.

In their position outside all other BLAST detectors, the support framework for the lead
glass should be fairly simple to design. The weight of 64 blocks is about 2.5 tons. Most
of this weight can be taken by posts to the floor rather than by the BLAST framework.
In this case, the lead glass will have to be removed when the two halves of BLAST are
rolled away from the target. However, such moves will not occur very often and it is likely
that the neutron detectors will also need to be supported in the same way and removed
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Figure 59: An array of 16 lead glass blocks.

on such occasions. The base and the package will be bolted to the BLAST framework to
give stability in the horizontal plane.

6.8.5 Work to Date

There are 28 unused lead glass blocks at Bates and 14 available from Boston University.
Work is underway at both places to optimize the resolution of the lead glass. Many of these
blocks are provided with radioactive scintillators for calibration purposes. Additional lead
glass can be obtained, but we have enough on hand now for two 16 block arrays.

Work on the calorimeter has been underway part-time since September 1996. Fourteen
lead glass blocks at Bates have been tested. Resolution with the Nal flasher for one of
the blocks with a EMI 9870 PMT was improved from 14% to 3.5%. The average time to
refurbish and test a block is about 4 hours, so about six weeks of technician or student
time is required to get 64 blocks ready for use. One 16 block package will be ready for use
in the South Hall when the internal target is ready for testing in the ring, presumably in
the winter of 1997-98. Before that time, a few blocks can be used on a detector testing
frame looking at the B-line target while running with the extracted high-duty-factor beam.
A test in April 1977 indicated that room background will not be high.

6.8.6 Costs and Personnel

The budget for the calorimeter is $ 125,000 in actual year dollars. This value assumes very
little cost for the lead glass, light guides, PMTs, phototube bases and magnetic shields.
Most of these items are on hand or are inexpensive. The cost per channel for electronics is
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about § 2000. We plan to fan in blocks in pairs as needed, losing resolution in either the
6 or ¢ direction. We hope eventually to supply 64 channels of electronics for the blocks,
plus any channels needed for scintillators belonging to the lead glass system.

The 32 lead glass blocks will be prepared and assembled into packages during the period
9/1/97-9/1/98 using E. Booth (6 months FTE), 6 weeks of technician time, an undergrad-
uate assistant (4 months FTE), and a week of engineering/drafting.

6.9 RECOIL DETECTORS

Detection of heavy nuclear reaction products offers a simple method to improve the perfor-
mance of the BLAST detector. In particular, the two-body electrodisintegration of *He can
be cleanly identified by detection of the low-energy deuteron recoiling at a known momen-
tum. Detection of recoiling nuclei cleanly isolates pion production from the background
at threshold, while detection of the recoiling 3He nucleus in elastic scattering results in a
simple, effective polarimeter. These techniques were demonstrated in the CE25 experiment
at ITUCF, in which 300 and 500 micron thick, totally depleted silicon strip detectors were
mounted only 3-cm from the beam axis [90]. Even in the higher backgrounds of an electron
storage ring, pioneering measurements at NIKHEF show that measurements of low-energy
reaction products from an internal target are feasible in an electron storage ring [110].

Detection of heavily-ionizing 3He nuclei should be straightforward, given the excellent
energy resolution of silicon detectors and the kinematic correlation between the electron
momentum and 3He kinetic energy. A 500 micron thick silicon detector would stop *He
nuclei with kinetic energies up to 28 MeV, furnishing a simple method of monitoring the
target polarization.

The recoil detector system must also separate the two-body and three-body electrodisinte-
gration of ®He by isolating the deuteron from the two-body disintegration. Measurement of
the deuteron position and energy loss should be sufficient, however, since the momentum
of the outgoing deuteron and the event vertex are known from measurements of the mo-
mentum of both the outgoing electron and struck proton. Modern detectors, either silicon
microstrips or microfabricated gas counters, can easily furnish position measurements of
several hundred microns.

For the initial physics program we plan to build a simple system very similar to that
presently being used in the AmPS ring at NIKHEF. The costs of duplicating this system
are summarized, in actual year dollars, in Table 15 . A uniform 20% contingency has been
added to estimate the total cost.

The design, construction, and testing of the recoil detectors will be done by University of

Louisville personnel. For these tasks Louisville will make available 1.0 FTEY over three
years.
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Table 15: Cost estimates for the BLAST recoil detectors in actual year dollars including a
20% contingency.

Sub-system Cost

(15)
Read-out Electronics | 60.0
Detectors 39.0
Total 99.0

6.10 BLAST TRIGGER DESIGN
6.10.1 Overview

The trigger-level logic configuration for BLAST has been designed around a two-level sys-
tem. The first level will consist of coincidences between various scintillators and Cerenkov
detectors to determine that (a) there has been an event and (b) whether the particle is an
electron or a hadron. The second level trigger will consist of a fast coincidence between
ORed subsets of various wire chamber planes and individual scintillators to test if that
event coarsely tracks from the target.

The logic configuration for both levels of the BLAST trigger has been designed assuming
that, while the data acquisition will be done via FASTBUS for the sake of speed, the trigger
logic can be done via an ECL system based in CAMAC and/or VXI. The advantages
provided by such a logic system are (1) compactness, (2) full programmability of the
logic configuration providing maximum flexibility, and (3) immediate availability of the
appropriate modules. Because the logic-system configuration output need not be read for
each event, there is no loss of data acquisition speed by going to such a hybrid system.

The BLAST trigger design is further driven by three existing conditions and/or goals: (1)
BLAST is based on the design and operation of the CLAS instrument at TINAF; (2)
CLAS, and its trigger system, exists and is operational; (3) Bates has decided to use the
TJINAF data acquisition software package CODA as the standard for the laboratory. At the
very least, the third goal dictates that all gates and common starts/stops be generated by
the TINAF Trigger Supervisor (TS), a VXIbus unit that enables the ADCs and TDCs and
interacts with CODA. In fact CODA was designed to work through the Trigger Supervisor
or a unit which identically mimics it, and the TINAF DAQ group supports both CODA
and upgrades in the TS system.

Hence, the simplest solution for the BLAST trigger is to purchase a TS module from
TINAF and build a trigger system around it. Because that module requires a VXIbus,
and the CLAS logic is also VXI-based, the simplest solution for the trigger logic is to
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purchase as much of it as possible from TINAF as well. Options based on commercial
modules are also considered.

6.10.2 The First-Level Trigger

The first-level trigger is fully programmable by the user on an experiment by experiment
basis. It can vary from the loosest possible, where an event is defined by any electron
(or hadron) in singles mode, to more restrictive programmable combinations of electrons
in coincidence with any combination of hadrons, where a hadron is defined as any non-
electron-generated event in a scintillator. An electron is defined by a scintillator signal
in coincidence with a physically adjacent Cerenkov. For the purpose of this document,
we assume a trigger model where an event consists of an electron in coincidence with any
hadron. Because essentially all inelastically scattered electrons result in the emission of at
least one hadron, the only events lost, within the geometrical acceptance, by this trigger
definition are those in which all emitted hadrons are neutral (and there will be some lower
but non-zero efficiency for these).

BLAST is an eight-sector toroid with two opposing sectors instrumented from 20° to 80°.
Each sector will consist of 3 Cerenkovs and 14 scintillators, with the scintillators located
behind the Cerenkov counters. The forward Cerenkov detector can be in coincidence with
one of the first 4 scintillators. The next two Cerenkov detectors can be in coincidence with
one each of the next two groups of five scintillators each. In addition, each of the two
instrumented sectors is backed up by eight neutron scintillator bars with a PMT at each
end. Finally, a movable shower counter to eventually consist of 64 lead-glass bars can be
moved behind one sector or the other. Instrumentation of the remainder of the two sectors,
or any of the other six sectors, can be achieved through a simple extension of the trigger
logic to be outlined below.

