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Abstract

This thesis presents the results of E-94010, an experiment at Thomas Jefferson National
Accelerator Facility (TJNAF) designed to study the spin structure of the neutron at low
momentum transfer, and to test the "extended” Gerasimov-Drell-Hearn (GDH) sum rule.
The first experiment of its kind, it was performed in experimental Hall-A of TJNAF using
a new polarized *He facility.

It has recently been shown that the GDH sum rule and the Bjorken sum rule are both
special examples of a more general sum rule that applies to polarized electron scattering off
nucleons. This generalized sum rule, due to Ji and Osborne, reduces to the GDH sum rule
at Q? = 0 and to the Bjorken sum rule at Q? > 1 GeV2. By studying the Q? evolution
of the extended GDH sum, one learns about the transition from quark-like behavior to
hadronic-like behavior.

We measured inclusive polarized cross sections by scattering high energy polarized elec-
trons off the new TJNAF polarized 3He target with both longitudinal and transverse target
orientations. The high density He target, based on optical pumping and spin exchange,
was used as an effective neutron target. The target maintained a polarization of about
35% at beam currents as high as 154A. We describe the precision 3He polarimetry leading
to a systematic uncertainty of the target polarization of 4% (relative). A strained GaAs
photocathode was utilized in the polarized electron gun, which provided an electron beam
with a polarization of about 70%, known to 3% (relative).

By using six different beam energies (between 0.86 and 5.06 GeV) and a fixed scattering
angle of 15.5°, a wide kinematic coverage was achieved, with 0.02 GeV?< Q? <1 GeV?
and 0.5 GeV< W < 2.5 GeV for the squared momentum transfer and invariant mass,
respectively. From the measured cross sections we extract the *He spin structure functions
giH ¢ and g;H €. Finally, we determine the extended GDH sum for the range 0.1 GeV?<

Q> <1 GeV? for *He and the neutron.
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Chapter 1

Introduction

1.1 Electron Scattering

Electron scattering has been a unique tool for the investigation of the structure of matter

and its fundamental constituents since the beginning of this century.

Indeed, one of the milestone experi-
ments that established the quantum
theory of the atom, was the Franck-
Hertz experiment in 1914. Albeit at an
energy of a few eV, it was an electron
scattering experiment with the elec-
trons being accelerated by a grid in a
glass tube and scattered off an atomic
vapor, like mercury. Figure 1.1 dis-
plays some typical data showing the de-
pendence of the detected electron cur-
rent on the grid voltage. This is to
be compared with the data taken eight
decades later, by scattering electrons of
3 GeV energy, off protons (Figure 1.2).

It is the simultaneous evolution of the

Collected Current [mA]

300

200

100

Mercury Spectrum
253.6 nm ~4.9eV

100 200 300 400 500
Wavelength [nm]

Accelerating Voltage [V]

Figure 1.1: Franck-Hertz data for mercury, from

instrumentation and the fundamental theories of subatomic physics that made the investiga-

tion of the structure of matter at such distance scales possible. Electron-hadron scattering
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as a probe of hadronic matter has the advantage that the governing electromagnetic inter-
action is weak, unlike hadron-hadron scattering [3]. At the same time it is strong enough,
unlike neutrino-hadron scattering, that reasonable event rates can be achieved. Thus (ne-
glecting for the moment radiative corrections) the vast majority of inclusive electron-hadron
scattering experiments are described assuming the validity of the Born approximation, i.e.
the one photon-exchange Feynman diagram shown in Figure 1.3,

where k,, and s, (k}, and s),) are the four-

) .. — i 25=0.35GeVv?

momentum and spin four-vector of the inci- % /EIasUcH <EQb = 3.06 GZV
< 400} eam

dent (scattered) electron, respectively. Sim- = i i i f8EEe

. 300 | I z EX A QECEZZ ff‘lzl

ilarly, P, and S, refer to the target nu- . 2 I ; l H { .I(
TG

cleon (or nucleus), and X represent the un- © 200} I Inelastic

detected hadronic debris. The quantities

E 1

measured in the laboratory in the inclu- A(1232) N (1520) N (1680)
l | ] | |

sive scattering A(e,e’)X are the incident 1.0 12 14 16 18 20
W [GeV]

and scattered electron energies, F and F’,

and the laboratory scattering angle 6. The . .
Figure 1.2: Electron-proton inclusive scatter-

electron-photon vertex is known from QED, _
ing cross section, from [2].

whereas the unknown photon-nucleon ver-
tex depends on two kinematic quantities, which are usually chosen to be the square

of the 4-momentum of the virtual photon, Q? = —¢®

e” (k) e (k)
and v = q- P/M, where M is the target mass. In the
laboratory frame (neglecting the electron mass, m, <
E)

Q? = 4EFE'sin*0/2 (1.1)
and v is the electron energy loss :

v=E—-F. (1.2)

Instead of v, the variable z is often used, where
= Q% /2Mv. In the parton model, = represents the Figure 1.3: One photon approzi-

fraction of the nucleon momentum carried by the struck mation of e-N scattering.
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parton. The invariant mass of the hadronic products of the scattering (X) is defined as
W?=(P+q)?=M*-Q* +2Mv (1.3)

For elastic scattering off a nucleon W = M and thus z = 1, whereas for scattering off a
nucleus with A nucleons, z = A.

The advantage of describing the scattering process with the Born approximation is that in
the cross section, the electron current

is clearly separated from the Nyclear (coherent) scattering

hadron current being probed. Fur- Q2< 0.1 Gev>

thermore, the ability to inde-
pendently vary the momentum
(@ =k — k') and energy (v) trans- Transition Region

ferred to the target makes it possi- (.1 GeV2< Q2< 1 GeV2

ble to map the target response as

a function of its excitation energy,
Parton (incoherent) scattering

with a spatial resolution that can
2 2
be adjusted to the physical pro- Q>1Gev
cesses being studied. This spa- . ) .
Figure 1.4: Distance scales probed by the virtual pho-

tial resolution is determined by the

wavelength of the exchanged vir- o

tual photon : A = ﬁ, where q is the 3-momentum of the virtual photon. As can be seen
in Figure 1.4, the nuclear response can be studied when Q? is less than 0.1 GeV?, whereas
individual partons comprising the nucleons can be resolved in the high Q2 region, usu-
ally defined as Q? > 1 GeV?2. In the intermediate range there is a transition between the
appropriate degrees of freedom describing the scattering, namely from the partonic (quark-
gluon) to the meson-nucleon degrees of freedom. The fundamental description of the whole
kinematic regime presents a great theoretical challenge, since QCD changes from a per-
turbative (calculable) to a non-perturbative theory in this transition region. The intuitive
picture conveyed by Figure 1.4 can be put on firm grounds by considering the full kine-
matic dependence of the measured inclusive cross section on the Q2 -v plane, as shown

in Figure 1.5. A few important features are worth-noticing: When Q? =2M v, with M4

the nuclear mass, electrons are elastically scattered off the nucleus. The same condition
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do
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Figure 1.5: Cross section behaviour in the Q* -v plane.

(with the nuclear mass replaced by the nucleon mass, my) holds for elastic scattering off a
free nucleon. Due to Fermi motion, the elastic nucleon peak appears as a broadened peak
(called the quasielastic peak) when the nucleon is in the nuclear medium. Both nuclear
and nucleon elastic scattering are parametrized by the so-called elastic form factors, which
are decreasing functions of Q? , since it is increasingly difficult for the nucleus (nucleon)
to stay intact when the momentum transferred to it is large. At higher excitation energies
nucleon resonances, such as the A-resonance, start to appear in the excitation spectrum.
At even higher momentum transfer and excitation energy the scattering enters the inelastic
continuum, dominated by scattering off the point-like nucleon constituents.

This is indeed the path electron scattering research followed historically, after the first
electron-nucleus scattering experiment at 20 MeV by Lyman [4] in 1951, which observed
deviations from the Mott cross section due to the nuclear charge distribution. The finite
proton size became apparent in the pioneering work of Hofstadter [5] in 1955, scattering
electrons of energy over 100 MeV off hydrogen. It is interesting to note that elastic electron
nucleus (nucleon) scattering, being at the forefront of research during that period, is now

used as a calibration method of the experimental apparatus (elastic form factors are known
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from world data at a level better than 2%). The extensive investigations of nuclear and
nucleon structure [6] (culminating in the Nobel prize award to Hofstadter in 1961) paved
the way for the inelastic measurements that followed thereafter. Indeed, the deep inelastic
scattering experiments that started at the 20 GeV SLAC accelerator in 1967 [7][9], origi-
nally intending to study the electroproduction of resonances as a function of Q? [8], finally
revealed the nucleon substructure and led to the development of QCD. The discovery of
Bjorken scaling, and subsequently of scaling violation, was one of the cornerstone experi-

mental findings that established QCD as a fundamental theory of the strong interactions.

1.2 Polarization Degrees of Freedom

The advent of polarized beams and

targets opened a new window in Experiment Lab | Year Target
these investigations, namely the ac- E80 [11] SLAC | 1983 butanol
cess to the spin degrees of free- E130 [12] SLAC | 1987 butanol
dom. Spin-dependent electron- EMC [13] CERN | 1988 ammonia
nucleus scattering experiments can SMC [14] CERN | 1993 | (deuterized)
be categorized in two classes: those butanol
studying the fundamental problem E142 [15] SLAC | 1993 helium-3
of the spin-structure of the nucleus E143 [16] SLAC | 1994 | (deuterized)
(nucleon), and those that use polar- ammonia
ization degrees of freedom to extract E154 [17] SLAC | 1995 helium-3

physical quantities that are difficult HERMES [15] | DESY | 1996 hydrogen

or, impossible, to measure in un- deuterium

polarized scattering. These quanti- helium-3

ties can be kinematically suppressed 155 [19] SLAC | 1996 | (deuterized)

nucleon form factors that are diffi- .
ammonia

cult to extract from the measured

cross sections, or, for example, reso-  Tgble 1.1: Some of the recent polarized DIS experi-
nance form factors summed over in jents.

the spin averaging performed in unpolarized scattering. The access to spin degrees of free-

dom greatly enhances the sensitivity of the measurements on these observables.
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A recent example of the second type of experiments is the precise measurement (better than
2%) of the neutron magnetic form factor, G}, [10], by measuring the transverse asymmetry
At in polarized quasielastic *He(e,e’) scattering. The former type of experiments have
been an active field of study during the last 17 years, providing a wealth of measurements,
mainly in the Deep Inelastic Scattering (DIS) kinematic regime. E80 at SLAC was the first
polarized scattering experiment, as shown in Table 1.1 (from [6]). A host of experiments
followed in the last 13 years, mainly at high energy machines like SLAC, CERN, and recently
HERA at DESY. The EMC experiment observed that the quark spin contribution to the
proton spin was only 12 + 17%. This observation caused the so-called spin-crisis and drew
a lot of attention of the subsequent experimental and theoretical effort. The experiments
listed in Table 1.1 mapped the nucleon spin structure over a wide kinematic regime (DIS)
and provided the data necessary to test fundamental QCD sum rules, such as the Bjorken
sum rule. This sum rule relates the difference between the first moment of the proton’s and

neutron’s spin structure function, g1, to the neutron’s g-decay axial constant.

1.3 Low @Q? Region

The intuitive picture provided by the Quark Parton Model (QPM) and the fact that the
DIS regime was a testing ground of pQCD as a predictive tool were the main reasons that
DIS has overwhelmingly been the kinematic regime of study so far (E143 was one of the first
DIS experiments to extend its measurements below 1 GeV?2). It was realized, however, that
the low Q? region (Q? < 1 GeV?) presents great interest and is of fundamental importance
for number of reasons. For instance, relating to the DIS measurements, the contribution
of resonant states in the mass region above W=2 GeV to the spin sum rules was thought
to be important in interpreting the experimental findings, and hence necessitating their
independent study [25]. Furthermore, the study of the nucleon’s spin structure at low Q? is
of interest in its own right. New degrees of freedom (for example, gluonic excitations, [25])
are likely to appear at low momentum transfer, revealing a nucleon structure beyond the
simple constituent quark model. The non-perturbative nature of the strong interaction at
low Q% makes theoretical predictions sparse, if not non-existent.

Of equal importance is the existence of testable sum-rules, derived on very general theoret-

ical grounds.
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1.3.1 The Gerasimov-Drell-Hearn (GDH) Sum Rule

The GDH sum rule, derived by Gerasimov, Drell and Hearn in 1966, applies at Q? =0.
It relates the difference in the total photoabsorption cross section on nucleons for photon-

nucleon helicity 1/2 and 3/2 to the anomalous magnetic moment of the target nucleon.

1.4 Connection between the GDH and the Bjorken Sum Rules

Both of the aforementioned sum rules relate properties of the nucleon’s ground state with
integrals of the nucleon’s spin structure functions, which are experimentally accessible. Thus
global properties of nucleon structure theory can be tested, as has been extensively done in
case of the Bjorken sum rule, and recently for the GDH sum rule (for the proton).

The connection between these two limits, that is, the generalization of these sum rules
for intermediate Q% has been an active effort in recent years. As will be detailed in the
following chapter, both the Bjorken and the GDH integrals can be shown to be limiting
cases of one integral involving the nucleon’s spin structure functions. Using twist expansions,
the Bjorken sum rule can be evolved to Q? values as low as 0.5 GeV?2. Chiral perturbation
theory is applicable in the other extreme, and is believed to be able to evolve the GDH sum
rule to a squared momentum transfer as high as Q? =0.2 GeV?2. These efforts attempt for
the first time to describe hadronic structure by fundamental theory over the whole kinematic

range, from the long to the short distances.

1.5 The Significance of Neutron Spin Structure

Since neutron targets do not exist and proton targets are experimentally well established,
the question arises whether proton measurements alone are adequate to provide the data
to support the aforementioned investigations, or if the experimental investigation of the
neutron’s structure is worthwhile. The answer to the latter question is yes, and there are a
few important reasons, besides the mere interest to study the structure of both fundamental

building blocks of matter.
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1.5.1 DIS Limit

The Bjorken sum rule relates the difference between the proton and the neutron integrals
of the structure function g;. Its strength relies on its model independence (as opposed to
the violated Ellis-Jaffe sum rule), since the singlet contribution (as well as ag, see Section

2.2.2) disappears in the difference.

1.5.2 Low (Q? Limit

If chiral perturbation theory is applied to evolve the GDH sum rule (for either the proton or
the neutron) at low Q? , it is found that [26][27] whereas the leading order term is indepen-
dent of Q? , the next-to-leading order (NLO) term has a strong Q? dependence. This limits
the maximum value of Q2 up to which the perturbative expansion is meaningful. Contrary
to the individual terms, the difference between the proton and the neutron integrals yields
a much reduced Q? dependence of the NLO term, thus extending the applicability of the
theory. This is attributed to the fact that the A(1232) contribution, which dominates the

individual terms, largely cancels in the difference.

1.5.3 Theoretical Inconsistencies with the Neutron

More important, there has been evidence, that there are inconsistencies when applying
theoretical predictions to the neutron, that do not show up for the proton. Early phe-
nomenological models based on the relativistic quark model and fitting a set of resonances
[22][24] or on analysis of pion photoproduction data [23] agree with the GDH prediction for

the proton but not for the neutron.

1.6 3He as an effective neutron target

The study of the neutron spin structure at low @Q? is thus not only physically interesting,
but tied together with the progress of the nucleon structure program as a whole. Since there
are no free neutrons, one has to revert to either deuterium or 3He targets. Deuterium is
a spin-1 nucleus, therefore the proton and the neutron have their spins aligned, parallel to
the deuterium spin. Thus these targets have the disadvantage that the proton contribution

to the polarized cross sections has to be subtracted using known proton data. This has the
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result of amplifying the error of the extracted neutron structure functions. Figure 1.6(a)
shows the first moments of g, I'?(") = fol g1(z)dz, for the proton and neutron measured by
the K143 experiment at SLAC. The neutron data is extracted from deuterium data. On the
other hand, ®He is almost an ideal neutron target. As illustrated in Figure 1.6(b), apart
from small admixtures of a D and an S’ state, the 3He nucleus is predominantly in an S
state. The two protons have their spins antialigned, leaving the neutron as a carrier of the
3He spin. Hence >He does not suffer from the same disadvantage as deuterium. However, as
will be described in Chapter 5, the extraction of neutron quantities from measured 3He data

is not as straightforward in the resonance region as it is in the DIS region.

3
Fn He
0
-0.05
-0.10
S state (~ 90%)
p
3 3
™ - He He
0.10 [~ 7
/. _
b
0 |* 55
—0.10 X; | | | | | C)C |
o 2 10 D state (~8%) S' state (~2%)

® E143 Data in the Resonance Region
m E143 Data in the DIS Region

v E142 Data

A SMC Data

(@) (b)

Figure 1.6: (a) E143 data on proton and neutron in the resonance and DIS region, along
with DIS SMC and E142 data. (b) 3 He wavefunction, from [21].
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1.7 Experiment E-94010

Experiment E-94010 provides for the first time neutron spin structure data at low Q? and
is the first measurement of the Q*-evolution of the GDH sum rule. E-94010 successfully
took data in the period between September 25th and December 24th 1998, in the Ezperimen-
tal Hall A of Thomas Jefferson National Accelerator Facility (TJNAF) in Newport News,

Virginia.

The experiment measured inclusive polar- —

Energies

({I_|

>
ized cross sections by scattering polarized 8 1F

— I % 5.06 GeV

N %

04

electrons off a polarized *He target. It
was the first experiment to use a polarized

SHe target at TJNAF. The target length

was 40 cm and the density of 3He nuclei 10'1; )
was about 3 x 102° cm™3. The target main- % J ‘ 1.72 GeV
tained a polarization of about 35% at beam ~ %
‘ 0.86 GeV

currents as high as 154A. The average lu-

. . 36 —92 1 10'2 N I R R R B
minosity was thus about 10°° cm™s™" and 05 10 15 20 25 30
each target cell saw about 10 C of charge W [GeV]

from the beam. Six different target cells
Figure 1.7: E-94010 kinematic coverage.
were used.

Kinematic Coverage

As shown in Figure 1.7, by using six different beam energies and a fixed scattering angle of
15.5°, the range of squared momentum transfer and invariant mass covered was 0.02 GeV2<
Q? <1 GeV? and 0.5 GeV< W < 2.5 GeV, respectively. The electron beam was in use for
over 1000 hours, resulting in about 2300 runs totaling about 5 Terabytes of recorded data.
This experiment was the first to utilize a strained GaAs cathode in the polarized electron

gun, which provided beam with a polarization of about 70% and excellent availability.
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Structure of the Thesis

The following chapter sets the theoretical foundations of the physical observables extracted
from the measured data, which are presented in Chapter 5. The experimental apparatus
(besides the 3He target) used for the measurement is described in Chapter 3. Because of
the author’s intimate involvement in the preparation, operation and related data analysis

of the 3He Target, Chapter 4 is entirely devoted to its description.
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Chapter 2

Theoretical Foundation of

Experimental Observables

2.1 Polarized Electron Scattering

The Feynman diagram describing electron-nucleon scattering in the one-photon exchange

approximation is shown in Figure 2.1. The four momenta of the incoming and scattered elec-

tron are k = (E, k) and k = (E', k) respectively. For a nucleon at rest the four momentum

is P = (M,0).
The scattering cross section for this process is [1]
d*o o F

dQdE' ~ 2MQ* 7 LW (2.1)

where L, and WH" are the leptonic and hadronic

tensors, respectively. The leptonic tensor is

Ly = [a(K', 8" )yulk, )] [u(k', ") vou(k, s)]
(2.2)
The leptonic tensor can be written as a sum of
symmetric and antisymmetric parts, which, sum-
ming over the unobserved scattered electron spin,

s', read
Ly = L) (ks K) + LG (k, s K) - (2.3)

with

S . _
Lg,)(k, k') = kuki, + Kk, —

14

e " (k,s) e " (k',s")

N (P.S) X
wHY

Figure 2.1: Feynman diagram for the

process N(e,e')X.

guv (k- k' —m?) (2.4)
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Lgﬂ)(ka 83 k,) = meuuaﬂsa(k - k,)ﬁ (25)
The hadronic tensor [2],
1
W = 5 3 205 (P + g — px) (N () X){X |1, (0)|N) (2.6
X

contains all the information on the structure of the target and the coupling of the target
current, J,,, to the virtual photon, v*. The target-nucleon ground state is | V). For exclusive
scattering | X) denotes a specific hadronic final state, while for inclusive scattering one has
to sum over all final states X. Similarly to the leptonic tensor, W,,, can be decomposed into

a symmetric and an antisymmetric part :

W (a; P,S) = Wi (q; P) +iW ) (q; P, S) (2.7)

The most general forms of WL(LE) and W,Sf) constrained by Lorentz and gauge invariance, as

well as invariance under time reversal and parity, are :

quqv 1 P-q P-q
Wi (a; P) = (—guw + ’;2 VB + 5 q[(Pu ~Z au)(By — Z a)lF>  (2.8)
1 1
(A (4 - agf - . B _(q. B
W;w (q7 P7 S) P. qeuuaﬂq S g1+ (P ] Q)2 [(P q)S (S q)P ]92 (29)

where Fij, F5 are the unpolarized structure functions whereas g1, gs are the spin structure
functions. All four structure functions depend on two invariants, usually chosen to be either
Q? and z = Q?/2P - q, or Q? and W, the invariant mass of the hadronic final state. In the

laboratory frame x = Q?/2Mv, where v = E — E’ is the electron energy loss.

2.2 DIS Limit : Parton Model and Sum Rules

2.2.1 Parton Model

The physical interpretation of the spin structure function g; is most straightforward in the
Deep Inelastic Scattering (DIS) limit, defined by Q? , v — oo, with z finite. In this limit
the Quark Parton Model (QPM), employing the impulse approximation, is a very plausible
description of the v*— N scattering. As first suggested by Feynman, if one views the nucleon
from an infinite momentum frame, the partons making it up will each share a finite fraction
0 < z; < 1 of the nucleon’s momentum, P — oo, and will move closely parallel to P. Due
to asymptotic freedom they behave almost like free and y*-N scattering can be treated as

an
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incoherent sum (see Figure 2.2) of y*-parton y*

scattering [5]. In this limit the structure

functions scale, i.e. depend only on the

Bjorken variable z, and not on Q2 . If q}r(x) ’ g

(¢; (z)) is the momentum-fraction distribu-
Figure 2.2: Photon-Nucleon Scattering in the

Quark Parton Model.

tion of quarks and anti-quarks of flavor f
with their spins in the same (opposite) di-

rection as the nucleon spin, then [6]

Fi(e) = 5 Y Hlaf (@) + 47 ()] = 5 3 (o) (2.10)
f f

and

(x) = %;e}[q,ﬂm ~ap(a)] = %; 2 8q(x) (2.11)
where e; is the charge of quark-flavor f in units of the electron charge.
Thus F} and g; represent the momentum 0.1
and spin distribution of the quarks in the Qg" 0075 * HERMES- Preliminary }
nucleon, respectively. In the parton model, 005F aE143 WW ﬁ*
Fy, = 22F) and go=0. 0.025 b »+ ‘M“M + \

. $-de?*
2.2.2 Sum Rules 005
147 e—

Various sum rules have been derived in or- -0.05 1(')-2 16.1 y o
der to test fundamental properties of the . 002 ——=
strong interactions. Based on fairly gen- =3 0 :E-Elé'?’:ES ‘ ‘ }I
eral assumptions, they relate moments of b g h h 4~ %* *“ m ‘
the spin structure functions to ground state 00z2p |‘
nucleon properties. From (2.11) it follows, _0.04__ st
by taking into account only the light u,d and E——— HE:,\-:::
s quarks, that the first moment of g;(z) can 008 16'1 « 10°

be written as

(%Au n %Ad—i— %As) Figure 2.3: Ezisting ggp) (z) and g%”) () data.

(2.12)

1 1
P = [ gayds =
0
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"—/1 M(2)de = S(EAu+ SAd+ EAs) (2.13)
= z)dr = = (=Au + — —As .
LT 2'9 9 9

for the proton and neutron, respectively, with Agy = fol Agqf(z)dz. A fundamental sum
rule, first derived by Bjorken [7], concerns the difference I'Y — '} :
194

1
P —_T7=-(Au— Ad) =
1 1 6( U ) 6 gv

(2.14)

where g4 and gy are the axial and vector coupling constants appearing in neutron -
decay. The reason that the nucleon weak couplings appear in the sum rule is that weak
decays, as well as polarized DIS, probe the nucleon with an axial current of the form
(N', s'|@iv"v5qi| N, s), where N and N’ stand for the initial and final state nucleon, s and
s' for the nucleon’s polarization, and ¢; and g; for the quark fields of quark species ¢ and
7, respectively [8]. Assuming SU(3) flavor symmetry, or in the case of neutron decay only

isospin symmetry, all these matrix elements can be related to
2M Agist = (p, s|qiy"¥54ilp, ) (2.15)

with M the proton mass and |p, s) the proton state with polarization s*.

There are three diagonal combinations of these ma-

Y )

trix elements. Two correspond to the generators

of SU(3); (non-singlet), namely a3 = g—é = Au— Ad

and ag = Au+ Ad —2As. The third is the singlet B g
g

combination ag = AY = Au+ Ad+ As. Thus the

first moment of g; can be written as Figure 2.4: Gluon radiation and

1 1 1 . . _ .
1—‘]11(71,) _ :I:Eag n %ag n §a0 (2.16) gluon emission-reabsorption graphs
contributing to the corrections of

where the +(-) sign corresponds to the proton (neu- Bjorken sum rule.

tron). Taking the difference, the Bjorken sum rule 2.14
follows. The foregoing is valid at the limit Q? — oo.
At large, but finite Q?, QCD radiative corrections have to be taken into account, as for
example the graphs shown in Figure 2.4. The singlet and non-singlet matrix elements are
each multiplied by a factor, C's and Cng, respectively. Up to first order in «j, these factors

are [9]: ,
- L(f ) 4.

Cns(Q* ) =1 (2.17)
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and
2
Cs(@?)=1- @) (2.18)
3
Thus the Bjorken sum rule reads:
1 1 s(Q?
I‘{’—F’fz—(Au—Ad):—g—A(l—a (@ )—l—) (2.19)
6 6 gv s

While the Bjorken sum rule assumes isospin symmetry only, another sum rule known as Ellis-
Jaffe sum rule, predicted the individual moments T} and I'?, assuming SU(3); symmetry
and neglecting the strange quark spin contribution to the nucleon spin, that is, As = 0.
Using (2.16),(2.17),(2.18) and ap = as, it follows that :

oy (Q*) az  as
- -I-)(:I:E 36

as(Q2 )
37

+.)8 (2.20)

rP(Q) = (1 ;

)+ (11—

Figure 2.5 shows the experimental verification of the Bjorken sum rule (1o) and the dis-

agreement between the data and the predictions of the Ellis-Jaffe sum rule (30).

Ellis-Jaffe Sum Rule
T P
1

* W Neutron
E154

Deuteron

02> Bjorken Sum Rule

E143

Figure 2.5: Plot of T% and T}, with the predictions of Bjorken and Ellis-Jaffe sum rules
superimposed on the existing data, from [6].
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2.3 (Q?> = 0 Limit : Gerasimov-Drell-Hearn Sum Rule

The GDH Sum Rule relates the anomalous magnetic moment of a nucleon (in fact any

particle) to the integrated difference of photoabsorption cross-sections with

photon and nucleon spin parallel or antiparallel. The sum rule is based
on very general principles, and only one assumption, namely the high
energy behavior of a Compton scattering amplitude. In 1954 Gell-
Mann and Goldbeger [10] and independently Low [11] showed that,
up to terms linear in the photon energy v, the amplitude for forward
Compton scattering (Figure 2.6) off a spin-1/2 particle interacting
with arbitrary local and renormalizable fields is

a « ’
M = ~7° e — ium/@ia -(e* xe) (2.21)
where M and k4 are the mass and anomalous magnetic moment of

the nucleon, respectively, i.e. ppycieon = (1 + Ka)pun, and puy = 2;‘?}3

is the nucleon magneton, that is, the magnetic moment the nucleon
would have were it a point particle. Their derivation was based on
Lorentz and gauge invariance principles. On the other hand, it can

be shown on general grounds [17] that
M =x[fi(v)e" - e+ivfo(v)o - (e* x e)]x

with e the photon polarization vector. For photon and

nucleon spins parallel or antiparallel, the respective ampli-

Im{v}

q,v q,u

/
PA PA
Figure 2.6: Feyn-
man  diagram  for
forward  Compton

scattering.

(2.22)

tudes are /
Myjp = fi(v) +vfa(v) (2.23) _

M3y = fi(v) —via(v) (2.24)

Based on the optical theorem (unitarity), the photoabsorp-

tion cross sections o; (i=1/2, 3/2) can be related to the

0 y Re{v}
C

imaginary part of the forward Compton scattering ampli- Figure 2.7: Complex v plane.

tude:

o(v); = 477r1m{/\/lz(1/)} (2.25)
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Thus
Im{f1(1)} = £=(012(0) + 035(0)). (2.26)
Im{f>(1)} = 5~(0172(0) ~ 03(»)). (2.27)

Due to the equivalence of causality and analyticity [12], fi and fo can be analytically
continued in the upper half complex v plane. Applying Cauchy’s Theorem for fo(v) on the
contour C shown in Figure 2.7,

f0) =5 § 1) (2.28)

and using the no-subtraction hypothesis, that is assuming that |f2(v)| — 0, for |v| — oo, it

follows that

!/

1

. o v !
f) =5 [ m{a) (2.20)
vy is the inelastic threshold [13] given by
m2
Vo = mq + 325 & 145 MeV (2.30)

Setting =0 in (2.29) and using the low energy relation (2.21), it follows that

taon = [ Lioyalo) - oyalo)] = 231

which is the GDH Sum Rule, first derived by Drell and

Hearn [15] and independently by Gerasimov [16]. ok v——
For the proton, neutron and 3He the GDH predic- § 200 uIM

o e TP _ n__ = [

tion 1s3I{IiDH = —204 pbarn, I¢,y — 233 ,u‘barn b% o

and I;p5 = —496 pbarn, respectively. Figure 'g o0 |

2.8 shows the data obtained recently [18] with the © 400
tagged polarized photon beam at the MAMI mi- 600

crotron in Mainz. Apart from the energy denomi- 600

nator, the data shown is the integrand of the GDH 1(;0 200 300 400 500 600 700 800
integral for the proton. The energy range accessible E, MeV]

by the experiment was 200-800 MeV. In this range

Figure 2.8: Mainz data on polarized
the GDH integral is found to be -2184+6 ybarn.

photoabsorption cross sections for the
By adding the estimates for the two other regions

proton, with UIM prediction [27].
(threshold up to 200 MeV, and higher than 800

MeV) it follows [25] that the total result for the proton is -2024+10 pbarn.
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2.3.1 Forward Compton Scattering Amplitudes

Consider virtual forward compton scattering in the nucleon rest-frame. The initial(final)
helicities of the photon and nucleon are h,\(h',\') respectively. The amplitude for this
process is [3]

(Tur = [ d'ac®(p, X|Tj, ()i (O)lp. N). (2:32)

From symmetry arguments, 7},, has the same structure as W,,,, namely

Ty =TS +iT;) (2.33)
with )
T = Fogw + 239 + (P - a0 (P -t (239
and i i
T4 = eumﬁq“[(pg_lq) + (p?“’q)? [(P-q)S? — (S-q)P"]. (2.35)

Note that Ji and Osborne [23] use S; and S2 to denote g1 and g2, which is the notation
followed by Manohar [3]. The latter has been adopted here to avoid confusion with the
nucleon spin vector S.

The hadron structure functions Fi, F5, g1 and g are given by the discontinuity of F, By,

g1 and g2 across the real v-axis, respectively. For example,
1 - .
g1(w) = gfm{gl (w+ie€)}, ete (2.36)

This is a direct implication of the optical theorem, that is, the forward scattering amplitude
is proportional to the total cross section. Thus a measurable physical quantity (nucleon
structure function) can be related to a (calculable, in principle) amplitude. A generalization
of the GDH Sum Rule at non-zero values of Q% rests on this connection, as will be described
in more detail in Section 2.4.3 .