The first-level trigger is required to take the raw PMT signals from the scintillators,
Cerenkov detectors, neutron detectors, and shower counters and determine, through ac-
ceptable logical combinations, whether they arise from a possible candidate event. Fig. 60
shows such a scheme based upon a combination of commercial ECL modules (CAMAC-
based) and VXIbus TINAF modules. The scintillators each have two PMTs, one on each
end, noted as L(eft) and R(ight). The PMT signals are sent directly to ECL discriminators
(LeCroy 3412) which have software-controllable thresholds set close to the noise level in
order to provide good leading-edge timing. LeCroy 4418 delay fanouts (not shown) provide
multiple ECL outputs (3 per input) and separately software-controllable delay for each in-
put. Because of the low thresholds, a two-fold L/R coincidence is formed in ECL AND’s
(LeCroy 4516) to eliminate a possible high rate of noise events associated with either PMT.
The output of the AND units signifies a real event in a particular scintillator (although not
necessarily yet a good event). Likewise, the Cerenkov PMTs (14 each from the rear two
detectors and 12 from the forward detector) are OR’ed in groups of signals to the trigger
logic. This is done by an analog sum of the signals at each end of the respective Cerenkov
into each of the ECL discriminators. The two ends of each Cerenkov will be a logical OR.
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Figure 60: Coincidence trigger logic.

The 16 neutron detector outputs are shown going to an OR that provides one signal to the
event logic. This will be decomposed into groups of signals based on azimuthal angle, or
even individual signals.

The shower counters are shown grouped into an 8x8 array by providing an analog sum of
8 counters into each of 8 discriminators.

The ROUTER accepts the array of inputs and maps programmable logical combinations
of those inputs [111]. It consists of two levels of programmable MLUs. The first level
allows the experimenter to group adjacent detectors together, reducing the number of bits
to be passed on to the second level. It consists of four parallel 16-input X 4-output MLUs.
The second level lookup allows the experimenter to define sector events as combinations
of the 4 bits from each of the first level MLUs in order to provide a fully programmable
coincidence configuration between physically adjacent Cerenkov detectors and scintillators.
A programmed OR of these coincidences, within the same MLU, provides an e-event signal
for that sector. The MLU’s will also select events in which scintillators fire but there is no
coincident Cerenkov signal, and output these as h-events on a separate output. Outputs
from the second level MLU’s in each sector (as shown in Fig. 60) are passed on to a third-
level MLU, the Event Processor (EP), housed in a separate VXI module, which forms
logical combinations of the events from each of the two sectors so as to generate a final
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trigger. The output is then passed to the TINAF Trigger Supervisor which generates the
ADC gates and TDC common starts (or stops) and interfaces to CODA.

Clearly, the advantage of using the MLU’s is that they not only provide fully program-
mable logic, allowing them to be modified in software for particular experiments, but also
that they provide multiple independent programmable outputs, allowing the experimenter
to keep track of different particular logic combinations. For example, in this e — h trig-
ger configuration, we will wish to select events in the most forward Cerenkovs for later
prescaling. With 16 totally independent logical combinations available, this task is easy to
accomplish. The MLU’s provide multiple independent outputs for different programmable
logical combinations of e’s and A’s. In addition, the MLU’s can be programmed to pass
all e-events on a separate output. This option is particularly important for purposes of
calibration and normalization. Other requirements, such as ‘beam gate’ (to avoid the ring
injection flash) and ‘run in progress’ can also be applied as inputs to this unit. Any one or
more of these combinations can then be prescaled. Such prescaling will certainly be done
for the selected forward angle e — h coincidences and/or all single e-events. Independent
programmable prescaling for multiple triggers is available in the TINAF TS module.

6.10.3 Costs and Personnel
The costs for the first level trigger system are summarized in Table 16.

Table 16: Cost estimates for the BLAST Trigger system in actual year dollars including a
20% contingency.

Sub-system Cost

(k$)
Router(s) 32.0
Trigger Supervisor | 21.0
CAMAC 90.0
Cables 48.0
VME 21.0
Misc. 22.0
Total 234.0

The costs for the trigger supervisor and router were obtained in consultation with E.
Jastrzembski and D. Doughty, respectively. The CAMAC, VME, and Cables costs come
from the LeCroy Research Systems 1996 Catalog. The University of New Hampshire group
will provide a total 2.0 FTEY over three years for the implementation and testing of the
trigger electronics.
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6.10.4 A Second-Level Trigger

A second level trigger has been designed which incorporates fast wire chamber logic outputs
in order to coarsely determine that the event was initiated in the region of the target in
order to eliminate background from external sources. As mentioned at the beginning,
this trigger involves OR’ing the ECL outputs from a selected number of adjacent wires
from each of the planes of wire chambers and determining if the pattern of such cells, in
coincidence with the appropriate scintillator, is consistent with the event originating from
the target.

Three methods of generating the OR of individual ECL signals have been considered. In
one approach the wire chamber preamplifier-discriminator cards, to be purchased from
either LeCroy or TINAF (which is currently developing an in-house design), will provide,
in addition to ECL signals for each wire, an ECL OR for some predetermined number, say
16, of adjacent wires. This design would then provide a logical division of, for example, a
96-wire layer into a 6-segment hodoscope. In the second method, the 96 LeCroy FASTBUS
TDCQC’s are factory modified to provide a rear panel logical OR of a predetermined number of
adjacent inputs, 16, 32, 48, or 96, again allowing division of a layer into segments. If neither
of these methods is available (we do not plan to make such modifications in-house), then
the OR will be made by using the 64-input LeCroy 4564 modules, providing simultaneous
rear panel availability of 4 x 16, 2 x 32, and 1 x 64 logical OR combinations. This last
option is by far the most expensive, and we will proceed here under the assumption that
either one of the first two options will be available.

The wire chambers consist of three groups of planes with 4 planes per group. The innermost
plane is likely to be noisy due to Mgller scattered electrons. Therefore, we propose to use
the outermost plane of group 1 plus the vertical wire planes in groups 2 and 3 to do coarse
track recognition. This plan minimizes accidentals. We propose to segment each of these
planes into cells of 8-16 wires, by using 32-fold OR logic from either the wire preamp-
discriminator cards or the FASTBUS TDC’s. This feature provides up to 64 signals, in
coincidence with the array of 14 scintillators, per sector, to determine whether or not the
track is acceptable.

The ECL signals from the individual cells are input, together with the coincidence-gated
scintillator ECL outputs and the “electron” output from the first coincidence array from
the first level, into an additional TINAF ROUTER module per sector which provides a
logical “no” if the input pattern does not correspond to a track within acceptable limits.
The output of these ROUTERs can then be OR’ed and put into the the FAST CLEAR
of the ADC’s and TDC’s. This arrangement allows programming freedom to demand that
either (1) the acceptable track correspond to detection of a “good” electron with no similar
requirement for hadrons, so as to eliminate any detection efficiency for neutrons or 7%’
which might interact with the scintillators, or (2) tracks be demanded for both, thereby
limiting events to include charged hadrons only.
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The cost of implementing this second level trigger is driven mainly by the method of
obtaining the ECL OR signals from the wires. If the wire chamber cards provide the
appropriate ORs, then the only requirement is an additional ROUTER and EP per sector
for a total of about $32K.