Consider z to be the angular momentum quantization axis, and the direction of the virtual

photon. Then ¢* = (¢°,0,0,¢®) and the three polarization vectors of the photon are

1
el = ——2(0, 1,i,0) h=1 (2.37)
1
e = _2(0, 1,—i,0) h=-1 (2.38)
1
e6 = =(4°,0,0,¢°) h=0 (2.39)
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The helicity amplitudes M(h, A\; h', \') are given by
M(h, N BN = e e T (2.40)

For a spin-J target particle there are 2J+3 independent helicity amplitudes. By denoting
A=1/2 (-1/2) by 1(}) the four helicity amplitudes describing forward photon-nucleon scat-
tering are M +.4 4+, My .1 |, Moo+ and My .04. The virtual photoabsorption cross

section is given by
4

T KM

Im{M} (2.41)

where K is the virtual photon flux. For real photons K=v, the laboratory photon energy
required to produce a final state X of invariant mass W, with W2 = M? + 2MK. For
virtual photons (Q? # 0) K is ill-defined. The usual convention, due to Hand [19], is that

K satisfies the same relation, namely

W2 _ M2 QZ
K=— = 2.42
oM YoM (242)
Using (2.34),(2.35),(2.40),(2.41) and (2.36) it can be found that
Ao Ao 2M x
Ug = Zavi Im{M-l-,T;-I',T} = KM [F1 — g1+ 92] (2.43)
Ao Ao 2M x
Ug = MMt = L o 92| (2.44)
A2 Ao M 1
L _
= —[-F + Fp(— + — 2.45
KM = xR (2.45)
/ A2 47r2a
= ” 2.46
oLT = s 7 V(g1 +92) (2.46)
where v = %
By defining O',TT as
' 1
orT = §(U§ - U:gp) (2.47)
it follows from (2.43) and (2.44) that
/ Ao
OTT = T (91 —7°92) (2.48)

The GDH sum rule can be rewritten in terms of O',TT(Q2 = 0), namely

© dv 2m?
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2.4 Bridging the gap between Q?> =0 and Q? =

2.4.1 Operator Product Expansion and Higher Twists: Bridging the gap

from above

QCD provides a tool for the starting point of calculating the forward Compton scattering
amplitude 2.32, namely the Operator Product Expansion (OPE). In the limit d — 0, the

product of two local operators, Oy (d)Os(0), can be written as [3]
lim 0,(d)05(0) = 3" capn(@)04(0) (2.50)
k

The coefficient functions c,pi(d) are c-numbers and O (0) are local operators. Both depend
on the QCD renormalization scale p?. Physically this expansion represents a separation
of long-distance from short-distance effects. The latter are contained in the coefficient
functions, which are calculable in perturbative QCD [21][20], whereas the former (non-
perturbative) will be represented by the matrix elements of the local operators O(0).
These operators are quark and gluon operators of arbitrary spin n and dimension d, written

as O(’j’lﬁ““ ". The matrix element entering (2.32) is

(p, 50}, """ Ip, s) , (2.51)
which is proportional to
G D+
ME28[p L phn] (2.52) b | G
dimension | 3/2 | 2 1
and to spin /2 1 1
MTES [ phe L phn] (2.53) twist | 1 | 1 | 0

for an axial operator. S projects out the completely

. . Table 2.1: Dimension, spin and twist
symmetric, traceless component of its tensor argu-

o of quark field, gluon field tensor and
ment. It turns out that the contribution of these op-

. . ) covariant derivative.
erators to the forward scattering amplitude is pro-

portional to ( , where the twist

%)2+nfd — (%)th
of the operator is defined as t=d-n. Table 2.1 summarizes the twist of the quark fields
1, the gluon field tensor G, and the covariant derivative D#. Since any gauge invariant

operator contains at least two quark fields, or two gluon field tensors, the lowest twist is 2.
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Thus in the DIS limit twist-2 operators dominate. As Q? is lowered, higher twist operators
start to be important. A host of sum rules can be formally derived from OPE. As shown by
Jaffe and Ji [20], keeping twist-2 and twist-3 operators only, and using the aforementioned
connection between spin structure functions and the Compton amplitude 7},,, an infinite

set of sum rules on g; and gy follows:

1
/0 z" g (z, Za VF3(Q%p*), n=0,2,4, ... (2.54)

/01:1: go(z, Q? )dx (Za F2z , Zdn F3Z ,NZ)), n=24,..

(2.55)
where the scalar matrix elements depend on the nucleon structure and the renormalization
scale 2 at which the operators are defined. F3'; and F3; are the c-number coefficient
functions. The Bjorken sum rule readily follows from (2.54) by applying it for n=0 both

for the proton and for the neutron and taking their difference.

2.4.2 Generalized GDH Integral

The GDH integral can be generalized for any value of Q? , by introducing the Q? -dependent

integral
2M?2 [wo L for Q?>—0
Iapn(Q%) = —; / g1(z,Q?) dz — , A . (2.56)
Q* Jo 2M [ +0(Q™*) for Q*— oo
where
2o = Q*/(2Mmy + m3 + Q°) (2.57)

refers to the inelastic threshold of one-pion production and I'y is the previously defined first
moment of g;(z), I'| = fol g1(z)dz. The Q? — 0 limit of Igpy follows from (2.48) and
(2.49). Because the upper limit of integration in (2.56) is smaller than 1 at any finite Q2 ,

there is no elastic contribution to the integral.

2.4.3 Bridging the gap from below: Chiral Perturbation Theory

In 1989 Anselmino et al [22] used the strong Q? dependence of the generalized GDH integral
(but with an upper integration limit of 1) as an argument that would possibly resolve

the spin crisis. They attributed the discrepancy between the EMC extraction of A at
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Q? = 10 GeV? and the simple quark model prediction to the Q? dependence of (2.56). They
also constructed a phenomenological model based on vector meson dominance to predict the
behavior of Igpp as a function of Q? and therefore to correct the interpretation of the EMC
data. As argued by Ji and Osborne [23], however, the inclusion of the elastic contribution
in (2.56) and the continuous variation of Igpy from Q? =0 to Q? =oco are incompatible,
since the elastic contribution is absent at Q% =0, dominating at small Q? and negligible
(due to the abrupt fall of the form factors) at high Q? . Ji et al [24] extended the GDH sum
rule at Q2 # 0 and calculated the small-Q? dependence of Igpy using chiral perturbation
theory. Using the dispersion relation connecting the spin structure function g; (v, Q%) with

the forward compton amplitude §; (v, Q?), they show that

0 d 1
[ o@ 0T =gla@v=0] (2:58)

where the contribution from the elastic intermediate state has been subtracted from the rhs

of (2.58). The above equation represents a generalized GDH sum rule, since the rhs is a well

defined quantity, calculable in principle. At low @Q? chiral perturbation theory provides a

natural tool to calculate [gl(QQ, v= 0)] _, using the pion mass m, and the nucleon
no elastic

momentum p as small compared to any other scales in the problem, and hence as the

appropriate expansion parameters. Ji et al find that [gl(QQ, v= 0)] lasti is independent
no etastic
of Q% at O(p?), whereas at O(p*)

~ 0O 4 2 . gA'ﬂ-mﬂ-
[91 ®0,Q )Lw astie = (47Tf7r)2M[ 2Kk1 + (4%1 + —/<V2 X4/ @ sin 1y [—F—— 4m2 n Q2

(2.59)
with k1 = 5+ 6ky + (1+6Kk5)73, Ky = 3+6ky + (3+10kg)73, and kg=-0.120 and k1 =3.706
are the experimental values of the isoscalar and isovector anomalous magnetic momentum
of the nucleon, respectively, and 73 = £1 for the proton and the neutron, respectively. The

small Q? prediction for the generalized GDH integral Igpy is

2

g (Q%) = —% +6.85 Q*(GeV?) + ... (2.60)
I (Q%) = —% +5.54 Q*(GeV?) + ... (2.61)

for the proton and the neutron, respectively.



Chapter 2: Theoretical Foundation of Experimental Observables 26

2.4.4 Unitary Isobar Model

Using the definitions (2.46),(2.48) of the longitudinal-transverse and transverse-transverse

cross sections, U,LT and UITT, respectively, the generalized GDH integral I, defined in (2.56),

can be written as

’ dv

A2

]\42 o0 1— X ’
L(Q%) = / 5 (orr +y0L7)
14

0

The unitary isobar model (UIM), developed
by the Mainz group [27][28][26], calculates
the cross sections O',LT and O',TT and provides
a prediction for I1(Q?), based on a multi-
pole analysis of single pion photo- and elec-
troproduction. Figure 2.9 shows the pre-
dicted dependence of I; on Q? for the pro-
ton and for the neutron. It is seen that,
while the model is in accord with the GDH
sum rule at the real photon point (Q? = 0)
for the proton, this is not the case for the
neutron.

The behavior exhibited by Iy, illustrated in
Figure 2.9, triggered a host of theoretical
work in recent years. The strong variation
with 2, starting from the real photon limit,
the zero crossing , up to the DIS limit, is a
direct manifestation of the change of the rel-
evant degrees of freedom, namely the tran-
sition from resonance-driven coherent pro-
cesses to incoherent scattering off the nu-

cleon constituents.

(2.62)

L .

2
Proton | (Q)
0.2-' LA I L R S L R AL R

® E143 data i
—O.ST ® GDH Sume Rule A
-1.0L0—

00 0.2 04 06 08 10
Q% [GeV ?]

Neutron | (Qz)

— 0.2 T T T

-0.8} 4
—10’ N S R R S ]
00 02 04 06 08 10

Q? [GeV?]

Figure 2.9: UIM prediction for I,(Q?), from
[25].  The integrals are integrated up to
Winaz = 2 GeV'. The solid (dashed) lines con-

tain (omit) the oy contribution.
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Chapter 3

Experimental Apparatus

3.1 The Accelerator and the Polarized Electron Source

The Continuous Electron Beam Accelerator Facility (CEBAF) of Jefferson Lab has the ca-
pability of delivering cw beam to three experimental halls. The racetrack shaped accelerator
is shown in Figure 3.1. The source of the injector is a strained GaAs cathode providing
polarized beam of about 70% polarization (at the time of E-94010) and maximum current of
50-70uA, depending on the quantum efficiency of the photocathode. The beam first enters
the first accelerator module, where it is accelerated to 45 MeV, and then injected into the
North Linac.

At the end of the North

. North Linac
Linac, the beam enters the (400 MeV, 20 cryomodules)

east recirculation arc and . /
Injector

continues into the South “@ME&V:2V4 cryomodules ref'j?g;gto.z i
Linac. Both linacs consist Injector — N g (400M (-:E/c?uztgcl_rlyr(])?;]:o dules
of 20 cryomodules and pro- R__Extraction

elements
vide a nominal gain of 400
MeV. However, this gain can )/
be tuned up to about 500
MeV, if required by the ex- Figure 3.1: Thomas Jefferson National Accelerator Facility.

9’

perimental halls. Each cry-
omodule contains [1] eight 1497 MHz superconducting niobium cavities operating at 2 K,

powered by a 5 kW klystron [2] and providing a gradient of 6.5 MV /m. At the end of the

South Linac the beam can either be extracted into the experimental halls, or circle around

29
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the west recirculation arc for another pass around the accelerator. There can be a maximum
of 5 passes, which brings the maximum beam energy to about 5 GeV. By tuning the RF
in the superconducting cavities [3] the energy gain of each pass can be tuned by a few tens
MeV. At the extraction point there are deflecting cavities and septum magnets that guide
the beam into the experimental halls, each hall receiving an electron bunch at a frequency
of 499 MHz, the bunch length being 1.7 ps.

The polarized source is an evolved version of the GaAs source first used at SLAC in 1978 [4].
Its operation is governed by two basic principles [5] : (i) illumination of the semiconductor
with circularly polarized light to produce polarized electrons in the conduction band, and
(ii) addition of monolayer coverages of alkali metals (usually cesium) and oxidants (like
NF3) to the surface of the photocathode, with the effect of lowering the work function and
permitting the polarized electrons to escape. It was only recently (1990’s) established that
strained GaAs photocathodes can produce much higher polarizations.

As is shown in Figure 3.2(a), due

(a) GaAs

to the d f the P b-
o the degeneracy of the Pz, su Conduction\.

6 =112 +1/2
levels of the valence band, both the Band \\\/ S112
m = 1/2 and the m = 3/2 sub-
By
levels can absorb light (red arrows).
ght ( ) (850 nm) A
Due to the relative transition prob- I T P \
Valence 32 =5 T )
abilities (1:3), the maximum achiev- Band p 32 E \‘:ilz +302
/TN 112 A2 +112

able polarization in the conduction
(b) GaAs-GaAs, , P

Conduction \

band is 50%. By growing a thin film X

of GaAs on a GaAs; 4Py substrate,

Band Y
a uniaxial stress perpendicular to \
\
the emitting surface is produced, Eq \\‘@
LRy —
and the degeneracy is lifted (Figure r @\ Y
6 \
. . —_— vy
3.2(b)). The theoretical maximum Valence @ — =
polarization is in this case 100%, Band m —

since only the m = 3/2 sublevel can
Figure 3.2: Energy level diagram for (a) bulk and (b)

strained GaAs, from [4].

absorb the light. In practice polar-

izations over 70% are obtained. The
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polarized beam exiting the source has imposed on it the accelerator RF structure [6], by
virtue of three lasers operating at 499 MHz, which produce three interleaved bunches that
are then delivered to the experimental halls. The intensity of each laser meets the current
requirement of each hall. The helicity of the lasers, and hence the helicity of the electron
beam, is continuously flipped by means of a Pockels cell, at a rate of 1 Hz (30 Hz at the very
beginning of the experiment). Thus, the effects of long term drifts of the beam parameters

on the event count rates per helicity state are avoided.

3.2 Beam Energy Measurement

3.2.1 Introduction

The accurate knowledge of the beam energy is very crucial for the whole physics program
of Hall A, since many scattering parameters (such as momentum transfer) as well as the
physical quantities to be measured (such as elastic cross sections) sensitively depend on
beam energy [11].

Currently there exist two methods for mea- -

_ To Hall-A End Station
suring the beam energy, the e-p measure-

ment, based on elastic electron-proton scat-

tering, and the arc-measurement, based on

beam deflection in a known magnetic field
Superharp

[ Beam Corrector
DQ . Quadrupole

in the beamline. Both methods provide an

accuracy of ‘SEE”M ~ 1074,

beam

3.2.2 Arc Measurement

The arc-measurement relies on the 40m long

bending section of the beamline (the “arc”
From Accelerator

section) located after the beam switch-yard

and before the Hall-A End Station. It con-  Figure 3.3: The arc section of the beamline.

sists of 8 dipole magnets, each followed by

a quadrupole magnet and a beam corrector magnet, as shown in Figure 3.3. This config-

uration results in an achromatic (quadrupoles on) bend of 34.3°. If the arc is operated in
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the dispersive mode (quadrupoles off ), the beam energy is related to the field integral along
the path of the beam, [ Bdl, and the total bend angle, 0, as:

e
Epcam = o= / Bdl (3.1)

The bend angle 6 is measured by two pairs of wire scanners (superharps), one located
upstream, and the other downstream of the arc. Each scanner moves horizontally three
vertical tungsten wires (20 pm in diameter) across the beam. The induced bremsstrahlung
is detected by a PMT located a few meters downstream. A typical accuracy of the horizontal
position of the beam barycenter with respect to the external fiducial is 15um. The survey
of both pairs of external fiducials is done optically. The resultant relative error of the bend
angle is about 2.2 x 107°. The field integral is determined by an accurate measurement of
the field of a reference dipole magnet, powered in series
with the 8 arc dipoles. All arc Scintillators
dipoles have been pre-calibrated rel- |

ative to the reference dipole on the

“Dipole Stand” of Jefferson Labora-

tory. The relative error of the field CH, Target
integral is about 10~*, and is the Beam

dominant error in the energy mea-

surement. SSD proton Cherenkov

3.2.3 E-P Measurement

In this method the beam energy is
determined by measuring the elec- Figure 3.4: Sideview of the e-p apparatus.

tron scattering angle 8, and the pro-

ton recoil angle 6, in the elastic reaction 'H(e,e’)p [12]. Let k,=(E.k) and p,=(M,0)
be the incoming electron and target proton 4-vectors, respectively, k,=(E' k') and

pL:(Ep,p) the scattered electron and proton 4-vectors. Using 4-momentum conservation

(ky +pu = K, +pl,), it follows that the beam energy is given by

cosf, + sinf, /tand, — 1
1 — cosf,

Epeam = M (3.2)
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The arrangement of the measuring apparatus is schematically shown in Figure 3.4. The
recoil proton is detected at an angle of about 60?, in coincidence with the scattered electron,
which is detected at an angle between 9° and 40°, depending on beam energy.

The deviation of the position and direction of the beam from its ideal trajectory will ob-
viously shift the beam energy extracted from (3.2), by introducing a shift 06 to the angles
e and 6,. The real scattering angles would then be 6, — 60 and 6, + 60, respectively. To
cancel the first order dependence on 6, the beam energy is measured by two detectors,
positioned symmetrically with respect to the ideal beam trajectory as depicted in Figure
3.4. Then the average FEpeam = (F1 + E2)/2 will depend only to second order on 46.

The scintillators provide the trigger and the Cherenkov detectors are used for electron
identification. The coplanarity requirement for the incident and scattered electron and the
recoil proton is used to select the elastic events. The scattering angles are determined by

the Silicon Strip Detectors (SSD), which have a bin width of 100 zm. The spatial resolution

is 28 pm [13].

The target is a 13 pm thin

rotating (CHj)" tape, and e-p Arc | e-3He
the uncertainty in its posi- 1-pass ) ) 862.0
tion (about 10 pm) is one of 9-pass || 1717.9 . 1716.9

the main sources of system- 3-pass _ 9584.0 _

atic errors, the other being A-pass || 3381.8 | 3385.0 .

the detector position uncer- 5-pass || 4238.6 | 4240.5 .

tainty (about 15 pm). The

S-pass - 5059.3 -

resulting relative error of

the measurement is between Table 3.1: Results of energy measurements.

1.5 x 10~% and 3.0 x 1072,

3.2.4 e->He Measurement

With 1-pass and 2-pass beams, data were collected on elastic 3 He(e, €/) scattering, to serve
as a combined systematic check of both the 3He target and the spectrometers (see section
5.4). From the elastic peak, and knowing the absolute momentum setting of the spectrom-

eters (see section 3.8), the beam energy can be calculated [3]. Table 3.1 shows the results
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of all measurements.

3.3 Hall-A Beamline

The Hall-A beam line, starting after the arc section and leading up to the target (Figure 3.5)
consists of a Compton polarimeter (not used in this experiment), two Beam Current Mon-
itors (BCM) and the Unser monitor (for absolute beam current measurement) in between

them, the fast raster, the e-p device, and the Moller beam polarimeter.

Furthermore, along the beam- Unser
I Beam Current Monitor (BCM)
line there are a number 1 Beam Position Monitor (BPM)

of Beam Position Monitors

(BPM). At the end of the

Personnel

. . a :
beamline there is the target coess e-p Moller Target
pivot, which is viewed by the Raster

4---1--F -*I o e -
two magnetic spectrometers, :

the electron spectrometer

(E-Arm) and the hadron

Truck:Access
!

spectrometer (H-Arm). The

53m

latter is used for detection

of hadrons in coincidence ex- Figure 3.5: Hall-A beamline.
periments. However, E-94010 is an inclusive experiment, and both spectrometers were used
for detecting electrons. All the beamline elements will be described in more detail in the

following sections.

3.4 Beam Current Measurement

Relative changes of the beam current are monitored by two Beam Current Monitors (BCMs)
which are located 25 m upstream the target. The BCMs are stainless steel cavities tuned
to the beam frequency (1497 MHz). In each cavity there are two coaxial loop antennas,
one used for calibration, and the other for picking up the beam-induced (TMgp1p mode)
signal. Between the two BCMs there is an UNSER monitor, which is [7] a zero flux current

transformer designed for absolute non-destructive (as opposed to the Faraday cup located
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at the injector) current measurement. The Unser monitor is calibrated by passing a known
current through a wire inside the beampipe. It requires extensive magnetic shielding and
temperature stabilization to reduce noise and zero drift. As its output signal drifts signif-
icantly on a time scale of several minutes, it cannot be used to continuously monitor the
beam current. Thus the BCMs are calibrated against the Unser in dedicated calibration
runs, and they provide the long term current monitoring. During the calibration runs the
beam is turned on and off for a few times. When it is on the current is set at about 40 pA,
since the Unser monitor has an absolute uncertainty of 250 nA [8], independent of current.
When the beam is off, the Unser output drift is measured and removed afterwards when cal-
ibrating the cavities. During normal data taking the signals from the BCM cavities are fed
into the data stream in two ways, the sampled data and the integrated data. The sampled
data results from digitizing the instantaneous cavity voltages at quasi-regular intervals (4
sec, 10 sec or 50 sec). The integrated data results from down-converting the cavity signals
to DC and then generating a signal the frequency of which is proportional to that DC level
(so called VTOF converter). This signal is fed into a frequency counter, the time integrated
output of which (being proportional to the total charge) is included as part of the charge
scaler event in the scaler file. The uncertainty of the current measurement is no more than

1%, resulting primarily from the nonlinear BCM response at low currents (a few pA).

3.4.1 Effect of the Charge Uncertainty on Polarized Cross Section Dif-

ferences

The physics observables are extracted from the difference of polarized cross sections o

where o (o) represents the cross section with beam and target polarizations being parallel
(antiparallel). These cross sections are proportional to the event counts, N*, in each beam

helicity state, normalized by the accumulated charge, QF, so that

Nt N~ 1 QY
Since the systematic error of the charge is not helicity correlated, the error in g—f cancels at
+

first order. Hence the error in 0™ — ¢~ due to the charge uncertainty, 6¢), is proportional

to 0Q, that is, less than 1%.
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3.5 Beam Raster and Beam Position Monitors

In order to avoid locally overheating the tar-
get, the electron beam has to be rastered.
The raster hardware is located 23 m up-
stream of the target. It consists of two sets
of steering magnets, which steer the beam
in the plane transverse to the central beam
direction. A pair of amplitude-modulated
(fmoa = 49 Hz, square-root shape) sine
waves of frequency 20 kHz is applied to the
magnets, the two sine waves having a phase
difference of 5. The resulting beam spot
has an elliptical envelope, with dimensions
4 mmx4 mm, approximately. The trans-

verse position of the beam on the target and

y [mm]
w

Figure 3.6: Typical beam spot resulting from

beam rastering.

the angle with respect to the nominal beam direction are measured by two Beam Position

Monitors (BPM) located 1.3 m and 7.5 m upstream the target. Each BPM consists [7] of

a 4-wire antenna array tuned to the fundamental frequency of the beam. The standard

difference-over-sum technique is then used to determine the relative position of the beam to

within 100 gym. The absolute position of the BPMs can be calibrated by (beam destructive)

wire scanners (superharps) which are located adjacent to each of the BPMs. The combined

use of raster current data and BPM data [9] results in an uncertainty of Ax = Ay = 0.2

mm in the beam position x and y.

3.6 Electron Beam Polarimetry

3.6.1 Mgller Polarimetry

Mgller polarimetry utilizes high energy polarized electron scattering off a fixed target of

polarized electrons. By measuring the asymmetry of the scattered electron rates with beam

and target polarizations parallel or antiparallel, the beam polarization can be determined

once the target polarization is known.
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The Mgller polarimeter consists of a mag-
netized ferromagnetic foil that provides the
polarized electron target, a spectrometer
(3 quadrupoles and a dipole) to define the
kinematic range of the scattered electrons,
and a detector.

In lowest order, Mpgller scattering is de-
scribed by the two diagrams shown in Fig-
ure 3.7. The incoming electrons have mo-
mentum and spin vectors ky(g) and sy9),
respectively, and the polarization of the
outgoing electrons is unobserved. Since
s = (k1 + k2)? < 5 x 1073GeV?, and
MZ ~ 10*GeV? , the Z%-exchange diagrams

37

e (kys,) e'(k) e(k,s) e (k)

Y’ Z Y’ Z

e (k,Ss,) e"(ky) e (kys)  eT(k)

t-channel u-channel

Figure 3.7: Lowest order Moller scattering di-

agrams.

are negligible. If the beam and target electron polarizations are denoted by P’ and P!, re-

spectively, then the polarized cross section is given by [10]

do

dU [ bt
—o (PP = —E(L+ Y PPAy) (3.4)
ds2 ds2 1=X,Y,Z
with
dUunpol — Oz_2 3+ COSZHCM)Q (3 5)
dQ s sin20c '
(7 + COSQOCM)SiHQOCM
Azz = — .
22 (3 + COSZQCM)2 (3 6)
sinQOCM 2
A =—(— 3.7
XX (3 + 008290M) ( )
and
Ayy = _AXX (38)

with Ocpr being the center of mass scattering angle. It is also assumed that the scattering

plane is the X-Z plane with the electron beam direction along the Z-axis. It is easily seen that

|AP4| = |Azz(Ocm = 90°)| = & and |AR| = |[Axx (Ocm = 90°)| = 5. At Ocar = 90°,the

laboratory-frame scattering angle 6y 4p will be

2me

1.83°

OraB ~

- (3.9)

Ebeam B Ebeam [GGV]
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and the unpolarized cross-section

(daunpol 182.5

_ 182 1
a0 )aoMzgoo Epeam[GeV] arn/sr (3:10)

Measured Asymmetries

In order to cancel the influence X,
of the small transverse polarization ‘
component that the beam may have,
two asymmetry measurements are

made, one with the angle of the foil

and the beam being 6 ~ 20° and = :foil polarization -0 ferromagnetic

. At foil
the other at an angle 7 — 6 = 160°, => :beam polarization

as shown in Figure 3.8. The corre- Figure 3.8: Moller target orientation.

sponding asymmetries will then be:

A?neasured = AzngPéCOSQ + AXXP)b(P;(Sino (3.11)
A;Tn;zsured = _AZZPgP%COSH + AXXP)b(P)t(Si’rLH (3.12)

Then the beam longitudinal polarization will be (A’ — A0 )/2P cosb.

measured measured

Mpygller Polarimeter

A schematic layout of the Mpgller

polarimeter is shown in Figure 3.9.

. Q1 Q2 Q3 Dipole J Detectors
. . Target Foil
The polarized electron target is a
, , o ~
12pm thick supermendur foil, the 7
. . Helmholtz ‘9-6 cm
relative angles of which are mea- Coils Top View

sured by a scale engraved on the

target holder. The absolute angle

of the foil with respect to the beam

is determined from the event rates.

700 cm

The foil is magnetically saturated by Side View

two external Helmholtz coils provid-

ing a field of about 300 G along the Figure 3.9: Moller polarimeter apparatus.
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beam axis at the target center. The foil magnetization is measured by changing the field
and measuring the voltage across the pick-up coils wound around the foil. The results of
all the measurements done during the experiment are displayed in Figure 3.10. The error-
bars of the individual measurements shown are statistical only. The systematic error of

the measurement is about 3%, and it is dominated by the uncertainty in the target foil

polarization.
73
N > > > > > > > >
L _F & g & |8 8 8 8 8
o C
—_— 72 ~ T ~ o ol S o
c | R N &8 | ST 3
(@) - - <t ™ o, <t o QN 1 [Te)
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N - . $ 4
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O 69F t
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66: | ﬂ + @ |Average pér period

65

64
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Days from Sep. 1 1998

Figure 3.10: E-94010 beam polarization history.
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3.7 The Polarized *He Target

The 3He target is based on Mirror
@ O©-component 30W
alkali-metal optical pump- %l/ Diode
Mirror L

. d spi h ith asers
1ng and spi exchange wi - component Collimating Lens 'It'uned
3He. The principles of op- T o

Waveplate % % 795 nm
eration are described in de- Laser Hut

tail in Chapter 4. Here

we will briefly describe the

general layout of the target, RF - Drive Coil

as part of the experimental 4. Diode

i S EPR Coil <> Collimating Lens 5
apparatus. The schematic % %

c c
shown in Figure 3.11 illus- % Oven %

. T T
trates the basic components E'ectron Beam — ¢ { n——

8 Pick Up Coils s
of the 3He target, which are = =
the laser system and the tar-

RF - Drive Coil

get assembly. Two pairs
of Helmholtz coils (only one  Figure 3.11: Simplified diagram of the polarized > He target.
of which is shown in Figure

3.11) create a holding field of 25 Gauss.
The two pairs of coils are perpendicular to

one another and at 19° with respect to the

beamline, in order not to block the scat- i ELECTRON BEAM

tered electrons. The direction of the field L asr beam
(longitudinal pumping)

can be arbitrarily set at any angle with re-
spect to the electron beam (see Figure 3.12),

for
by relatively adjusting the currents flowing (tranoa o hing)

through the Helmholtz coils. This angle was

set at either 0° (longitudinal pumping), or Figure 3.12: Optical pumping geometry with

90° (transverse pumping). actual Helmholtz coils orientation.
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3.7.1 The Laser System

The laser system for optical pumping consisted of seven 30W-diode lasers tuned at 795 nm
(Rubidium D1 line), four of which were dedicated to longitudinal and three to transverse
pumping. The system of optics used to direct the divergent (12°) laser beam on to the
target starts with a collimating lens. A polarizing cube is used to split the light into ¢ and
m components. The m component passes through the cube, reflects off a mirror and then
passes through a quarter-waveplate on to the target. The o component is deflected by the
cube by 90° in the direction away from the target. It passes through a quarter-waveplate
and is reflected off a mirror into the same waveplate. Its polarization has thus been rotated
by 90°. It then passes straight through the cube and through another quarter-waveplate on
towards the target. The helicity of the pumping light was -1. The helicity of the longitudinal
pumping lasers could be reversed by inserting a half-waveplate in their path. All lasers with
the polarizing optics were housed in a concrete hut located near the target in Hall A.

The RF coils, pick-up coils and the EPR coil are used for polarimetry, as described in
Chapter 4. The actual 3He targets are glass cells, the upper (spherical) part of which is
located in an oven, as depicted in Figure 3.11.

The oven is heated to 170 — 180 °C, in or- 3He Target Cell

/

der to produce Rb vapor to be optically CarbonTarget Foils

BeO Target

/

pumped. An 800 W resistive element was
used to heat the air flowing into the oven.
The oven temperature was regulated by
an RTD (Resistive Thermocouple Device)

mounted in the oven.

—
3.7.2 The Target Ladder To reference cell gas

handling system

Reference Cell
The glass cells were mounted on a target

ladder, shown in Figure 3.13, which was at- Figure 3.13: Target ladder.
tached to the oven. At the bottom of the
ladder there is a glass cylinder (reference cell) connected to a gas handling system. Data

were acquired with the reference cell at three different modes:
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(i) Reference cell filled with Ny

The 3He glass cells contain a small amount of Ny that assists the optical pumping process.

The reference cell data were useful in studying the Ny dilution.

(ii) Reference cell filled with *He

Data were taken on elastic 3He(e,e') scattering, in order to check our understanding of
the ®He target density in operating conditions using the relative event rates resulting from

different (known) 3He pressures in the reference cell.

(iii)Empty reference cell

These data were used in studying the scattering off the cell windows. The Carbon foils
shown on the target ladder are used for spectrometer optics studies. The BeO foil is used
during beam tuning and for checking the rastered beam pattern. The oven with the attached
ladder were being held by a rod that could be moved up or down in order to place the desired

target into the beam path.
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3.8 The High Resolution Spectrometers

Experimental Hall A is equipped with
two very similar High Resolution Spec-
trometers, the Electron Spectrometer
(Electron-Arm) and the Hadron Spec-
trometer (Hadron-Arm). The latter is
known as such because it is used for
detection of hadrons in coincidence ex-

periments. As E-94010 was an inclu-

sive measurement, both spectrometers

were used to detect electrons, effec-

Figure 3.14: High Resolution Spectrometers in
Hall-A.

tively doubling the detection solid an-
gle. Figure 3.14 shows the arrangement
of the spectrometers in the Hall. The Electron (Hadron) spectrometer has a minimum angle
of 12.5° (12.5°) with respect to the beamline, and a maximum angle of 165° (130°). During
E-94010 the central angles of both spectrometers were fixed at # = 15.5°, known with an
uncertainty of about 0.05°, by comparing the position of the back of the spectrometers to
inscribed marks on the floor of the hall. As shown in Figure 3.15, the spectrometers consist
of a three quadrupoles and a dipole, all with superconducting coils, in a QQDQ config-
uration. The central magnetic field in the dipoles, By, is measured by two NMR probes
in the Electron-Arm dipole and one NMR probe in the Hadron-Arm dipole. The central
momentum will then be pg = I'By, where I' is the spectrometer constant. To measure I'
the absolute beam energy is required. Elastic 2C(e,e’) data was collected in the electron
spectrometer in September 1999 [15], followed by ARC and e-p energy measurements. From
the elastic peak position, I', can be calculated. By taking coincidence 2C (e, e'p) data with
the hadron spectrometer, and measuring the missing energy of the 1p/, state, I', can be
calculated using the previously measured I';. It was found that ', = 270.0 MeV /kG and
[}, = 269.45 MeV /kG, both known with an uncertainty of 10~3. The entrance windows of
both spectrometers are covered with a 0.18 mm Kapton foil, separated from the scattering
chamber by 20 cm of air. After the entrance window and before the first quadrupole there

is a box containing three collimators, a sieve slit for optics studies, an 8 cm thick, 6 msr
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Spectrometer Properties
; 0 Detectors
Bending Angle 45 7
Optical Length 234m X N\
Momentum Range 0.3-4.0 GeVic . Focal Plane %3S
Momentum Acceptance 10% Target Pivot B
Momentum Resolution 104 W sy 0N | B
Angular Acceptance (Resolution) | W -—_—,:;l._
Horizontal 30 mrad (0.5 mrad) _ Q3% o1
Vertical 65 mrad (1.0 mrad) Dipole %, 3 |
Solid Angle 6 msr Ll Q1 Q2 i
Transverse Length ~ KR 10.37m
Acceptance (Resolution) 10 cm (0.1 cm) s =X ]
! =
1 o
:l g . 7‘77

«~ 07%m —»

Figure 3.15: High Resolution Spectrometer and basic properties, from [14].

rectangular collimator for defining the acceptance limits of the spectrometer (this was in

place for the entire experiment), and an empty collimator.

The Table in Figure 3.15 summarizes the
nominal properties of the spectrometer, as
given by [14]. The detector hut is separated
from the last quadrupole (Q3) by a 0.1 mm

thick titanium window.

3.9 The Detector Package

The detectors that are found in the shield
house of each spectrometer, just after the
quadrupole Q3 (there is a titanium win-
dow after the exit of Q3), are shown in
Figure 3.16. They start with two vertical

drift chambers, used for particle tracking,

Aerogel Cherenkov \

Total Absobtion Shower
Preshower

Scintillator S2
\

Gas Cherenkov

Scintillator S1 —

1.93m

Central Ray

Figure 3.16: FElectron-Arm detector package.

followed by one of the two scintillator planes that provide the primary trigger. The gas

Cherenkov and the lead-glass calorimeter (consisting of a preshower and a total absorption

shower in the Electron-Arm, and just a preshower in the Hadron-Arm) are used for particle
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identification. Experiment E-94010 did not use the aerogel cherenkov detectors, nor the
carbon analyzer in the Hadron-Arm (which is used for recoil hadron polarimetry). The

detector components will be described in more detail in the following sections.

3.9.1 The Scintillators and the Trigger Setup

Scintillators provide the main trigger, called S-Ray, in each spectrometer arm. Each scin-
tillator plane consists of 6 paddles of active area (Bicron BC-408 plastic, 1.1 g/em?) viewed
by two 2-inch Burle 8575 photomultiplier tubes.

The active volume of the paddles in scintillator - i i
Photomultipliers Active Area Light Guides

S1 (S2) is 36.0 cm (transverse direction) x 29.3 /

cm (dispersive direction) x 0.5 cm (60.0 cm X

37.0 cm x 0.5 cm). The S-Ray trigger is formed

by requiring that scintillator paddles S1 and S2

both fired (both phototubes in each paddle must

fire), and that the paddle combination in S1 and

AAAAAA
T

Dispersive Direction

S2 belongs to an allowed set. This set demands

. Transverse Direction
that the track made approximately a 45° angle

with the hall floor. Assuming that paddle N of Figure 3.17: Scintillator.
scintillator S1 fired, then the signal of scintillator S2 must come from paddle N-1,N, or N+1.