6.11 DATA ACQUISITION SYSTEM
6.11.1 Introduction

BLAST is a departure from the traditional instrumentation at Bates in terms of its com-
plexity and the data rates that are anticipated. It was clear {from the outset that the
traditional combination of a MicroVAX, MBD, and CAMAC would be inadequate. It
was also unreasonable to expect that any simple modification of these traditional building
blocks would suffice. We are therefore required to provide a totally new system.

There are several requirements that the data acquisition system must satisfy:

FASTBUS for digitization and scalers

VME and CAMAC for the programmable trigger
o A data rate of at least 200 kBytes/sec (kB/s) to tape

e Maximize the ratio of computer power to cost

Minimize in-house support required.

Taking these items into consideration, we have chosen to use the TJNAF CODA system.
The laboratory data acquisition systems for the conventional spectrometers will be con-

verted to CODA from the LAMPF Q system over the next several years, as LAMPF is no
longer upgrading @ to keep pace with new computing technology.

6.11.2 Data Acquisition System Hardware

Information from a given sector of BLAST will be digitized in two FASTBUS crates.
Each crate will be read out by a Struck SFI over Ethernet into the host Sun UltraSparc
workstation memory. The Sun will analyze events as well as archive them. The FASTBUS
crates will be located near the detector while the host workstation will be located in the
South Hall Counting Bay. Graphics workstations can access the event information in the
host machine, for further analysis and event display.

Data rates of 250 kB/sec have been achieved already in Hall A at TINAF, passing data
over Ethernet. The system can be upgraded to handle higher event rates and software
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rejection by passing the sector information to Motorola 68k preprocessors in VME. Hall C
at TIJNAF passes crate data over Ethernet to Motorola 68040’s in VME, and from there
to the host via FDDI; peak rates of 2 MB/sec have been observed. Data will be written
to disk, and initially archived on 8mm tape from the Sun workstation. Another possibility
for archiving is optical disks.

6.11.3 Data Throughput

In high energy physics experiments, the zeroth-level trigger rate (e.g. the beam crossing
rate) can be 50,000 events/sec, at an event size of up to 10 kiloBytes (kB). These rates are
accomplished with the use of large-scale parallelism in the FASTBUS front-end readout
system and with fast front-end data rejection of roughly 1073, Additional levels of trigger-
ing, including software rejection, bring the event rate down to more like 1 to 10 Hz, for a
data archiving rate of around 100kB/sec.

These rejection factors do not apply in the Nuclear Physics environment. A large fraction
of the BLAST events which pass the first-level hardware trigger are useful data and should
not be discarded. In BLAST, a track is expected to involve times from twelve wires,
two pulse-heights and times from scintillator PMTs, two pulse-heights from a Cerenkov,
a pulse-height and time from a lead-glass block, and two pulse-heights and times from a
neutron detector. A typical event with three tracks, background signals, status information
plus some contingency might have a size of about 0.5 kB.

The LeCroy TDC’s and ADC’s are all rated at 40 MB/sec. The SFIis capable of running at
rates up to 3 MB/sec. The nominal fast Ethernet bandwidth is about 10 MB/sec; practical
data rates are somewhat less, perhaps 5 MB/sec. A conservative limit for archiving from
the host is currently about 200 to 300 kB/sec.

The CODA system is currently capable of running at 1 to 3 MB/sec to disk. For the
typical BLAST 3-track event size of 0.5 kB, we thus have 2,000 to 6,000 events per second.
Currently proposed experiments anticipate trigger rates of at most 500 events per second,
with no forward angle electron prescaling; this trigger rate is well within the capabilities
of the CODA system. In fact, experiments will likely prescale the forward angle electrons,
and so data rates will be less than 250 kB/sec.

It is conceivable that one might run with a very loose hardware trigger for a given target
and write all data to tape, and then sort the data off-line onto multiple tapes for various
users, according to a more refined software trigger. This scheme would make better use of
available beam time, and would mean that a user interested in an exclusive trigger would
not have to analyze all events (at a significant cost in CPU time), but only the ones of
interest. This capability has not been costed here; to provide trigger-sorted data tapes,
the laboratory would need at least a dedicated workstation connected to multiple “tape”
drives (4, at a minimum). This estimate assumes that only a very coarse analysis pass
will be necessary to make a trigger determination, and so the trigger sorting will not fall
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behind the data acquisition. If detailed track information is needed, for example to cut on
particle momenta, missing mass, or other calculated quantities, then trigger-sorting CPU
power will have to increase accordingly.

6.11.4 Costs and Personnel

The anticipated hardware and commercial software costs for data acquisition, for the core
device, are summarized in Table 17.

Table 17: Cost estimates for the BLAST DAQ system in actual year dollars including a
20% contingency.

Sub-system Cost

(5)
Host computer 18.0
Graphics WS (Single Event Display) | 56.0
FASTBUS Crates 42.0
SFI 29.0
FASTBUS Crate Spy 16.0
FASTBUS Calibration Module 4.0
Racks 14.0
Dedicated LAN 6.0
Cables, misc 18.0
VME Crates 20.0
CAMAC Interface 5.0
VME CPUs 90.0
VME Network Card 13.0
Total 331.0

The host computer was purchased as part of a generic internal target development, so only
the peripherals (tape drives, for example) are costed here. A FASTBUS crate, SFI and
CAMAC interface were also purchased for internal target development. Those devices are
spares for BLAST; other spares are included above.

The Bates laboratory will provide 3.0 FTEY over three years for the implementation of the
system software. This manpower will be complemented by collaboration personnel working
on the data analysis software. The manpower for data analysis is closely associated with
that working on the Monte Carlo Simulation of BLAST and will be discussed in Sec. 7.
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7 MONTE CARLO SIMULATION of BLAST

The design of any detector that will study physics as complex as that which BLAST
will investigate, must first be modeled with a sophisticated Monte Carlo simulation. The
simulation of BLAST is built out of the GEANT libraries from CERN.

The primary goal of the Monte Carlo studies at this stage is to assist in the design of the
detector packages. We have been able to address questions primarily related to acceptance
and resolution as a function of the geometry and choice of materials. We will also be
simulating data such that reconstruction and analysis algorithm can be built and tested

while BLAST is being built.

Towards this end we have divided our Monte Carlo effort into several different points.

¢ Code Management: Because the GEANT code will be developed by various
members of the BLAST collaboration at many different universities, on multiple
computing platform we have instituted a code repository and are using the code
management system CVS ( Concurrent Version System ).

o Magnet Field Tables: The original code could simulate a single track event
in roughly 20 seconds on a DEC-alpha. Most of this time was spent calculating
the field the particle traversed. We have replaced these calculations with a lookup
table and a second-order interpolation between table points, providing a factor of
700 improvement in speed. '
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e Flexible Geometry: We have built the GEANT geometry around a few parame-
ters that the code reads in from an external file. This approach allows a detector
designer to alter such things as dimensions, angles, position and number of compo-
nents quickly and easily without recoding and recompiling.

o Acceptance Studies: We can currently calculate the acceptance of BLAST as a
function of particle type, 3-momentum vector, and target position.

o Resolution Studies: A critical issue about the design of BLAST is the overall
resolution of the detector. Resolution in itself is not a simple quantity. It is somewhat
a function of angle, and is a very sensitive function of momentum. It is also a function
of a number of factors in the design, such as the air between the wire chambers or
the gaps between the wire chambers.

o Simulation of Spin Physics Experiments: We have written event generators
that calculate the BLAST resolutions for the missing-energy E,, and the missing-
momentum p,,. Work is under way to implement a fully spin-dependent electron-
proton cross section and a spin-dependent spectral function in order to estimate
physical asymmetries.