Table 3.9.1 summarizes the various trigger types.

Raw Trigger Type Description
S1 E-Arm S-Ray (S1 AND S2)
S2 NOT E-Arm S-Ray and one missing out of S1,52,Cherenkov
S3 H-Arm S-Ray (S1 AND S2)
S4 NOT H-Arm S-Ray and one missing out of S1,52
S5 S1 and S3 in coincidence (not used in this experiment)

Triggers S1-S5 are counted by the scalers and fed into the Trigger Supervisor (TS). The
scalers count the number of triggers of each type produced. Other quantities, such as beam
charge, are counted by the scalers. There are three scalers associated to each of these
quantities. One counts regardless of the beam helicity, while the other two count only for

a given helicity cycle. The Trigger Supervisor provides the interface between the trigger
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hardware and the computer data acquisition system. A prescale factor of N is applied
independently to each trigger type, that is, TS ignores N-1 triggers of that type until the
N-th trigger arrives. The accepted triggers are known as T'1 — T'5. The prescale factors
are chosen according to the Data Acquisition rate (DAQ), so that the deadtime stays at an

acceptable level (usually 30%)

Deadtime

The deadtime is the ratio of the time that the DAQ cannot register an incoming event
during a given time interval, over that interval. There are two distinct sources of deadtime:
the electronics deadtime and the computer (DAQ) deadtime. The former is less than 1us,
whereas the latter is the dominant. It results from the time it takes the DAQ system to build
an event (about 400 ps). The normal event size is about 1 kByte. The computer deadtime
limits the maximum achievable DAQ rate to about 2 kHz. During 70% of the experiment
we used one DAQ for both arms. For the last 30% of the run a second, independent DAQ

was installed, increasing the acquisition rate to 5 kHz.

Trigger Inefficiency

The trigger inefficiency during E-94010 reached values as high as 10%. This was attributed
to deteriorating vacuum in the scintillator phototubes. The trigger inefficiency of the elec-
tron (hadron) arm was measured by using the secondary triggers T2 (T'4), after applying
electron identification cuts in the Cherenkov and Shower detectors. For the Electron-Arm

it is given by
p2Th

LT 3.13
P11 + po'Ts ( )

Inef ficiency =

where p; (p2) is the prescale factor of the main (secondary) Electron-Arm trigger. The
same expression holds for the Hadron-Arm with the replacement of (T'1,pl) and (72, p2)
with (7'3,p3) and (T4, p4), respectively.

3.9.2 The Vertical Drift Chambers

The Vertical Drift Chambers (VDCs) are integral to the performance of the spectrometers,

since they are responsible for particle tracking. Both spectrometers are equipped with a
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dual-VDC system, each VDC consisting of two wire planes in the standard U-V configu-
ration, as shown in Figure 3.20. The lower VDC almost coincides with the spectrometer
focal plane and the one above it enables a precise angular reconstruction of the scattered
particle trajectories. Each wire plane has 368 4% gold-plated tungsten sense wires, 20pum
in diameter and 4.24 mm apart. Each VDC has three high voltage plates at -4 kV, one

between the two wire planes, which are 26 45°
ecto” \ -7

mm apart, and two on opposite sides, 26 0\596‘5‘0“0“ a

mm away from each wire plane. The gas g =
supplied to the VDC at a rate of about 10 )/’l "L.U“‘“ IZ3 cm
It/h is a 62%/38% argon-ethane (CoHg) mix- e / = e
ture. As shown in Figure 3.20, the ioniza- == : 45° \{50

tion electrons created by the incident parti- U-p;ane

cle travel from the particle trajectory towards

the sense wires on the path of least time. This High Voltage Plane
time is measured by a Time-to-Digital Con- electron track

verter (TDC), which is fed by the sense wire.

All TDCs have a common stop provided by -

1

the event trigger. Knowing the drift velocity gZ?hdsgc

(50pm/ns), the perpendicular distance from Zgiczt?;igg

the trajectory to the wire plane at each of

the fired wires is thus extracted. A track at

a nominal (extreme) angle of 45° (52°) with Figure 3.18: Geometry of VDCs.

respect to the lab triggers five (three) wires. The per-plane FWHM position resolution
achieved is 225 ym [16].

VDC Efficiency

The hardware efficiency of the VDC wires is almost 100%, so it does not contribute to
the VDC inefficiency. The latter is determined by the software inefficiency, that is the
ratio of misreconstructed electron tracks to the total number of tracks. Figure 3.19 is
a representative distribution of the number of reconstructed tracks, after proper electron

identification cuts (see next section) have been applied.
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As can be seen, 99% of the events are one-track events. ;44
Zero- three- and four-track events represent about 0.2% of
the events and can be safely neglected. There are, how-
ever, about 1% two-track events present. They can be at- 10

tributed [3] to particles knocked off by electrons at the edge 10

N
LELRALLL BN ER R R B ELLL R |

of the acceptance and can be cut away, to be included in

I
(6] 1 2 3 4
Number of Tracks

calculation of the VDC efficiency. Consequently the VDC

efficiency is always better than 99%.

3.9.3 Electron-Pion Separation Figure 3.19: Eveni distribu-
tion for the number of tracks

If the energy loss v is bigger than a threshold value,

1
2my,

in the Electron-Arm.

[Q? + (my +myg)? — m2] (3.14)

Vthres =

then pions will be produced through the reaction v* +n — 7~ 4+ p. The detector compo-

nents responsible for 7~ /e~ separation are the threshold Gas-Cherenkov Detector and the

Preshower/Shower calorimeter (only preshower in the Hadron-Arm).

The Gas Cherenkov Detector

The radiator in the Cherenkov detector is COs, the index of refraction of which is, at STP,

n=1.00041 (at the sodium D line) [18].

Any charged particle must have 8 > 1/n Photomultiplier

to produce Cherenkov radiation. Thus, at &l —@

threshold , ypres =35. For an electron mo- Q ©
mentum of 0.3 GeV/c, 7.=600, whereas for & B uies ;Z": irror
a pion momentum of 4 GeV/c, v,=29. Thus *;;‘Qc‘t?fmexer 0 4.:'.;1:::::\;’;;7',
pions are completely suppressed over the - ':f,;;::;::;.‘"
whole momentum range of the spectrometer g 0 Y
(0.3-4.0 GeV/c), and electrons always trig-

ger the detector (with an actual inefficiency Beam View 3D View

less than 107, as reported in [18]. Figure 3.20: Cherenkov detector.

The Cherenkov detector provides a pion re-

jection factor of about 100. The maximum 7 /e ratio in the kinematics of this experiment
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was (7/€)maz = 5. Thus the data would be diluted with pions up to 5%, if the Cherenkov
detector alone was the only means of e — 7 separation. Furthermore, pions can knock off
electrons (so called d-electrons) in the material preceding and including the gas-Cherenkov.
The d-electrons will trigger the Cherenkov, and would be misidentified as ”good” electrons,
were the Cherenkov the only detector available for particle identification. Both of the afore-
mentioned problems are overcome by the electromagnetic shower calorimeter. The shower
detector provides an additional pion rejection factor of about 30, bringing the pion dilution
of the data to the neglectable level of no more than 0.2%. Moreover, the shower detector
can separate 0- from ”good”- electrons based on the deposited energy. In the following,
the methodology of e — 7w separation with the combined use of the Cherenkov and shower

detectors will be detailed.

Electron Arm Total Absorption Shower Detector

The Shower detector in the Electron-Arm is a total absorption calorimeter, consisting of
two parts : a preshower, made out of 48 blocks (35x10x10 cm) , and contributing 3.7
radiation lengths seen by the beam, and a total absorption shower, consisting of 96 blocks
(15x15%35 cm), providing 14 additional radiation lengths. The layout of these detectors is
shown in Figure 3.21. The preshower (shower) is made of lead-glass TF-1 (SF-5), and each
block is viewed from the side (from behind) by a Hamamatsu R3036 photomultiplier.

Shower Detector Calibration

A cluster is defined as a group of blocks (2x3 for the preshower and 3x3 for the shower) which
have an energy deposition. An electron crossing the detector would ideally form a cluster in
both the preshower and the shower, and the positions of these clusters should coincide with
the point on each detector, which the reconstructed track would cross. One has to calibrate
the preshower and the shower together, since the sum of the energies deposited in them is
the energy of the incoming electron, that is, F, = p., where p, is the electron momentum.
The calibration procedure consists of selecting electron events, identifying the main clusters

in the preshower and shower detectors, and minimizing the following functional, using the
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Figure 3.21: Shower detector of Electron-Arm, beam view.

calibration coefficients C’;’ st and C;h as free parameters:

N
X=X A~ P + Y O (Al - P —5i]T (319)
=1 jeM;,, jemMmi,
where
N is the number of events used for the calibration
My, is the cluster identified in the preshower
A;-,psh is the amplitude of the j-th block of the preshower that fired in the i-th event

P;j psp is the pedestal of the j-th block of the preshower

p’ is the electron momentum in the i-th event

and similarly for the shower variables My, A;'-’sh and Pj . Figure 3.22 shows the depen-

dence of the relative width of the electron E/p peak as measured after the detector response
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has been calibrated. The width of the electron E/p peak resulting from a Gaussian fit is o.

e-m Separation in the Electron 01 f \ ——
Arm O/P o009 \ | 0.01293 + 0.05314X
008 ; %{ : [ ] 8(;2 MeV :
The Cherenkov cut, that is, the re- 007 £ : MV R
0.06 : S V¥ 338MevV ...
quirement that the Cherenkov de- 005 F M B ssome |
. . - “éﬁQ\S\L ;
tector triggered is the first cut ap- L 0 s s T S S TS T B
o ) 0 05 1 15 2 25 3 35 4 45 5
plied, in order to achieve e-m sep- P [GeV]
aration. Figure 3.23(a) shows the
Figure 3.22: Resolution  of  FElectron-Arm

E/p distribution measured by the

preshower detector, where E is the preshower/shower detector as a function of elec-
7

sum of the energies deposited in (rom momentum, from [20].
the preshower and the shower, Ep,cshower
and FEgpower, respectively. Figure

3.23(b) shows the same distribution after the Cherenkov cut has been applied. As men-

2250 = Pion Peak 800 E_ Electron Peak
2000 F 3
1750 £ 700 E
1500 £ 000
1250 - 500 &
3 400 |-
1000 E Electron Peak | Cherenkov S
750 F cut 300
500 - 200 =
250 | 100 £ Ppion Peak
0 EA 0 o oy e | 0 E snnmrnli g ol s P -
0 0.5 1.0 0 0.5 1.0
E/p E/p

(a) (b)

Figure 3.23: Effect of the Cherenkov cut on the E/p distribution in the shower detector. (a)
E/p distribution prior to the cut. (b) E/p distribution after the cut. For the data shown the
beam enerqy is Epegm=5058 MeV and the spectrometer momentum setting po=2046 MeV.

tioned before, the pion rejection factor that the Cherenkov cut provides is about 150. An

additional factor between 1 and 2 is gained by applying a cut in E, eshower/P, as shown
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in Figure 3.24(a). Finally, a cut is applied in E/p (Figure 3.24(a)), which suppresses the
pions by a factor of about 10. The total pion rejection factor is thus mrejection ~= 2000.

The cuts in the preshower and in the sum of shower and preshower are chosen so that they

10000 | pion Peak 8002— Electron Peak
8000 [ 700E
- 600
C E esh Ip E
6000 n - preshower 500 ;_ ,
- Cut 400E E/p Cut
4000 E
- 300F
2000 |- 200
- Electron Peak 100
0 T r—te ey [ 0 E L P
0 0.2 0.4 0.6 0.8 0 0.5 1.0
Epreshower /p E/ P

) (b)

Figure 3.24: (a) Epreshower/p cut. (b) E/p cut.

maximize the total pion rejection factor and at the same time minimize the loss of ”good”
electron events, that is, maximize the electron identification efficiency, ID.s;. The latter is
estimated by using the Cherenkov detector as a selector of ”good” electron events. If Nypq
is the number of the events that triggered the Cherenkov, and N.y; the number of events
that remain after the shower cuts are applied, then ID.s; = Neut/Niotar- We selected the
cuts applied so that for all kinematic settings ID.;; was bigger than 0.99, and the pion

dilution of the data sample can be neglected.
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e-m Separation in the Hadron-Arm

In contrast to the Electron-Arm, the shower detector of the Hadron-Arm consists of only a

preshower, of a geometry similar to the Electron-Arm preshower.

—~ 2
8000 f | Pion Peak (@) ) (d)
4000 | > r
Electron Peak
0 - . * : 1r R A
0 500 1000 1500 2000 2500 3000 : “m" T
400 | Electron Peak (b) ]
200 } Pion Peak Of
O ol e L 1 1 L . 3,
0 500 1000 1500 2000 2500 3000 f" .
-1k
200 f (©) o
L Zoom In
100 | o
O-....l....l....l.........—.—.—.—.—..... rarara 2 D
0O 5 10 15 20 25 30 35 40 45 50 -0.5 -0.3 -0.1 0.1 0.3 0.5
Hadron Arm Shower Energy Deposit X (S2)

Figure 3.25: (a)Hadron-Arm preshower energy deposition (b)Low energy event coordinates
on scintillator S2. The beam energy S Fpeam=5058 MeV and the spectrometer momentum
setting po=2046 MeV.

Therefore, an E/p cut is lacking in this case. In Figure 3.25 we show a typical distribution
of the deposited energy in the Hadron-Arm preshower. Figure 3.25(a) is the preshower
energy without any cuts, whereas in Figure 3.25(b) a Cherenkov cut has been applied. In
this case, one cannot simply apply a cut on the E,,.cshower to separate the electron peak
from the suppressed pion peak (Figure 3.25(b), because of the zero-energy peak (shown
blown up in Figure 3.25(c), which contains both pions and electrons. This peak contains
about 2% of the events, which is not negligible. The origin of this peak is shown in Figure
3.25(d), where we plot the x and y coordinates of the Scintillator 2 (positioned before the
preshower) for the events lying under this peak. As one can see, these events correspond
to particles crossing the detector at the intersection of the 2 blocks , and at the top, where
presumably 2 blocks are dead. Consequently, the selection strategy followed is that all
events that trigger the Cherenkov are accepted as "good” electrons, and a dilution due to
penetrating pions is calculated by measuring the ratio of events under the suppressed pion

peak shown in Figure 3.25(b).
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The results of the electron-pion separation for both th Electron- and the Hadron-Arm are

tabulated in Appendix A.
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Chapter 4

The Polarized "He Target

4.1 Introduction

The polarized 3He target is based on spin-exchange optical pumping, which involves op-

tical pumping of an alkali metal, such as rubidium, the polarization of which is trans-

ferred to *He through spin-exchange collisions. The physics of optical pumping dates back

to 1950 and has been extensively reviewed by Hap-
per [1]. Optical pumping is a method to pro-
duce population imbalances among the ground- or
excited-state magnetic sublevels of atoms, using
their interaction with light. For the simplified case
of nuclear spin I = 0, the process of optical pump-
ing the magnetic sublevel m = 1/2 of the Rb
ground state is depicted in Figure 4.1. Polarized
(oF) resonance light at 794.8 nm excites the D1
(525, /2 = 52P; /2) transition of Rb, preferentially
depleting the m = —1/2 ground-state Zeeman sub-

level, because of angular momentum conservation.

Mixing

m=1/2 2

m =-1/2
112
uenchin

ot Q g
VAVAVAVAR
Depopulation

Pumping

-0 000000

Zeeman
——— Isplitting Sl/z

Relaxation

Figure 4.1: Optical pumping of an al-
kali atom neglecting hyperfine struc-

ture.

The admixture of a small amount of N2 quenches both P-state sublevels, thus reducing

polarization losses from radiation trapping. At a magnetic field of 25 Gauss, typical for low

field pumping, the thermal ground state polarization for such an atom would be (at room

temperature):

Pthermal ~ knT
B

o7

2upB
adl ~ 1075,

(4.1)
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compared to polarizations close to 1 achieved by optical pumping. Since the ground state

of this atom has only two levels, it can be described by a 2®2 density matrix p, given by [2]
1
P=3 +2(S) - S. (4.2)
For example, for a fully polarized ground state, with (S) = %z, p is

, [to
ol = (4.3)
0 0

In contrast, for an unpolarized ground state, with (S) =0, p is

1/2 0
punpol — ( 4. 4)
0 1/2
The squared length (p | p) of p, defined by (p | p) = Tr[p!p] is for the first case (pP | pP?))=1,
whereas for the unpolarized case, (p**P?! | p*™P°)=1/2. In general, optical pumping will

increase p towards pP°, and relaxation processes will try to decrease it towards p*Pl,

4.2 Alkali Metal Optical Pumping

The foregoing can be generalized [3] to the actual case of nonzero nuclear spin (for example,
for 85Rb I = 5/2), where the hyperfine structure has to be taken into account. The ground-

state Hamiltonian in the presence of a static magnetic field B = B,z is :

My = A-S +gsupS. B, — %IzBZ (4.5)

The eigenstates of H, are |[FFM), where F' is the total angular momentum of the state in
the limit B, — 0, and M the eigenvalue of F, = I, + S, (M is a good quantum number for
any B,). Figure 4.2 displays the eigenvalues of H, (for ¥Rb) as a function of the applied
field, as expressed by the Breit-Rabi formula [4]

hAl/ M 2 1/2
22l 1) z+az°} (4.6)

E(F, M) = —
(F, M) 21 +1

1
—giupBM + §hAl/{1 +

with

(90 +91)upB

and [5] ¢7=2.0023, ¢gr=-0.0003 and Ar=3035.732 MHz. The +(-) sign corresponds to
F=I+}(F=I-1}).
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The density matrix is now a 12x12 ma- F
3000 |-
trix (in general (41 + 2) x (4 +2))and [ M
'ﬁ‘ L
it can be written as % 2000 F %
= [ 1
4 : 9 F=3
[} - =
p=0+0©:8 (48) ' 1000f 2
g A
) [ -3
where ¢ and © are purely nuclear op- 2 of
5 [
erators. The time evolution of the & [
Ln
€ -1000 [
density matrix can be attributed to -2
-1 —
two distinct processes: optical pump- -2000 | o F=2
1
ing and relaxation. Spin exchange with [ 2
-3000 |-
3He is one of the relaxation mecha- A T TP

0 20 40 60 80 100 120 140

nisms, but it will be considered sepa- Magnetic Field [Gauss]

rately.