¢ Magnetic Field Information for Targets and PMTs: We have produced field
maps for BLAST. This information is important for the design of the targets and the
PMTs in time-of-flight, Cerenkovs, neutron counters and shower counters. Although
the details of the field around these components might be best calculated by TOSCA,
the GEANT code works well as a cross check, and to provide some large scale field
maps.

o Target-Generated Background due to Mgller Electrons: We have written
event generators to simulate the production of low—energy electrons from the *He
target.

The BLAST GEANT development is a dynamic process. After the initial stage of detector
design studies it will be continued to be used in the design of experiments. It will also be
utilized for building the analysis code. We will be using GEANT to simulate data that
will then be used to test the reconstruction/analysis code.

7.1 The ACCEPTANCE of BLAST

We have calculated the acceptance of BLAST for a range of momenta and charges, i.e.,
electrons (or any negatively-charged in-bending particle) and protons (positive out ben-
ders). A hit in all three wire chambers defines an accepted event. Scatter plots of accepted
events are shown in Fig. 61. The solid angle related to each plot of Fig. 61 is reported in
Table 18. These results are smaller than the designed value of 0.76 sr quoted in Sec. 6.
Most of this difference is due to the use in the GEANT code of a 3” frame around the
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Figure 61: Acceptance for high and low momentum electrons and protons. An accepted
event generates at less one hit in all three wire chambers. The horizontal and vertical axes
correspond to the scattering angle 6 in (°) and the azimuthal angle ¢ in (°), respectively.

Table 18: Solid angle per sector calculated from the acceptances of Fig. 61.

particle | mom. (MeV) | Solid Angle (sr.)
electron 500 0.303
electron 1000 0.313
proton 500 0.306
proton 1000 0.307
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Figure 62: The distribution of the deviation between original event parameters and recon-
structed event parameters. The trial shown contains only 500 events. This trial was with
electrons with p=1000 MeV, § = 2(°.

innermost wire chamber. Recent mechanical engineering studies of this wire chamber in-
dicate that a 2” frame is acceptable. The design presented in Sec. 6 assumes a 2” frame
for this chamber, which will increase the solid angle to 0.38 sr per sector.

7.2 BLAST PERFORMANCE

After an event is generated with GEANT, we know where its track crosses each wire
plane. This position information can then be converted into wire number, ADC and TDC
information. We then randomly ‘smear’ the timing information by the intrinsic resolution
of the wire chambers, 175 um for the inner chamber and 250 ym for the outer chamber. We
then generate new tracks and calculate the x? deviation between the original ‘smeared’ wire
chamber hits, and the new track. By varying the event parameters (p, §, ¢) and repeatedly
calculating new tracks until we have minimized the x? deviation, we can obtain the best
fit track parameters. This fitting technique is a standard method of analyzing events in a
detector built around a non-homogeneous magnetic field.

To study the resolution at a certain set of kinematics or with a particular geometry or
material, we generate thousands of events, and then reconstruct or fit them. The statistical
distribution (see Fig. 62) of the difference between the original track and the reconstructed
track is the resolution of that configuration.
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Figure 63: The results of resolution studies with respect to p and 8 reconstruction for a
range of event parameters.

7.2.1 Resolution as a Function of p and 6

We have studied the resolution of BLAST as a function of the initial p and 6§ of the track.
A summation of the most significant results are presented in Fig. 63.

These results can be understood in terms of a few factors.

o Multiple scattering dominates the resolution at low momentum.

o Tracks at forward angles pass through a strong magnetic field, and so are deflected
more, which increases sensitivity.
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e Tracks at backward angles have better position resolution because the track is more
perpendicular to the chamber.

These last two effects tend to cancel each other, but can also be seen as the ‘horns’ in the
angular dependence curves at 30° and 80°.

7.2.2 Contributions to Resolution

We can study the contribution to the uncertainty from various effects by “turning-off”
those effects. Table 19 lists a resolution study for 1000-MeV electrons at 30°. We have
turned off the multiple scattering, and have also alternatively set the intrinsic position
resolution of the wire chamber to zero.

Table 19: Contributions to the momentum and angular resolution.

Ap (%) (FWHM) | Af (deg.)(FWHM)
normal 0.70 0.12
no mult. 0.28 0.06
wire res.— 0 0.69 0.11

Clearly the greatest contribution to the resolution of BLAST is from multiple scattering.
The effect may be reduced by the use of helium between the target and wire chambers.
However, the improvement will likely be less than shown here by the time target windows,
chamber foils, etc. are fully incorporated into the simulation.

7.2.3 Effects of Geometry

We have studied the effect of the physical arrangement of the wire chambers in BLAST
by calculating the resolution, and then varying the geometry. As a simple demonstration,
the wire chambers are expected to be 50 cm apart. We have let the first chamber be fixed
and then moved the other two chambers such that the gap is 25, 50, 75 and 100 cm, and
then calculated resolutions for each geometry. The results are summarized in Table 20.
So a smaller gap gives more accurate information on the angle, but is less sensitive to the
bending in the field and so is less sensitive to the momentum.

7.2.4 Effects of Occupancy

It is also important to know how well we can reconstruct the tracks if we are missing the
information from one or more layers in the chamber. The numbers cited below (see Ta-
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Table 20: Resolutions in p and @ as a function of the distance between wire chambers.

Ap (%) (FWHM) | Af (deg.)(FWHM)
25 cm 0.72 0.10
50 cm 0.70 0.12
75 cm 0.78 0.14
100 cm 0.82 0.16

ble 21) reflect the effects of having only one measurement of position in each wire chamber,
and so the results are comparable to the effect of the intrinsic wire chamber resolution.

Table 21: Occupancy effects on the p and § resolutions.

chamber | no. missing | Ap (%) (FWHM) | Af (deg.)(FWHM)
- 0 0.70 0.12
1 1 0.77 0.16
2 1 0.71 0.13
3 1 0.75 0.12
1+2 2 0.78 0.17

One important point to realize is that these numbers do not reflect lost tracks or the track
finding efficiency. If a layer of a wire chamber is missing and there are a great many
background events or false signals, the reconstruction may completely mis-identify a track.
This problem is very complex and is beyond the scope of the present GEANT effort.

7.3 RESOLUTIONS for E,, and p,,

The above momentum and angular resolutions of BLAST are sufficient for the measure-
ment of (e, e'p) asymmetries in the quasi-elastic scattering region [70]. The missing-energy
resolution, averaged over the whole acceptance, amounts to AE, =12 MeV (FWHM),
while the average FWHM missing-momentum resolution amounts to Ap,, =20 MeV/c.
The latter does not change when the momenta are restricted to parallel kinematics. For
the (e,e'n) asymmetries we expect similar resolutions in F,, and p,, due to the good
f-resolution of the horizontal neutron bars.
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7.4 BACKGROUND due to Mgller ELECTRONS

The design luminosity of the BLAST is 3 x 10% electron-nucleons/cm?/s. We have in-
vestigated whether the design luminosity is limited by target-related background for the
3He internal target. With no contributions from windows, we found that [112] the major
source of target-generated background is Mgller scattering from the atomic electrons of the
target.

In BLAST, the toroidal field itself is used to sweep away the Mgller electrons. To shield
the sensitive wire chambers from low-energy Mgller electrons, it is estimated that a value
of approximately 0.05 Tesla-m for [ By - dl over the particle trajectory is required in the
region between the target and the first set of wire chambers. To optimize the design
and to justify the design luminosity, the background due to Mgller electrons in the wire
chambers has been studied in detail. We have found that [112] most of the target—generated
background was caused by Mgller electrons concentrated in the very forward region, i.e.,
6<20°. As the drift chambers cover angles backward of 20°, the BLAST detector should
not be limited by target-generated background at the designed luminosity of 3 x 10%
electron-nucleons/cm?/s.

7.5 DATA ANALYSIS PERSONNEL

The development of the data analysis software is done in conjunction with the Monte Carlo
simulations of BLAST. The personnel resources for these tasks will come from most of the
institutions in the collaboration. The group presently working on GEANT simulations
consists of physicists from ASU, MIT, and UNH. A total of 13.0 FTEY over three years
have been identified from these groups. The ASU group will provide 3.0 FTEY, the MIT
Medium Energy Group 7.0 FTEY, and UNH 2.0 FTEY. We expect additional contributions

from other collaboration institutions.
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8 COSTS AND SCHEDULE

8.1 COSTS SUMMARY

In Section 6 the costs for the BLAST subsystems were estimated based on quotations from
industry and estimates provided by the institutions responsible for building the different
detector components. A uniform contingency of 20% was applied to all the cost estimates.
Table 22 summarizes the costs of the different detector elements as previously discussed.

Table 22: Costs of BLAST detector elements in actual year dollars including a 20% con-
tingency.

BLAST Subsystem Cost

(k §)
Magnetic Coils 1329.0
Drift Chambers 1087.0
Cerenkov 608.0
Scintillators 466.0
Neutron Detectors 371.0
Forward Calorimeter 125.0
Recoil Detectors 99.0
Trigger Electronics 234.0
Data Acquisition 331.0
TOTAL COST 4,650.0

In Section 6 various cost tables contain a breakdown of the above total costs for each
subsystem.

The schedule depends on the construction and implementation time and on the funding
allocations. Responsibility for the construction of each of the BLAST systems lies with
the different institutions and the work can proceed largely in parallel. We have produced a
schedule to build BLAST from the time and manpower estimates done by each institution.

8.2 PROPOSED SCHEDULE

We have arrived at a schedule assuming that: (z) the construction of the magnetic coils
and its support structure starts in F'Y97; (22) we can start and finish construction in F'Y98
of one single component of each major detector subsystem , i.e., the first drift chamber,
the first Cerenkov unit, the first scintillator panel, and four neutron bars; (4) in FY98 the
construction of the forward calorimeter is carried out as well as the first recoil detectors
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to monitor elastic scattering; and (év) we acquire, starting in F'Y97 and through FY98,
enough detector and trigger electronics and DAQ components to test and conduct first
measurements in the SHR.

This approach allows us to have an early diagnostic of the BLAST performance. The
construction of the rest of the detector systems is carried out during FY99 and FY0O.
Table 23 shows, for the proposed schedule, the funding profile required for each of the

Table 23: BLAST funding profiles in actual year dollars for the proposed schedule. It
includes a uniform 20% contingency.

PROJECT SUBSYSTEM | FY97 | FY98 | FY99 | FY00
Magnetic Coils 263 656 345 65
Drift Chambers 428 226 433
Cerenkov 80 211 317
Scintillators 60 367 39
Neutron Detectors 73 130 168
Forward Calorimeter 50 75

Recoil Detectors 48 51
Data Acquisition/Trigger 129 187 69 180
TOTAL 392 | 1,534 | 1,471 | 1,253

detector subsystems in actual year dollars, including the 20% contingency. Under this
schedule BLAST is finished at the end of FY00. Fig. 64 shows a Gantt chart summarizing
the timelines for the different sub-systems. Allocation of the § 400k for FY97 funds has
already occurred. DOE has projected that the more likely funding allocation for BLAST
beyond FY97 is at the rate of § 900k per year until the device is fully constructed. The
realization of the proposed schedule will depend on securing funding additional to that
indicated by the DOE thus far.
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1997 1998 | 1999 2000
WBS | Name el s[odloalelaglalale el wd|ale]oeloud
1 Coil Support Structure and Installation Branch  [7777 R e ///,"// i '
11 Coil Subbranch —_
1118 Manufacture Coils e——
1.2 Support Structure Subbranch M
13 Installation Subbranch ~_
2 Scintillator Branch m
2.1 Prototype Phase ﬁ
2.2 Manufacture, Testing and Installation Phase —
3 Forward Calorimeter Branch ——
33 Instrument Lead Glass Detectors “
4 Cerenkoy Branch *
4.1 Prototype Phase M
4.2 Manufacture, Testing and Installation Phase —
5 Recoil Detector Branch ﬁ
P Neutron Detector Branch _
6.1 Prototype Phase ~
62 Manufacture, Testing and Installation Phase _
P Drift Chamber Branch —-—
7.1 Prototype Phase M
7.2 Manufacture, Testing and Installation Phase _
7.2.1 Electronics Subphase —
7.2.2 Drift Chamber Fabrication Subphase : —
8 Data Acquisition Branch P—_
8.1 Physics Software _
8.2 System Software and Hardware _—
9 Trigger Branch i '—

Figure 64: BLAST proposed schedule. The times are in fiscal years.
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9 MANPOWER and ORGANIZATION

9.1 PERSONNEL and RESPONSIBILITIES

Personnel available to build the beam polarimeter, the polarized targets, the different
BLAST subsystems, and the data analysis systems were estimated in FTEY over three
years in Sections 4, 5, 6, and 7, respectively. Table 24 summarizes this manpower for each
responsible institution along with the corresponding responsibilities.

Table 24: Physicist manpower per institution for the various BLAST subsystems in full
time equivalent years (FTEY) over three years. The FTEY numbers include contributions
from faculty members, research scientists, post-doctoral associates, and students.

INSTITUTION RESPONSIBILITIES FTEY
Arizona State Cerenkov 5.0
Data Analysis 3.0
Bates Coils/Structure/Installation 10.0
Data Acquisition 3.0
Project Management 3.0
Boston U. Lead Glass Calorimeter 1.0
Louisville Recoil Detectors 1.0
MIT Drift Chambers 15.0
Polarized Targets 7.0
Data Analysis 7.0
Beam Polarimeter 7.0
New Hampshire Scintillators 1.0
Trigger Electronics 2.0
Data Analysis 2.0
Ohio U. Neutron Detectors 2.0
Virginia Beam Polarimeter 2.0
Vrije U./NIKHEF | Polarized Targets 3.0
Wisconsin Polarized Targets 1.5

A total number of 75.5 FTEY results from Table 24. This manpower is the total uncosted
manpower that is now available to carry out the project. We obtain 52.0 FTEY from
Table 24 when the numbers for beam, targets, and project management are subtracted.
This manpower compares well with the uncosted 45.1 FTEY needed according to the
project model used in Sec. 8 for estimating the costs and the schedule.
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The impact of BLAST on the institutions listed in Table 24 is explained below.

Arizona State University: The ASU group consists of two faculty (Ricardo Alarcon
and Joseph Comfort), one Bates-based postdoc, and five graduate students. Funding
comes from the NSF. From this manpower we are committed to generate a total of
5.0 FTEY (over the three fiscal years) to design, build, and deliver the Cerenkov
detectors. In addition, 3.0 FTEY will be used to develop the data analysis software.

Bates Linear Accelerator Center: Bates has assumed responsibility for the project
management, final engineering and procurement of the magnet coils and support
frame, the installation of the CODA system for data acquisition, and the installation
of BLAST. From existing personnel a total of 16 FTEY have been identified to carry
out these tasks.

Boston University: The BU group (Ed Booth) has the necessary manpower to build
and deliver the lead glass calorimeter.

University of Louisville: The Louisville group (Karl Pitts) will supply 1.0 FTEY over
the three fiscal years to design and construct the initial recoil detection system.