Figure 4.2: Ground state magnetic sublevels of

Optical Pumping 85 Rb.

The rate of change of p due to optical

pumping is given by

dp, 1
P — RIp(1+25-8) = pl + —[6€0p. ], (4.9)

where s is the photon spin and §&,, describes light shifts due to real and virtual transitions

[3][6]. The mean pumping rate per unpolarized alkali-metal atom, R, is given by

R:/O d(w)o(v)dv (4.10)

1

where ®(v) is the photon flux in sec™'cm™2Hz~! and o(v) the D1-light absorption cross

section for unpolarized atoms. For a laser beam of power P sers=90 W , radius r =3 cm

and a Gaussian profile centered around )y = V—cO:794.8 nm having a width o), = 2 nm, it is
+oo Plasers 19 2
/ ®(v)dv = ———— =~ 107 photons/cm?s (4.11)
—o wr2hyg
and
(1) ! /+°°<1>( )dv =~ 5 x 10° photons/cm?sH (4.12)
1) = v)dy ~ otons/cm“sHz .
0 V2mo, J-c P

Furthermore, [*2° o (v)dv = mrecf, where re= 2.82x 1073 cm is the classical electron radius

and the f=1/3 is the oscillator strength for D1-light. The absorption cross section o(v) has
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a Lorentzian shape with a width v determined by the 3He density (see section 4.5.3). For
v =200 GHz, it follows that the cross section at resonance is
2 +o0
olv=w) = —W/ o(v)dy = 3 x 1014 cm? (4.13)
Y J—oo
Under these assumptions, the optical pumping rate turns out to be R ~ 4 x 10*s~!. With

ot (o7) light the state being optically pumped is F =3, M =3 (F =3, M = —3).

Spin Exchange

The spin exchange interaction between the electron spin S of Rb and the nuclear spin K
of 3He is a contact interaction of the form V. = a(R)K - S where R is the internuclear
separation. This interaction brings about a time evolution of the Rb density matrix given
by

(8),, = 7601+ 4(K) - 8) = ] + 6.0 (4.14)
where ﬁ = kse[>He] is the spin-exchange rate per Rb atom, with g = (vos.) the velocity-

averaged spin-exchange cross section, given by [8]
Kse = (6.7 £0.6) x 1072 cm’s ™! (4.15)

The frequency-shift operator, §&., produces a shift in the Rb Zeeman frequencies, pro-
portional to the 3He polarization. This shift will be used for >He polarimetry (see Section
4.6.3). The Rb-3He binary collisions result in an effective magnetic field §B experienced by
Rb, such that &, = 0B - (1pgsS). The classical field produced by a polarized >He sample
of spherical geometry would be 6B = 87 ££[3He](K). Due to the Rb-*He binary collisions

[11], 0B, is enhanced by a factor kg, so that

= K05 [PHe](K) (4.16)

Other Rb relaxation mechanisms
The Rb spin depolarization rate is given by [8]
Yrb = kgg[RD] + kug[Na] + (Ksq + ise)[ He] (4.17)

where

Fogg = 4.2 x 1071 em3s ™! (4.18)
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ksa(T = 450K) = 2.0 x 1071® cm?3s ™! (4.19)
Kooy = 8.0 x 10718 cm3s 1 (4.20)

are the Rb-Rb, Rb-He and Rb-Ny spin destruction coefficients, respectively, and g, is
given in (4.15). Since [Ng]=0.1 amg, the contribution of the latter is negligible. For usual

operating conditions, [Rb] ~ 4 x 10'* ¢cm™3, and [*He] ~ 10 amg. Thus

Ysa A 160 pp—rp + 560pp—_me = 720 87! (4.21)

Ny quenching

Nitrogen is used as a quenching gas in order to suppress the radiative decay of the Rb

excited state, thus preventing Rb depolarization by the unpolarized scattered light.
Rb(5°P) + Ny = Rb(5%S; ) + (N2)*, J =3/2,1/2 (4.22)

As described in (4.22), the Rb excitation energy is transferred to translational, vibrational
or rotational energy of Ny. The quenching cross section is [9] o, ~ 5-10~cm?. For a typical
nitrogen density of [N2] ~ 0.1 amg (and using the Rb thermal velocity) the characteristic
quenching time is about 7gyencn & 2 ns, much smaller than 7,44iqtive = 28 ns. Even though it
is reduced by the presence of No, the Rb relaxation due to radiation trapping is significant.

The relaxation rate is [10]

[yad. trapping — fR(l - PRb) (4'23)

where f = Yyadiative/ (Yquench + Yradiative), and Pry, the average Rb polarization. If the Rb
polarization is estimated from (4.27) by using the known spin exchange- and relaxation
rates, it is found that Pgj ~ 0.7. Thus, from (4.23) it follows that I';44. trapping ~ 800 s71.
4.3 3He Polarization Evolution
The density matrix describing the ensemble of He nuclei is
1
pre =5+ 2(K)-K (4.24)

with K the 3He nuclear spin. pg. evolves in time under the influence of the spin exchange

hamiltonian, oK - S, and the hamiltonians describing the nuclear relaxation processes. The
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time evolution of (K) due to the former, neglecting the magnetic field shift due to polarized

Rb, [3] is

9K = 7((8) ~ (K) (4.25)
where 5. = [Rb](vos.). Spin exchange also causes relaxation of the 3He nuclei. Further-
more, there are three other processes dominating *He nuclear relaxation, as described in the
following section, their total contribution being represented by I'. Thus the time evolution

of the 3He polarization evolution is determined by

dPHe
dt

= ’YSeZPRb - (73@ + F)IDHe- (426)
The equilibrium *He polarization is obviously

Vse
PP = Prp. 4.27
He 73@+F Rb ( )

vse strongly depends on temperature, and for the operating conditions in this experiment

(Tpumping ~ 180 OC), 'Ys_el ~ 10 - 12 h.

4.4 3He Relaxation Mechanisms

4.4.1 Dipolar and Wall Relaxation

The 3He -3*He magnetic dipolar interaction [7] sets a lower bound to the 3He relaxation rate
I', namely

r'> Fdipola,r = (428)

This holds at room temperature, whereas at optical pumping temperatures of about 450 K,
L dipolar is about 5% smaller. Thus for 3He densities of 10 amagat, 1 /T dipotar = 80 h. The
other dominant relaxation mechanism is wall relaxation. The average lifetime of the target
cells used, T', where

1/T = Fdipolar + 1—‘wa,ll (4.29)

was about 35 h, which means that T, contributed on the average 1/60 h~! to the relax-

ation rate.
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4.4.2 Relaxation due to Holding Field Inhomogeneity

The relaxation time due to field inhomogeneities in the holding field is [12]

I D|VBx|2 + |V B, |?
Top B2

(4.30)

where D is the 3He self-diffusion coefficient (=~ 0.2 cm?/s). Typ can be estimated by

approximating VB, VB, by df;z, which was measured to be [13], see Section 4.6.1)
dB
y © = 4.2+ 0.5 mGauss/cm (4.31)
z

Thus Ty ~ 10* h and is completely negligible.

4.4.3 Beam Induced Relaxation

When the electron beam is passing through the target cylinder, there is an additional
relaxation mechanism caused by beam-induced *He ionization. The energy loss of high
energy electrons in Helium is characterized by the constant E’ ~ 2MeVcem?/g. The total

energy loss along the target of length L will then be

AE = ‘jl—EL = E'M[He]L (4.32)
T

with M = Msy, = 5-1072* g. The mean energy expended by an electron for the creation of
a 3He™ ion is [14] Ep=32 eV. So the ionization rate induced by an electron beam of current
I (in particles/s) will be

I
yheam — INL - — E—UE’M[3He]L (4.33)

If the beam has an area Aj, then the number of *He atoms in the beam path is Ny, =

[He]AyL, so the ionization rate per *He atom , I'; will be
I,=——EM (4.34)

The beam-induced relaxation rate of 3He will thus be T'yeqm = gl = (g + 1), where
ng is the number of 3He atoms depolarized for each atom ionized. n, and n,, represent the
contribution to I'peqn, due to the atomic ions produced (3He+) and the molecular ions formed
(*Hey ), respectively. Due to the presence of the small quantity of No, the contribution of the
latter is completely suppressed [15]. The contact interaction between the unpaired electron

of 3He™ and the 3He nucleus causes polarization transfer from the latter to the former, a
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process that by itself conserves polarization. Charge exchange collisions with other atoms
(for example, Ny) or the cell walls bring about the irreversible loss of nuclear polarization.
The atomic depolarization number n, has a value between 0 and 1, depending on the partial
pressures of the gases present. Since there is no exact expression for n,, for the following

we will use just the fact that n, < 1.

Estimate of ['}'2Y under typical conditions

For a beam current of I=10 A and a beam radius of r, = 100 pm, it follows that the
ionization rate in beam, I'y, will be Fb_lz 16 s. Due to beam rastering, the beam scans
a spot of area Ag, and the relaxation rate in that region, I'y will be reduced by a factor
WTE/AS . Taking s = 0.15 cm, we find that 1“8—1: 1 h. Since the target cell radius is r; =

0.8 cm, the volume averaged ionization rate (in the target chamber alone) will be

A 1
[i=l— = —— 4.35
nr? 28.5h (4:35)

Thus, since n, < 1, the upper limit for the beam-induced relaxation rate will approximately

be

1
r < — 4.
beam > 30 h ( 36)

The target polarization loss observed (about 20%, relative) is compatible with the above
estimate.
The room-temperature (that is, I'gipotar + [wair) lifetimes of the targets used are shown in

the following table.

Target Cell | Lifetime [h]
DontWorry 15
Armageddon 40
BeHappy 40
Nepheli 25
Sysiphos 53
Jin 29
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4.5 Target Cells

Optical pumping and spin-exchange takes place in specially prepared glass cells, a typical
example of which is shown in Figure 4.3. The cell consists of a spherical pumping cham-

ber, a transfer tube, and a long cylinder where electrons scatter off polarized *He nuclei.

Contents

[Rb] ~ 10" cm™®

4.5.1 Cell Construction Pumping Lasers 3

20
6em [PHel~ 107 cm

The process of cell construc- [N,]~ 10" cm3

tion consists of three basic steps, Windows : 130 - 150 pm

namely glassblowing of the target
Electron Beam

cell and the glass string to which

it is attached, vacuum system bake

out, and gas filling.

Figure 4.3: Target Cell used ot E-94010

The glass surface is very criti-
cal to the relaxation polarized *He,
since it is the interaction of the helium nuclear spins with the surface atoms that forms one
of the possible nuclear relaxation channels. There has been evidence that surface microfis-
sures enhance the relaxation rate by trapping the helium nuclei at the surface and hence
increasing the interaction time between the two. Therefore, the glass tubing used for the
construction of the cell body has been "resized”, in order to smoothen the glass surface.
Resizing is a procedure during which the commercial glass tubing is brought to a melting
temperature, at which it is radially expanded.

The string with the target cell is then mounted on the vacuum system, the layout of
which is shown in Figure 4.4. It consists of the gas handling system, the pumping system,
and the glass string. The pumping system is driven by a diffusion pump (with a liquid
nitrogen trap on the inlet), which is backed by a mechanical pump. The lowest achievable
pressure, measured by an ion-gauge, is somewhat less than 10~% Torr. The cell is baked
out at a temperature of about 480 °C for a period of four to five days, in order for the
volatile impurities on the glass walls to be pumped away. During that period, Rb from the
ampule is chased with a glassblowing torch into the little recess to the left of the retort. Rb

is chased into the recess and moved around somewhat in order to evaporate what appears
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Figure 4.4: Vacuum system Layout and String.

to be the oxidized surface formed by the initial contact of the ampule with the atmosphere.
The retort is finally pulled off.

At the end of the bake-out, and before gas filling, the Rb is chased from the recess into
the cell. The next step is the nitrogen filling. Nitrogen is flowed through its purifier (green
path in Figure 4.4) until the pressure in the string is about 40 torr. The target cylinder of
the cell is then cooled down to about 10 K by flowing liquid helium through a dewar that
encloses it. The nitrogen accumulates in the cold cylindrical target chamber, and the initial
string pressure of about 40 torr is chosen so that the final room temperature Ny pressure
will be the desired 60-70 torr.

The most important effect, though,of the cooling is the fact that the pressure in the string
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is always kept below 1 atmosphere. The glass can thus collapse under the atmosphere when
the time comes to seal off the cell.

The last step is filling with *He. This is a repetitive process, during which a ’fll’ volume
is charged to a known pressure a number of times. The fill volume consists of the calibrated
volume and the manifold volume. By opening the manifold valve, this volume can be
charged to a certain pressure (measured by Baratron 1), by flowing helium from the 3He
tank through the helium purifier (blue path in Figure 4.4). By opening the string valve,
helium from the fill volume flows into the cold target chamber. This is repeated until the
desired average *He density in the cell is achieved (9-10 amagats). The cell is finally sealed
off using a hand-held torch.

4.5.2 Cell Volumes

The total volume of the cell is needed in order to extract the *He density from the vacuum
system gas filling data. Moreover, the volumes of the individual parts of the cell, namely
the pumping chamber, the transfer tube and the target chamber, are necessary for the
calculation of the gas density distribution when a temperature gradient is present. They are
also needed in the polarization diffusion model used for the EPR Calibration (see section
4.6.3). There are three ways to measure the cell volume: at the vacuum system, the
buoyancy method, and the geometrical measurement using the external cell dimensions. The
last two methods measure the outside cell volume, so the glass volume has to be subtracted.
The buoyancy method rests on Archimede’s principle. A metal block suspended from an
accurate scale is submerged in water. If the weight with just the block is Wy, and the
weight with the block and the cell attached to it is Whjocktcelr, then the inside cell volume

will be :
Whiock — Whiock+cell + Meell — Meell — M3ge

Veell = (4.37)

Pwater Pglass

The accuracy of the measurement is about 0.5%. An independent check was done using a
glass sphere made out of pyrex glass (ppyrex = 2.23 g/cc). By measuring the mass of the
sphere when empty and when filled with water, its volume was found to be 303.1£0.1 cc.
The buoyancy method gave 303.0+£1.5 cc, whereas from the vacuum system data it follows
that the volume is 298.0+1.2 cc. In the following, we will use the volumes determined by the

buoyancy method. For the individual cell parts we use the volumes measured geometrically



Chapter 4: The Polarized *He Target 68

scaled such that their sum equals the total inside volume determined as described previously.

These volumes (in cc) are shown in Appendix B.

4.5.3 Cell Densities

There are two independent ways to determine the 3He density in the target cells. One uses
the data from the gas filling procedure during the cell construction. The second is based

on absorption spectroscopy on the sealed cell.

Vacuum system density

Let P;m”“l be the pressure in the fill volume after charging it up for the j-th time, and
ij mal the equilibrium pressure after opening the string valve for the j-th time. Let Pp;,q
be the pressure in the fill and string volume when the string valve is opened after the cell
has been pulled off. If N is the number of fill-volume charges, then the number density of

3He in the cell will be:

1 g initial final initial
N3 e = m [(]2:1 (P] - P] ) + PN )Vfill - Pfinal(vfill + Vstring—cell)]
(4.38)

where T'y;; and Vi are the temperature and volume of the fill-volume, respectively, and
Vistring—celr 18 the volume of the string after the cell has been pulled off. As mentioned
previously, the fill volume consists of the calibrated volume (V. = 993 ¢c) and the manifold
volume (V;;, = 160 cc). The uncertainty of the *He density depends on the uncertainty
of the pressure measurement (negligible, about 0.1%) and the uncertainty of the average
temperature of the gas in the fill-volume T';; (1.7%) and the fill-volume itself (0.2%). For
one target cell (Nepheli) only the manifold volume was used as the fill volume, making a

large number of charges N necessary, and amplifying the final density error.