Massachusetts Institute of Technology: BLAST is the major research focus for the
MIT Medium Energy Physics Group for the next several years. In particular, Richard
Milner, June Matthews, and Robert Redwine expect BLAST to be the center of
their efforts and those of the younger people working with them for the construction
period and for the first few years of data-taking. Haiyan Gao will join the MIT
faculty this fall and she will be active in the BLAST project. William Turchinetz,
a Senior Research Scientist, has been heavily involved in BLAST and will be in the
future. We also expect important contributions from Aron Bernstein and Claude
Williamson. The MIT Medium Energy Group has assumed responsibility for the
design and construction of the BLAST drift chambers. Further, the group will be
involved in the design and construction of the polarized targets, the implementation
of beam polarimetry and software development. The BLAST manpower contribution
by the Medium Energy Group will be 36 FTEY and will be provided with existing
and anticipated resources, assuming constant level of effort.

Unwersity of New Hampshire: The UNH participation in BLAST includes two fac-
ulty (John Calarco and Bill Hersman), three postdoctoral scientists, and graduate
students. Continued staffing at the present level allows a commitment of 5.0 FTEY
over two years to assume responsibility for the BLAST scintillation detectors, trigger
electronics and participation in the data analysis software. This commitment includes
design, procurement, and oversight. A separately costed technician will perform the
assembly and testing.

Ohio University: The Ohio U (OU) group (Jack Rapaport) will assume responsibility
for the neutron detectors. In particular OU will be involved in the specifications
for scintillators and light guides, tube bases and its mechanical supports, and the
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liaison with the structural engineer that will provide the mechanical support for the
detectors. OU personnel will assemble and test the detectors.

University of Virginia: Virginia (Blaine Norum) is committed to the construction of
the electron beam polarimeter. A senior graduate student (Doug Higinbotham) is
very familiar with the construction and operation of the NIKHEF polarimeter. A
commitment of 2.0 FTEY of scientific manpower over three years is in place.

Vrije Universiteit/NIKHEF: This group (Jo van den Brand) has taken responsibility
for polarized targets and brings into BLAST valuable expertise and resources.

University of Wisconsin: Wisconsin (Willy Haeberli) is one the world leaders in

polarized gas targets. An involvement of 1.5 FETY of unique expertise is available
for BLAST.

Yerevan Physics Institute: This group is led by Kim Egian and will work on detec-
tor and software development. A contribution of up to 2.0 FTE per year is under
discussion.
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9.2 The BLAST COLLABORATION

The present collaboration membership is listed below. This list includes senior scientists,
faculty members and postdoctoral associates.

R. Alarcon and J. Comfort
Department of Physics and Astronomy, Arizona State Uniwversity, Tempe, AZ 85287

E. Booth
Department of Physics, Boston University, Boston, MA 02215

J. Lang
Eidgendssische Technische Hochschule-Ziirich, Zirich, Switzerland

K. Pitts
Physics Department, University of Louisville, Louisville, KY 40292

A. Ahmidouch, A. Bernstein, F. Casagrande, M. Distler, G. Dodson, K. Dow,

M. Farkhondeh, H. Gao, K. Jacobs, J. Kelsey, A. Mateos, J. Matthews, K. Mcllhany,
R. Milner, M. Pavan, R. Redwine, W. Schmitt, D. Tieger, C. Tschalir, W. Turchinetz,
C. Williamson, E. Tsentalovich, B. Yang and T. Zwart
Department of Physics, Laboratory for Nuclear Science and Bates Linear Accelerator
Center
Massachusetts Institute of Technology, Cambridge, MA 02139

J. Calarco, W. Hersman, M. Holtrop, M. Leuschner and T. Smith
Department of Physics, University of New Hampshire, Durham, NH 0382/

R. W. Finlay, K. Hicks, A. K. Opper and J. Rapaport
Department of Physics and Astronomy, Ohio University, Athens, OH 45701

: D. Higinbotham and B. Norum
Department of Physics, University of Virginia, Charlottesville, VA 22901

J.F.J. van den Brand, H.J. Bulten, M. Ferro-Luzzi and H.R. Poolman
Department of Physics and Astronomy, Vrije Universiteit and NIKHEF, Amsterdam,
The Netherlands

J.F.J. van den Brand (on leave), W. Haeberli, P. A. Quin and T. Wise
Department of Physics, University of Wisconsin, Madison WI

R. Asaturian, G. Asrian, N. Dashian, K. Egian, G. Gavalian, S. Mailian, T. Mkrtchian,
M. Ohanganian, Y. Sharabian and G. Yechian
Yerevan Physics Institute, Armenia
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9.3 PROJECT ORGANIZATION

The BLAST Collaboration currently contains about 50 physicists from 12 different in-
stitutions. A Steering Committee was formed for the BLAST Project to represent the
collaboration. This Steering Committee includes, as an ex-officio member, the BLAST
Project Manager as appointed by the Laboratory Director. The committee is currently

co-chaired by R. Alarcon (ASU) and R. Milner (MIT).

The BLAST Project is managed from MIT-Bates. A management information system has
been set up for maintaining the baseline of the project. This baseline includes the target
schedule, obligation and funding profiles, and personnel utilization profiles. Control and
management of the system is the responsibility of the Project Manager.

In order to carry out these responsibilities effectively, a project management system has
been installed and is operational. The system has the following capabilities:

o Identify critical paths and determine effects of early or late starts on project mile-
stones.

e Provide cost and schedule data.

o Provide planned and actual work progress data.

e Properly relate cost, schedule and work progress.

o Summarize costs (planned and actual) by cost category, branch or Work Breakdown
Structure (WBS) at various task levels.

o Interface with MIT/LNS Fiscal and Purchasing systems.

The BLAST project is separated into a number of independent branches, each with its
own area of responsibility. FEach branch is directed by a Branch Manager. The BLAST
Project Manager will report to the BLAST Steering Committee and the Bates Directorate
on various aspects concerning the project.
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A GANTT CHART for the BLAST PROJECT

This Appendix contains one view of the Gantt chart for the project. This view includes the
Work Breakdown Structure (WBS) number, the task name as well as the chart. The years
shown are fiscal years. Predecessor and successor relationships among tasks are shown
as descending arrow lines. Summary tasks are shown as solid bars. Critical path lines
are shown as bars with diagonal lines. Baseline, tracking and current status views are
available. Associated tables with start and completion dates, resources, costs etc. are also
available. This project management model is the primary tool for tracking the project. It
was prepared with Microsoft Project.
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7 1997 [ 1998 i 1999 i 2000
WBS | Name eladJuldale el ol eldalodlclel o
1 Coil Support Structure and Installation Branch S //’//,:/ % .' i
11 Coil Subbranch T )
111 Freeze Concept ’l ;
11.2 Coil Layout .
113 Specify Survey Fiducials
114 Coil Design
1.1.5 Conductor Specs
LLs Coil Drawings
117 | Coil Specs
118 Coil RFQ
L1.9 Review Coil Quotes
L1.10 Coil RFP
1111 Design Handler ¢
1112 Detail Fixtures ‘
1113 Fixture RFP
1.1.14 Fixture Fabrication
TLIS Inspect Fixtures
1.1.16 Deliver Fixtures
1.1.17 Purchase Copper for coils )
1118 Manufacture Coils .
11181 Start of Coil Manufacture =
1.1.18.2 Middle of Coil Manufacture o
1.1.18.3 End of Coil Manufacture o
LL1Y Obtain Coil Power Supply i
1.1.20 Ship Coils
1.1.21 Inspect, Test Coils
1122 | Coils Complete
12 Support Structure Subbranch
1.2.1 Freeze Coil Design
1.2.2 Layout Structure
—1.—2.:3—* Design Coil Support
1.24 Design Detector Support
TZ? Assembly Procedures
1.2.6 Specify Survey Fixtures
127 Finite Element Analysis
T Design Structure
1.2.9 Detail Structure
1.2.10 Detail Rings
1.2.11 Ring Vendor List
1212 | Ring Material RFP
1.2.13 Obtain Ring Material
WT Ring Fabrication RFQ
1215 | Review Ring Fab Bids
1216 | Structure Vendor List
1217 | Structure Specs
1218 | StucwreRFQ
1219 | Review Structure Bids
1220 | Ring Fabrication RFP
7.2—.21 Fabricate Rings
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2000

WBS | Name U@ 3o
1.2.22 Inspect Rings

1.2.23 Ship Rings

1.2.24 Structure RFP

1.2.25 Order Structure Matl

1.2.26 Fabricate Structure

1.2,27 Order Jacks, Casters

1.2.28 Order Thompson Bearings

1.2.29 Order Hardware

1.2.30 Assemble at Shop

1.2.31 Inspect Structure

1.2.32 Disassemble at Shop

1.2.33 Ship Structure

1.2.34 Store Structure

1.2.35 Inspect Fiducilization

1.2.36 Structure Complete

1.3 Installation Subbranch

131 Design Quadrupole magnels

13.2 Design Quadrupole Supports

133 Design BLAST Water Connection

134 Design BLAST Magnet Electrical Connectic

135 Design Magnet Power Supply Control

1.3.6 Specify AC Services to BLAST Area

1.3.7 Manufacture Quadrupoles

1.3.8 Manufacture Quadrupole Supports

1.3.9 Install Quadrupole Supports

1.3.10 Install quadrupoles

1311 Obtain Materials for Water Connection EEY

13.12 Install Water Connections for BLAST hi'd
1.3.13 Obtain Materials for Magnet Electrical Conr

1.3.14 Install Magnet Electrical Connections for BL

13.15 Fabricate Magnet Power Supply Controls

1.3.16 Install AC Services 10 BLAST Area

1.3.17 Assemble BLAST Core Device -

1318 Test Core Device with Alpha 4 Power suppl:

1.3.19 BLAST Ready for Low Field Testing

1.3.20 Install BLAST Power Supply

1.3.21 Field Map Core Device

1.3.22 Blast Core Device Complete

14 Personnel Costs 2 A D T )
2 Scintillator Branch h:
21 Prototype Phase :

2.1.1 Freeze Scint Design ’l d
2.1.2 Scintillator Specs 2

2.13 PMT Specs

2.14 Light Guide Specs

2.1.5 Scintillator Configuration
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1997 1998 1999 2000
WBS | Name B3l g el gl el x
2.1.6 Design Scintillator and Support i
2.1.7 Design Test and Assemble Fixtures
218 Acquire Scintillator Prototype Materials
2.1.9 Fabricate and Test Prototype
2.2 Manufacture, Testing and Installation Phase
2.2.1 Finalize Design
2.2.2 Detail Scintillator Support
2.2.3 Green Light to Proceed
224 RFQ for Electronics
2.2.5 Review Electronics Bids
2.2.6 RFP for Electronics
2.2.7 Electronics Delivery
2.2.8 Assemble and Test Electronics
2.2.9 Install Electronics
2.2.10 Install Wiring
2.2.11 Test Electronics
2212 RFQ for HV System
2.2.13 Review HV System Bids
2.2.14 RFP for HV System
2.2.15 HV System Delivery
2.2.16 RFP for Support Material
2.2.17 Support Material Delivery
2,2.18 Fabricate Supports
2.2.19 RFQ for PMTs
2.2.20 Review PMT Bids
2.2.21 RFP for PMTs
2.2.22 PMT Delivery
2.2.23 Test PMTs
2.2.24 RFQ for Scintillator/Guide
2.2.25 Review Scintillator/Guide Bids
2.2.26 RFP for Scintillator/Guide
2.2.27 Scintillator/Guider Delivery
2.2.28 Procure Misc. Material
2.2.29 Glue, Wrap and Assemble
2.2.30 Test Scintillators
2.2.31 Crate Scintillators for Shipping
2232 Ship Scintillators
2.2.33 Install Scintillator Assemblies
2,234 Scintillator System Checkout
3 Forward Calorimeter Branch ——
3.1 Design Lead Glass Support g
3.2 Obtain Lead Glass Detectors e
33 Instrument Lead Glass Detectors
331 FY 98 Instrumentation
332 FY 99 Instrumenation
34 Lead Glass System Checkout
35 Forward Calorimeter Branch Complete
4 Cerenkov Branch
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1997 | 1998 1999 2000

WBS __|Name elolelale sle ale[eld alelalu
4.1 Prototype Phase :
411 Optics Studies
4.1.2 Cerenkov Specs