Pressure Broadening Measurement

The second method to determine the He density relies on the broadening of the absorption
lines (D1 and D2) of Rb due to the presence of He , which acts as a high pressure perturber

of these lines. One can consider the collision :

Rb(i) + hw + 3He — Rb(f) + *He (4.39)
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Figure 4.5: (a) Ezperimental Setup for scanning the D1/D2 Lines. (b) D2 Lineshape data.

to result in a radiating oscillator (Rb) with a varying phase. In the impact approximation
[16], i.e. when the collision can be assumed to be instantaneous, the Fourier spectrum of

the oscillating amplitude is just a Lorentzian:

_ 1
Lw) = oo (W —wo — A2 + (7/2)2

(4.40)

The actual lineshape has a Voigt profile [22], i.e. it is the convolution of a Gaussian Doppler-
broadened line with the Lorentzian collision-broadened line.

The Doppler width is [22] : §fpopprer = 29.23VT

MHz. At T=100 °C , d fpoppier=565 MHz, which 3He N,
amounts to only 0.3% of the pressure-broadened | D1 full width

width. So the convolution integral is indistinguish- (GHz/amg) | 18.7£0.2 | 17.840.3
able from a Lorentzian, and this is the form we used | D2 full width

to fit the data. (GHz/amg) | 20.8+0.2 | 18.14+0.3

To the measured width of the absorption lines,
there are two contributions : the main one comes

from the broadening due to collisions with 3He.

cients.

Table 4.1: Pressure broadening coeffi-

However, there is a roughly 1% contribution due to N9, the density of which is only about

0.1 amg. The relevant proportionality constants, as well as their temperature dependence
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are known [21], and are reproduced in Table 4.1 . The temperature dependence of these
constants (70-95%0-95 for the D1 width and 70-53%0:96 for the D2 width) has also been taken

into account.

Measurement Technique 1207
Nepheli

As can be seen in Figure 4.5(a), the target g’ 11'5? ﬂr +

S, 110F
cell is placed in an oven heated to about > :

T 105F Armageddon
100 °C. An argon-ion laser pumps a scannable & p DontWorry *H

. . . o 100¢ W
Ti:Sapph laser equipped with an accurate 95é B(;Happy
frequency meter. A beam of intensity 2mW 9.0 g t ++
is picked-off from the Ti:Saph beam and g5k 4 D1 S +i.+n
“f v D2
sent through the cell onto photodiode 1. An- 8.0 k e Vacuum System H»+
. . . [ ®m Average

other photodiode (2) is used to monitor the O S R R

intensity of the incident beam. Both pho-

. . 3 - _
todiodes provide the input signals for two Figure 4.6: Results of "He density measure

lock-in amplifiers referenced by the chopper ments.
frequency. The logarithm of the ratio of the
two lock-in output signals is then fitted to a Lorentzian shape. A typical lineshape is
shown in Figure 4.5(b). From the width of the Lorentzian the width due to Ny collisions
is subtracted, and from the remaining width the 3He density is extracted. The dominant

contribution to the final uncertainty is the error in the proportionality constants presented

in Table 4.1 (1.6%). The results are shown in Figure 4.6 and included in Appendix C.
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4.5.4 Target Chamber Window Thicknesses

The most accurate method to determine the thickness of a target cell window is the inter-
ferometric measurement. It consists of reflecting a laser beam off the inner and the outer
surface of the cell windows and observing the interference pattern formed when the reflected
beams combine. A schematic setup of the measuring apparatus is depicted in Figure 4.7(a).

The beam from a scannable Ti:Sapph laser is reflected on the surface of the window to be
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Figure 4.7: (a) Experimental setup for measuring cell window thicknesses. (b) Reflectance
data.

measured. If the angle of incidence is «, the index of refraction of the glass n and the angle
of refraction 5 then the reflectance, R, is given by [22]:

_ Fsin?(¢/2)
14 Fsin®(¢/2) (4.41)

where F' is the finesse, and

4r f
= ——nd\/1 —sin?8 + A 4.42
b= ~Lndy/1 —sin?6 + Ag, (4.42)
with d the window thickness and f the laser frequency. For an angle of incidence of about

5°, 4/1 —sin? &~ 1 so that

$/2 = @nd + Ag. (4.43)
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By scanning the frequency (we usually scan over 3000 GHz) and fitting the resulting R versus
f pattern to the above form, one can very accurately determine the window thickness d.
Figure 4.7(b) shows an example of the measured reflectance and the corresponding fit. The

J{cl __J;?O, where [fy, f1] is the scan interval. Before

abscissa is a normalized frequency, namely
connecting the windows to the target chamber, we also measured them with a micrometer
of 1.3 pum resolution. All the thicknesses fall within the range of 120-150 pm, and are shown
in the following Table.

Target Cell | Window Thickness [pm] Time in beam
Mechanical | Optical [days]
DontWorry 2 137.2+£1.3 | 135.940.6
21 143.5£1.3 | 140.1+0.5 16
Armageddon VII 125.7+1.3 | 121.940.6
XVIII 142.2+1.3 | 139.14+0.7 7
BeHappy 4 129.5+1.3 -
) 132.1+£1.3 | 135.3£1.6 12
Nepheli -
- 6
Sysiphos 9 152.4+1.3 | 134.2+1.0
18 132.1+1.3 | 121.0+1.0 12
Jin 14 142.2+1.3 | 136.1+1.2
15 137.2+£1.3 | 134.84+0.8 23

The error in the optical measurement

is determined by the fit to equation (4.41), whereas

that of the mechanical measurement depends on the resolution of the used micrometer.
However, the window thickness traversed by the beam is not known with the accuracy that
the above errors suggest, first because of the imperfect alignment of the cell with respect
to the beam, and second because the beam covers a spot of about 4 mmx4 mm due to

rastering.
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4.6 *He Polarimetry

4.6.1 AFP as Polarization Monitor

The polarization of the He target was monitored about once every 4 hours using the NMR
method of Adiabatic Fast Passage (AFP) [25].

The method consists of adiabatically revers-
ing the direction of the >He spins. The
induced EMF signal in the pick-up coils

next to the target cell during this rever-

y
sal is a measure of the polarization of the -
y
3He gas. The AFP is performed by sweep-
ing the holding field Hy through the res-
onance determined by an RF field of fre-
XA
quency vrrp=91 kHz. The amplitude of o
the RF field was 2H1=181.6 mGauss. H;
is applied at right angles to Hy. Figure
& & & Figure 4.8: Dynamics of AFP
4.8 displays the dynamics of AFP in the
laboratory- and the rotating-frame. The total magnetic field in the lab-frame is
H=12zH,+ x2H cos2nvgpt . (4.44)
In the frame rotating at vgp [24] the effective field seen by the spins is
v
Hsp = (Ho — —iF)z + Hix/, (4.45)

where yg. = 3243 Hz/Gauss. By sweeping Hy from H}j4ing(=25 Gauss) through resonance
”RTF(:28 Gauss) to Hena(=32 Gauss) the effective field H,f; rotates about y' from -z

through x’ to z. It can be shown [24] that the magnetization will be precessing about H, ¢/

H,
Hpotding

at an angle 6 such that tanf =~ . Since H; = 90.8 mGauss, 6 < 1. Consequently the
*He magnetization will follow H, s and tip from -z to z. Figure 4.9(a) depicts schematically
the AFP spin reversal.

The sweep of the holding field Hy has to satisfy two constraints, in order for the spin-

reversal to be efficient, i.e. without polarization losses: the sweep has to be adiabatic, that

is, slow enough that the magnetization will always be aligned with the effective field. On



Chapter 4: The Polarized *He Target 74

H,[Gauss]
A
H,.= 28 Gauss «+—» v__ =91 kHz
32 ‘
| > 5
28 |--unns SEEEELEEEED N Hres ’YSHe RF 24
: : ‘ % ]
. : | 3 ]
25 — : : > 5 9 ]
0 1 58 | 116 t[sec] el i
: ! ! ; : _ S . f ]
N R 5 Hge = 91 mGauss E 1 : 5
AT A 0 !
o He . . ' [ ]
_>/<_ ............. e R b ]
|:| Ho 25 26 27 28 29 30 31 32

Pick Up Coil Holding Field Hy [Gauss]

(@) (b)

Figure 4.9: (a)Schematic of AFP. (b)Typical 3He NMR signal.

the other hand, it has to be fast enough that the spins have no time to relax. The slowest
precession frequency of the spins about H.;y occurs right at resonance, when H.pp =
H,. The characteristic precession time is 1/(yH;), whereas the time of passage through

resonance is 7 ~ H;/Hy. The relaxation rate in the rotating frame is [17]

1 |V Hy|?
— =D 4.46
Tlr H12 ( )
The sweep rate Hy should thus satisfy the conditions :
1 H
— L — H 4.47
T < T, <Ly (4.47)

Since Ty, =~ 2000 s and yH; ~ 300 s~!, whereas %‘1) ~ 13 s~', condition (4.47) is easily

satisfied.

Transverse RF field H;

The transverse RF field, Hy, used during an AFP reversal is provided by a signal generator
fed into a power amplifier. The magnitude of Hy is chosen so that the width of the EMF
signal is completely power-broadened. As can be seen in Figure 4.10, the amplitude of
the AFP signal is independent of H; when in the power-broadening regime. Using the

measurement depicted in Figure 4.10, the longitudinal gradient of the holding field % can
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be extracted. If 2L(=10 cm) is the length of the pick-up coils, and by = 2L%, then the

amplitude of the AFP signal at a given H; is given by

1H11 VH? + b2+ by

Sinar = 3. — 1, for Hy — o (4.48)
2bo \JHZ 4 b2 b
By fitting the data to the above functional form, 115
= :
by can be extracted. It was found that by ~ &2
Q11 [
42 mGauss. We used this value in Section 4.4.2 E 1075t
o T
to estimate the *He relaxation due to the field in- E 10.5¢
L [
homogeneity. & 10 b, = 18.4 mGauss (Up Ramp)
10 |
075k b0 = 23.6 mGauss (Down Ramp)
AFP Signal Shape 95 |
9.25¢
To the motion of the spins in the rotating frame one 9 B
20 30 40 50 60 70 80 90
has to superimpose the precession around z with H; [mGauss]

frequency vgrp to fully describe their motion in the

lab-frame. It is easily seen that a lock-in amplifier Figure 4.10: AFP signal amplitude as

. . 173 H,.
referenced at vpp can detect the EMF signal that is a function of Hy
induced in a pick-up coil placed in the y direction.
Since the induced signal S(t) is proportional to the transverse magnetization My, and

Mrp ~ (Heff)Ta the form of S(t) is

H,y

JHol) =257 + 12

S(t) ~ My ~ (Hegf)T = (4.49)

Thus the functional form of the AFP signal, of which a typical example is shown Figure
4.9(b), is a square root of a Lorentzian. The amplitude of the signal S,,,, is proportional

to the *He polarization.
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4.6.2 Water Polarimetry

bpB

The thermal polarization of protons in water is given by Pyperma; = tanh( kBT)' The proton

magnetic moment is p, = 2.793uy.

For a holding field B of 18 Gauss and T=295 K,

Pihermal ~ 6.23 x 1079, Although very small, this polarization can produce a measurable

AFP signal that can be used to calibrate the >He -AFP signals.

Since for the protons, v,=4.257 kHz/Gauss,

the resonance field for an RF frequency
of 91 kHz is H;.,=21.27 Gauss. There-
fore the holding field is ramped from 18
to 25 Gauss for the water AFP signals.
Figure 4.11 shows the signals obtained
during one of the three water calibra-
tions used for our experiment. Fitting
the water AFP signals and extracting
the polarization corresponding to the
signal peak is complicated by the fact
that the longitudinal and transverse re-
laxation times, 77 and T5, are of the
same order of magnitude as the sweep

time, namely 77,75 ~ 3 sec, and the
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Figure 4.11: Water calibration signals, average of

128 sweeps.

sweep time iS Tyyeep=5.83 sec. The water signal shape and the corresponding evolution

of the polarization have therefore to be extracted from the Bloch equations, which in the

rotating reference frame read as follows:

d;m _ B —T2xH1 P, (H, (t) — Ho) (4.50)
% - _% — yP,(H,(t) — Hy) + vP,H; (4.51)
djzz _ _opH, - Pz%ffz(t) (4.52)
and
H,(t) = Hy + ot (4.53)

where the sweep rate is @ = 1.2 Gauss/sec and y = k‘;pT =3.36 x 1010 Gauss .
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In general there is no analytical solu- P
eq
tion for equations (4.50)-(4.52), but in 8-107°}
the case of Ty = T, they can be re- 6-10° | P
duced to one equation for the magni- 4-10° eff
tude of the polarization vector, Py, 2.10°
where P,;r = /P2 + P2 + P2, namel
eff T y z y 3 > x] 5 5 sec]
APy 1 -2:10°
—— = ——(Poss — Pyt 4.54
AL = Py = Pu(t) (45)
where
H?+ H,(H, — H, -8-107 |
Peq(t) =y i+ z( z 0) (4‘55)

\/(Hz — Ho)? + H?
Figure 4.12: Numerical Solution of Equation

(4-54)-

is the equilibrium polarization that
P, ¢y would relax to had it an infinite
time. The solution of (4.54) is

Peff(t) = e_(t_to)/Tl (P(to) + TL

t
/ =T, (¢ )at') (4.56)
1

to

The signal induced in the pick-up coils is proportional to P,, where

H H
Py = Poyptells _ p, 1

11 (4.57)
off JH. — Ho)? + B

The first equation in (4.57) tacitly assumes that the polarization vector is aligned with
the effective field. Figure 4.12 shows the time-evolution of P.4(t) and P.fs(t) obtained by
the numerical solution of (4.54). (This is to be contrasted to the helium AFP signal, in
which case the limit 77,75 — oo can be used in the Bloch equations (4.50)-(4.52), since
T1, Ty > Teyeep- Then it can easily be shown that dlz% =0).

After expanding the exponential and the denominator of P, to first order, the form
(4.56) of P.rs can be used to obtain an approximate analytic solution for fitting the water
signal. The error in the fitted signal-amplitude is 1.3%.

We used de-oxygenated, deionized water, the T} of which we determined independently,
based on the ratio R of the Up- and Down- signal peaks. It was found [18] that 77 = 3.0
+ 0.4 sec (to be compared with the world value [19] 2.95 sec at 20 °C). T» is a function

[20] of the RF field H;, and for H;=90.8 mGauss we find that [18] T, = 2.7 £+ 0.4 sec. To
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correct for the fact that 77 # T we solve the Bloch equations (4.50)-(4.52) numerically and
find that the up- and down- polarizations, P, and Py, that we must associate with the
maximum signal heights of the up and down NMR signals have to be corrected by 0.36%
and 0.21%, respectively. We thus find that

Py = 6.415 x 107 and Py = 7.655 x 107, (4.58)

with the corresponding error of 1.3%.

Corrections

There are several corrections that have to be applied in order to extract a calibration
constant Kyaer that characterizes the response of the NMR apparatus.
(i) Flux Correction
The signal measured in the pick-up coils is proportional to the polarization of the medium
under consideration, its density and the amount of coupling with the pick-up coils, that is,
the flux.

Since the target cells used (either water cells or

helium cells) have target cylinders with different

has to be divided out. The flux ® is defined as

o= A-dl (4.59)

coils

radii, the flux produced by them is different and
y

where the integration is performed around the \ /
pick-up coils, and A is the vector potential cre- Pick-Up Coils

ated by the magnetized medium in the cell (for Figure 4.13: Geometry for flus calcula-

unit magnetization in the z-direction, see Figure

4.13):

tion. Only the target cylinder is shown.

Z XT
A(r) = / dBr=—. (4.60)
Veell r[3

The vector potential is calculated by integrating over the volume of the target cell. The
transfer tube contributes a negligible amount to the flux, but the pumping chamber reduces
the target-cylinder flux by about 10%. The fluxes of different cells can differ by as much as

10%. The error in the flux as a result of the uncertainty of the cell position in the pick-up
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coils is found to be 2.1%.

(ii) Q-Curve Correction

The response of the pick-up coils changes slightly with time, one reason being target cell rup-
tures.

The response was monitored by an excitation coil that produced RF of a given amplitude
and varying frequency. The voltage induced in the pick-up coils as a function of frequency

is

f
2 2
Jarf v

A, fo and Q are obtained from fitting the shape of V vs f with (4.61). The amplitude A

Vif)=A

(4.61)

depends on geometric factors and the amplitude of the signal that drives the excitation

coil. Since the AFP-Signal peak occurs at 91 kHz, the correction factor G is defined as

Gg = %. During the experiment G¢ changes by 0.8%, as seen in Figure 4.14.

The corrections mentioned so far are common 1.27 0

between the water calibration and the EPR cali- 41 ogt ¢ ® ° 1
bration to be described in the following section. It 1.95 _ i ® ]
is thus advantageous to define the calibration con- 104 _ 8 8 g S 8 ]
stant of the NMR apparatus as [ @ g 8 g @
1230 2 9 3 4 3
S[mV] [
KR = (462) 122 P 1 1 1 1

ni[amg] P [%]@[cm?]G o
where S is the AFP-Signal peak in mV, n; the tar- Figure 4.14: Change of Go during the

get density in amg (1 amg = 2.688 x10' cm™?), experiment

P; the target polarization in %, ® the flux in cm?

and G the coil response correction. For the case of water n; is the proton density , n, =

2482 amg, and P, is given by (4.58).