4.1.3 Design Cerenkov Modules

4.14 Design Gas System

4.1.5 Design Module Support
[4.1.6 Design Electronics

4,17 PMT Spec

4.1.8 Build Prototype

4.1.9 Test Prototype PMT, Base

4.2 Manufacture, Testing and Installation Phase
4.2.1 Finalize Cerenkov Module Design

4.2.2 Finalize Module Support Design

4.2.3 Finalize Gas System Design

424 Obtain Misc. Material

4.2.5 RFP for Electronics

4.2.6 Electronics Delivery

4.2,7 Assemble and Test Electronics

4.2.8 Install Electronics

42,9 Instal} Wirdng

4.2.10 REP for Cerenkov Module

4211 First Half Cerenkov Module Delivery
m Ship Cerenkov Modules to ASU

4.2.13 Second Half Cerenkov Module Delivery
42,14 Ship Cerenkov Modules to ASU

4.2.15 Fabricate Cerenkov Support

4.2.16 Fabricate Cerenkov Gas System

4,217 Cerenkov tube, base shield delivery

4.2.18 Cerenkov tube, base shield delivery

42,19 Install Tubes and Test Modules

4.2.20 Install Tubes and Test Modules

4.2.21 Ship Cerenkov to Bates

4.2.22 Ship Cerenkov to Bates

4.2.23 Install Cerenkov

4.2.24 System Checkout

4.2.25 Cerenkov System Complete

5 Recoil Detector Branch

51 Develop Recoil Detector Phase 1

52 Develop Recoil Detector Phase 2

6 Neutron Detector Branch

6.1 Prototype Phase

6.1.1 Freeze Neutron Detector Design

6.1.2 Neutron Detector Specs

613 PMT Specs

6.1.4 Light Guide Specs

6.1.5 Neutron Detector Configuration

6.1.6 Design Neutron Detector and Support

6.1.7 RFQ for PMTs
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| 1999 2000 |
WBS | Name lvJale | eslulaleele!lu
6.1.8 RFP for PMTs
6.1.9 PMT Delivery
6.1.10 RFQ for Neutron Detector scintillator/guide
61,11 REP for Neutron Detector Scintillator/Guide
6.1.12 Scintillator/Guide Delivery
6.1.13 Procure Misc. Material
6.1.14 Glue, Wrap and Assemble
6.1.15 Test Neutron Detector
6.2 Manufacture, Testing and Installation Phase
6.2.1 Finalize Design
6.2.2 Detail Neutron Detector Support
6.2.3 Green Light to Proceed
6.2.4 RFQ for Electronics
6.2.5 Review Electronics Bids
6.2.6 RFP for Electronics
6.2.7 Electronics Delivery
6.2.8 Assemble and Test Electronics
629 Install Electronics
6.2.10 Install Wiring
6.2.11 Test Electronics
6212 RFP for Support Material
6.2.13 Support Material Delivery
6.2.14 Fabricate Supports
6.2.15 RFQ for PMTs
6.2.16 RFP for PMTs
6.2.17 PMT Delivery
6.2.18 Test PMTs
6.2.19 PMT Delivery
6.2.20 Test PMTs
6.2.21 Procure Misc. Material
6.2.22 RFQ for Neutron Detector
6.2.23 RFP for Neutron Detector
6.2.24 Scintillator/Guide Delivery
6.2.25 Glue, Wrap and Assemble
6.2.26 Test Neutron Detector
6.2.27 Scintillator/Guide Delivery
6.2.28 Glue, Wrap and Assemble
6.2.29 Test Neutron Detector
6.2.30 Crate Neutron Detectors for Shipping
6.2.31 Ship Neutron Detectors
6.2.32 Install Neutron Detectors
6.2.33 Neutron Detector System Checkout
6.2.34 Neutron Detectors Complete
7 Drift Chamber Branch
7.1 Prototype Phase
7.1.1 Freeze Chamber Concept
7.1.2 Chamber Specs
713 Electronics Specs
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r T 1997 1998 1999 2000
|WBS _ |Name el lale | sl alelsl e QIJQ2|Q3E
7.14 Specify Survey Fiducials
7.1.5 Finalize Prototype Design =
7.1.6 Green Light to proceed :
707 | REP for Wall Marerial
7.1.8 Frame Material Delivery "
7.1.9% RFP for Wire, Feedthroughs
W Wire, Feedthrough Delivery e o
7.1.11 Machine Wall Material
7112 | Assemble Chamber Walls
7.1.13 Install Feedthroughs
7114 | String Wires g
(7115 | Procure Misc. Materials v
W Assemble Prototype Chamber £
Wm Acquire Test Electronics : o
—7.1T Test Prototype Chamber
W Prototype Phase Complete
T Manufacture, Testing and Installation Phase
T Electronics Subphase
7.2.1.1 Green Light to Proceed
7212 RFQ for FASTBUS o
7213 | RFQ for Amp/Disc j &
7214 | Review FASTBUS Bids i I
7215 | RFP for FASTBUS
7.2.1.6 FY 99 FASTBUS Delivery
7217 | Review Amp/Disc Bids ’
7218 | REP for Amp/Disc
7219 T FY2000 FASTBUS Delivery
72110 | FY200I FASTBUS Delivery
72111 | FY99 Amp/Disc Delivery
m—_‘ FY 2000Amp/Disc Delivery
72113 RFQ for HY
72114 | Review HV Bids
W‘— RFP for HY
72116 | HYV Sysiem Delivery i
A ;
7.2.1.17 Cable Runs from BLAST to Electronics
72118 | Cable Runs from BLAST to Amp/Disc]|
7.2.1.19 Assemble and Test FASTBUS
72120 Assemble and Test Amp/Disc
—7-2.—1?* Install Electronics
72122 | Tnstall Additional Wiring
7lm!w_—.RQ—Chﬁambcgr‘l'—ﬁe}:ﬁu'ol1ics Complete
W_“mhamber Fabrication Subphase
7221 Design Chambers
7222 | Design Support
W“ Finalize Design
7224 | Green Light to proceed
7225 —‘[* RFP for Gas System Components
’-_—. : First Gas System Component Delivery
Second Gas System Delivery
Assemble and Test First Gas System —l{
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1997 1998 1999 2000
WBS | Name @le[dlole 3o olele @l o]
7.229 Assemble and Test Second Gas System
7.2.2.10 RFP for Support Material 4
7.2,2.11 Support Material Delivery i
7.2.2.12 Fabricate First Supporis
7.2.213 Fabricate Second Supports
7.2.2.14 Assemble/Test Supports §
7.2.2.15 Assemble/Test Supports
7.2.2.16 RFP for Frame Material
7.2.2.17 Frame Material Delivery
7.2.2.18 Frame Material Delivery
7.2.2,19 RFP for Wire, Feedthroughs
7.2.2.20 Wire, Feedthrough Delivery
7.2.2.21 ‘Wire, Feedthrough Delivery
7.2.2.22 Machine Frame Material
7.2.2.23 Machine Frame Material
7.2.2.24 Assemble Chamber Frames
7.2.2.25 Assemble Chamber Frames
7.2.2.26 Install Feedthroughs
7.2.2.27 Install Feedthroughs
7.2.2.28 String Wires
7.2.2.29 String Wires
7.2.2.30 Procure Misc. Materials ‘
7.2.2.31 Assemble and Test Unit
7.2.2.32 Assemble and Test Unit
7.2.2.33 Install Chambers
7.2.2.34 Install Chambers
7.2.2.35 System Checkout
7.2.2.36 System Checkout
7.2.2.37 Drift Chambrs Complete $
8 Data Acquisition Branch
8.1 Physics Software
8.1.1 Specify Physics Software
8.1.2 GEANT Simulation
8.1.3 GEANE Tracking
8.14 Fast Tracking
8.1.5 Fast Particle Identification
8.1.6 Particle Correlation Software
8.1.7 Physics Simulation Complete
8.1.8 Convert Simulation to DAQ Format
8.1.9 Write Host Physics Code
82 System Software and Hardware
8.2.1 Specify DAQ Hardware and Software }
8.2.2 Obtzin CODA Software T
8.2.3 Design DAQ Host System ﬁ
8.2.4 RFP for Host System
8.2.5 DAQ System Bid Cycle %l
8.2.6 Review DAQ Host System Bids h
8.2.7 RFP for DAQ Host System
8.2.8 Initial DAQ Host System Delivery %
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1997 | 1999 2000

WBS | Name oz | 3 ] o al@eloalu Ql!QHE
8.2.9 Install CODA Host Software

8.2.10 Make BLAST Specific Changes o

8.2.11 Test BLAST System Software

8.2.12 Specify RISC Workstations

8.2.13 RFQ for RISC Workstations

8.2.14 RISC Workstation Bid Cycle

8.2.15 Review RISC Workstation Bids

8.2.16 REP for RISC Workstation ‘

8.2.17 Instali CODA Workstation Software *B—

8.2.18 Delivery of CODA Workstations o

8.2,19 Specify FASTBUS RoC, Mem Spy Crates >

8.2,20 RFQ For FASTBUS ll

8221 RFP for FASTBUS

8.2.22 Delivery of First System FASTBUS/VME %

8.2.23 Delivery of FY 98 System FASTBUS

8224 Delivery of FY 00 System FASTBUS PR

8225 Delivery of Balance of System FASTBUS ]
8.2.26 Delivery of Racks

8.2.27 Procure Misc Material

8,2.28 Delivery of Balance of VME e

8.2.29 Debug Installation b
8230 Install Dedicated LAN i

8.2.31 Install DAQ Hardware in Counting House

8.2.32 Install BLAST DAQ Hardware in Electronic

8.2.33 Test Initial DAQ Hardware Configuration

8.2.34 Test Final DAQ Hardware Configuration T
8.2.35 Write FASTBUS Calibration Software

8.2.36 Test FASTBUS Calibration SW

8.2.37 Write HV, Run control Software

8.2.38 Test Control Software

8.2.39 Write Trigger Control SW

8.2.40 Test Trigger Control SW

8,241 Write Diagnostic SW

8.2.42 Test Diagnostic SW
"8.2.43 System Software complete

8.2.44 Install Host Physics Code

8.245 Test Installed Physics Code

8.2.46 DAQ Physics Code Complete

9 Trigger Branch

9.1 Specify Trigger Hardware

9.2 Purchase Trigger Hardware T

93 Purchase Trigger Hardware

10 Counting House Complete . : "’
11 BLAST and Detector Package Complete 'J"
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