Pertinent to the water calibration are the following two corrections:

(i) Holding Field drift

Since the water signal is an average of a large number of AFP sweeps (100-300), the effect
of the drift in the holding field Hy is of concern. By comparing the resonance position of
groups of 50 sweeps, it was found the holding field drifts at a rate % =0.001 h=!. In the

following table we show [18] the number of sweeps for each of the three water calibrations
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done during the experiment, and the correction that has to be applied to the signal peak.
(ii) Target Enclosure

During the experiment the target

enclosure was surrounded by an alu- Date 09/25/98 | 11/03/98 | 11/25/98

minum cover sheet, which was not in # of sweeps 123 171 213

place during the water calibrations. Csny 1.0035 1.0156 1.0099
Hy

It was found that the signal peak
was increased by 1.7% with the aluminum cover in place. Therefore, the water calibration
constant has to be corrected by Ceoyer=0.983 . Finally, one has to multiply by the ratio of

magnetic moments %e = 0.762 and by the ratio of

-4

water [10 %amn;vcmz ]
5g [ Average K ...

. -4

I 5.56x 10 * 2.3 %

5.6 [ 092598 ]

5.4 B 11-25-98 ]

- 11-03-98 1

Figure 4.15: Results of the Water Calibration.

pre
pre-amplifier gains used for water and helium signals, namely %’Lﬁ% (For the three wa-

water
tercalibrations, Gy .. was 200, 100 and 1000 respectively, whereas GV.7. — was always
20). Figure 4.15 shows the three different calibration constants thus obtained and the total
average. The final error is dominated by the flux error, the uncertainty in the calculated

thermal polarizations corresponding to the signal peak, and the amplitude of that peak.
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4.6.3 EPR Polarimetry

The frequency shift Avgpgr (see 4.14) produced in the Rb EPR frequency of the Zeeman
transition (F=3,M=-3—F=3,M=-2) due to spin-exchange collisions with 3He is also a means
of polarimetry, since Avgpr ~ (K,) and the 3He polarization is Pig, = 2(K,). The

frequency shift is

d
AVEPR = ZEéDR 0B (463)
where 0B is given by (4.16).
d”f% can be calculated from (4.6) to be Mixer - Feedback
(at 25 Gauss) Lock - In Amplifier Vin Vimod Vour
Vin Vref Vout
d kH Voltage Controlled
de};R |M=—35M=—2= 485-82G i I Oscillator
e Ve RFu
' 150 Hz Generator Photodiode
ko is temperature dependent and has EPR Coil 5 Collimating Lens
been accurately measured [26] : Pumping Lasers Oven l
Frequency
Counter
ko = 4.52 4+ 0.00934 T[°C] (4.65) e )
The actual EPR frequency of Rb will be VEPR
vEPR = 1o £ AvgEpPR (4.66) Figure 4.16: Setup for measuring VEpR.

where 1y is the baseline EPR frequency at the holding field of 25 Gauss. The +(-) sign
corresponds to the case that the holding field B and the *He magnetic moment are aligned

(antialigned). By reversing the 3He spins, Psp, can be cleanly extracted from (4.66).

EPR Experimental Setup

The experimental setup used for measuring vgpp is shown in Figure 4.16. The principle of
the measurement is the following: frequency modulated RF is applied to the EPR coil from
the Voltage-Controlled-Oscillator (VCO), causing transitions from the M=-3 to the M=-
2 Zeeman sublevels of Rb, thereby increasing D1-light absorption. Due to the frequency
modulation, the scattered light intensity is thus proportional to the derivative of the Zeeman

transition lineshape, and at resonance it is zero.
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In order to suppress the dominant 11980 [y T T
R A N NN ]
D1 component of the scattered light, a — 1197s] T - . . T " ]
D2 filter is used before the photodiode, é T . ’ ]
= W9F B . . .
and the D2 scattered light intensity is & C
_ _ 8 110e5F
observed. The photodiode signal has & F . R Av, ]
Lt B . . . ]
a component varying with the modula- g 11960 'SDEI n—f lips T . T ]
o : ’ ]
tion frequency, and is easily picked-up W 11955F . ]
: T e :
by the lock-in amplifier referenced to 11950 W Lt ]
the same frequency. The output of the 12045E e L e e L L T
5 10 15 20 25 30

lock-in is used to drive a feedback cir- Time [s]

cuit that keeps the VCO locked at the
Zeeman resonance, which is read by a Figure 4.17: EPR calibration data.

frequency counter. This measurement is performed when the *He magnetic moment is
parallel to the holding field Hy. Then the 3He spins are reversed by AFP (this time sweep-

ing the RF frequency, since the holding field has to be constant), and the measurement is

performed again. A typical data-set is shown in Figure 4.17.

Polarization Diffusion

The polarization extracted from the EPR data is the polarization of the *He gas in the
spherical pumping chamber. Since only this part of the cell is being optically pumped, a
polarization gradient will develop along the z-direction, as defined in Figure 4.18. It is nec-
essary to calculate the polarization gradient dP/dz, in order to extract the *He polarization
in the target cylinder. Let P, (P;) be the volume averaged, time dependent polarization
of the pumping (target) chamber and L;, the length of the transfer tube. We assume that
at z=Ly /2 (z=-Lyy/2) P = P, (P = P,), that is we ignore any gradient in the pumping
and target chambers. Let p* (p~) be the probability of finding a *He atom in the spin up

(down) state. Then

pt+p =1 (4.67)
pt—p = (4.68)
dp* _ 1dP

(4.69)
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A polarization gradient along the transfer tube will result in a current

JT(2) = n(2)D(z )djz = %n(z)D(z)Cfl—f, (4.70)

where n(z) is the 3He density and D(z) is the diffusion coefficient. Both are a function of

z because of the temperature gradient along z.

D(2) = D(Ty) ?0) (T(*”))m’1 (4.71)

with D(Tp)=2.76 cm?/s , at 80 °C and 1 atm (where ny=0.773 amg), and m=1.7 . The

temperature along the transfer tube will be

T(z) =T, + Ty ; T (z+ L/2) (4.72)

Taking into account the fact that J(z) = const = J, we can integrate dP/dz in (4.70)
from -L/2 to L/2 and get

J = %Dt%K(Pp —P) (4.73)
where D, = D(z = —L/2) and ny = n(z = —L/2)
wnd 1-5% Temperature T
K=02-m)——%&— (4.74) ’

1 (Tp)Z—m Polarization Pp
Ty Density n,

Thus the rate of change of polarizations will be :

dP, 2.J noP L /2
—Pr_ _ Ay 47 A W 1 [ Tt
at  nV, ! (4.75) r
and
ap, 29 . By Y J_ Lk------ —L /2
dt = nt‘/tAtr, (476) tr

where A;, is the cross sectional area of the transfer ~ Gradients

tube. So the rate equations describing polariza-

tion diffusion can be written as Figure 4.18: Target cell cross sec-
dP . . . . _
d_tp — G,(P,—P) (4.77) tion with the directions of tempera
P ture,density and polarization gradients.
d—tt = —Gy(P, - P,) (4.78)

with

Ay ny
G —DyK 4.79
)= D (479)
Atr

G, = DK 4.80
(= oD (4.80)

Both G}, and Gy are of the order of 1 h—L
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Complete Rate Equations and steady state

To complete the rate equations, we have to take into account polarization generation and
relaxation. In the pumping cell, the rate of increase of polarization due to spin exchange with
polarized Rb will be ysg Pgr, . The polarization also relaxes due to the same mechanism.

The relaxation rate due to all other mechanisms is denoted by I',. So,

dP,
— = —Gp(Py = P) +ys8Pr — (Y52 + Tp) Py (4.81)
Similarly,
dP,
dtt = —Gy(P — Py) — TP, (4.82)

I'; is in general different from I',,, because in the target cell there is the additional mechanism
of beam induced relaxation. The EPR calibrations were never performed with the target in
beam, so for this case I''=I",. If P;° and P/ are the saturation polarizations (% = %:0)

of the pumping and target cell,respectively, it follows that

VSE
P = Pry (4.83)
p GpG
Gp+vse + Ty — oha
Gy
P = P 4.84
t 'y + Gy p ( )
The solution of (4.81) and (4.82) will then have the form:
Pyu(t) = AS)emstowt 1 A e~ sastt 4 PO (4.85)

with

1
Yfast = E[Gt + Gp + Ft + Fp + YSE + \/(Gt - Gp + Ft - Fp — 'YSE)2 + 4Gth] (486)

slow

At time ¢ such that 7,4t > 1 (which is the case since vy, =~ 3h~!) we can omit the second

term, and get a relation between P; and P, of the form:
P, = 0[1Pp + Qo (487)

with
POO
o) = Vastty (4.88)
YrastPy® — ¥sEPrb

’YfastP;O
ViastP5® — vsePrb"

ar = PP(1 - (4.89)
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This was the case for EPR calibrations performed after the target had been in steady state
for several hours. For sequential EPR calibrations for which the condition of the target
changed after the first calibration we use equations (4.81) and (4.82) to calculate the target

polarization with the appropriate initial conditions.

Temperature and *He Density Distributions

In order to calculate the densities n; and n,, we need to know the temperature distribution
in the target. Figure 4.19 shows the points on the target cells were the temperature was mon-
itored with seven affixed RTD’s. The pumping chamber was at a nominal temperature of
about 190 °C and the target cylinder at 50 °C at points 1 and 5, and up to 70 °C at point 3.
The temperature of the pumping RTD 6

chamber is actually higher than the Pumping Cell

value measured by either RTD6 or

Pick-up Coils  RTO 7| | oter Tube

RTD7, the reason being the heat de-

posited by the pumping lasers. We RTD1 RTD2

RTD 4 RTD 5

estimated the difference, A, of the

Target Cell
actual pumping chamber tempera- Length along Target Cylinder [cm]
L 20 -15 -10 -5 0 5 10 15 20

ture from the average (Tt + T%). x T e SRR
Since the NMR signal is propor- L -05é . .

o Uk
tional to the *He density in the tar- E 10E

> F
get, the effect of turning the lasers % 50

(@)} £
on or off will be to redistribute E -2.0F . .
the gas in the pumping and target -2.55 ‘ mammTEEaE ‘ ‘ ‘

. 20 15 10 5 0 5 10 15 20
chambers, thus changing the NMR

signal. It was found [18] that A = Figure 4.19: Target cell temperature measurements.

34 £ 18°C, when using three pump- 7, (1o gradient illustrates the 3He density distri-

ing lasers delivering 90W to the p, .. ..

pumping chamber. Thus
1
T, = §(T6 +T7)+ A (4.90)

A completely independent estimate of A was made by Walter, Griffith and Happer [27] by

studying the energy transport in high density optical pumping cells using Raman scattering.
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A cell made out of Pyrex glass, hav- 3200 —
n I : _ o
ing the same geometry as the cells used in 22227 Tr26ax16C
c
this experiment, was optically pumped with ", 2600}
S 2400+
. : 9]
varying laser power at the Rb D1 line. A T 2200, _
6-W probe beam from an argon-ion laser 2000 . i . .
. . . 1800 | < U _ [\ {\
(the 5145-A line) provided the primary Ra- w600l ﬂ f\ JIERE
man beam. It was passed vertically through 1400 s :
120051 05 5110 5115 5120 5125 5130 5135 5140 5145

the cell and imaged onto a double Raman
Wavelength [A]
spectrometer. Figure 4.20 shows the photon

counts obtained by a PMT at the exit slit Figure 4.20: Raman spectrum for pyrex cell
of the spectrometer as a function of wave- containing 8.4 amg 3He and about 60 torr No.
length. The signal-to-noise ratio is limited

by the amount of nitrogen present in the cell (about 60 torr). For 40 W of absorbed pump-
ing laser power, it was found that A = 58 + 25 °C. This number represents the peak
temperature in the cell, and the volume-averaged temperature is expected to be about 20%
lower. Within their large errors, both estimates are compatible. We therefore assign a 5%

error in the knowledge of the pumping chamber temperature

In the transfer tube and in the target cylin-

K [10—"

der we linearly interpolate the temperature EPR % amg cm?

between the points where it is measured. oo Pontworry) Nepheli |Sysiphos Jin
We can thus calculate the *He density along _

the target cylinder ny(z). To calculate the 6.0} +
EPR calibration constant, kgppr, we will _

need the average density between the pick- I + + +
up coils, namely n, = 552 n¢(z)dz, where ol +

[.=10 cm is the length of the pick-up coils. _ ® Calibration Point
One has also to consider the flux created 50 : Tcil;A::;?::e

by the pumping and target chambers sep- _ iC_, =5.68 104 *+2.79%
arately, since the gas densities are differ- P R A R A

ent. As can be seen in Figure 4.19, the flux

created by the target chamber is constant  Figure 4.21: EPR Calibration Constants.
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along the pick-up coils, and the contribution of the rest of the cylinder is very small. Thus

the calibration constant will be

S
Ptnc((I)t + Z—z@p)GQ

REPR — (4.91)

where ®; and ®, are the calculated fluxes induced by the target and pumping chambers,
respectively. The target polarization calculated by (4.85) is P;, S is the NMR signal in mV
and G the Q-curve gain correction.

Figure 4.21 shows the calibration con-

[10° "]
stants for all EPR calibrations per- 6.0 AVERAGE % amg emt
formed during the experiment, as well 59 _ £PR WATER AVERAGE
as their total average. The error is i

58
dominated by the error in the flux (2%) [
. 5.7F
and the error in kg. The value of kg r
. . . 56
given in equation (4.65) holds for a -
spherical sample. The pumping cham- 5.5F
ber is not exactly spherical, and fur- 5'4:'
- -4
thermore, we have to take into account 5.3 |- K .. =56810 * 2.7%
i -4
the contribution of the long-range field 5.2 F Koer =95610 * 2.3%
created by the transfer tube and the 5_1:_ K =562 10_4 + 2.0%
: AVERAGE
target chamber magnetization. It can 5.0 bty it iteee it it ettty

be shown [28] that these effects can be
Figure 4.22: Comparison of Water and EPR cal-
ibrati

ig%geom . 1

’%6 =Ko — (871' ay E)a (492)

taken into account by modifying kg to

where y is the unit vector along the direction of the *He magnetization Mas;, and Hyeom =
—@geyo—my is the long-range field due to the non-sphericity of the pumping chamber and
the *He magnetization in the rest of the cell. It is found that this modification decreases
ko by only 0.3%. We thus change the error of k¢ of 1.5% [26] to 1.8%. An error of 1%
is finally added due to the uncertainty in the 3He density distribution between the pick-
up coils, resulting from the imperfect knowledge of the temperature distribution ( a linear
dependence along the target cell has been assumed). The comparison of EPR and Water

calibration is shown in Figure 4.22. The 3He target polarization history during the entire
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experiment is shown in Figure 4.23. It is extracted using the average calibration constant

Raverages

50_ LA B L L L L
Tt ]
= 40f | ]
C B H ] J
= J Jv.i\f‘ ' t'\“ iy ]
© X y . -
S sf Ly SRR S
< K : v gl ]
O | : . .
(ol I ° : i
20 ' §
B - .
[ 2 = 8 ]
10F g £ = ;
[ o) o = < ]
L m Z n (o) -
O- 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 |-

0 20 40 60 80

Days into the Experiment

Figure 4.23: 3He polarization during E-94010

the NMR signal S, the target density in the between the pick-up coils n:, the flux factor
O =0, + Z_Z(I)P’ and the Q-curve factor G:

S
PP=— 4.93
! Haveragent(I)GQ ( )

The uncertainty of the polarization stemming from the above quantities is 4.3%. However,
as is detailed in the next chapter, the difference of polarized cross sections depends on the
product P;n;, the error of which is determined by the errors of k4perage and the flux factor

only, resulting in an error affecting the physics results of 3%.
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Chapter 5

Data Analysis and Results

5.1 Data Acquisition and Replay

The E-94010 data were acquired using the CODA environment, developed by the TINAF
Data Acquisition Group. The data were first written to a local disk and then transferred
to the Mass Storage System (MSS). The size of the data acquired during the three-month
running period was about 5 TBytes. The CODA data file starts with the header, containing
information on the event type, event size and run number. The rest of the file contains the
physics event data, and the special event data. The latter are the scaler readouts and
EPICS data. Scalers count raw detector hits and the number of accepted triggers. They
are monitored online and every 10 sec they are fed into the datastream. EPICS data contain
information on the status of the experimental equipment (such as magnet currents, high
voltages, etc). In the offline analysis the CODA datafile provides the main input of the
Hall A event analyzer program, ESPACE (the other input being a database file containing
detector calibration constants, physical positions, etc). ESPACE then calculates the focal
plane quantities characterizing each detected electron (see Section 5.3). Using the optics
database, these quantities can be traced back to the target in order to obtain the interaction
point physics variables. The output of ESPACE is in the form of ntuples (the most common
data structure in the analysis program PAW), from which the physics observables can be
extracted. The reduction of the size of the raw data after going through ESPACE is about
a factor of 10.
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5.2 Extraction of Polarized Cross Sections from the Data

The primary experimental observable derived from the data are polarized cross sections,

defined by
( Aot - 1 NF(E', ¢,0)
dE'dQ" Py Pyeqm mAE'AQ(Q* /e)

where N and QF are the number of scattered electrons detected and incident charge during

(5.1)

SHe

2
N+ Particle ID N+ Radiative ” gl(X’Q )

Detection Efficiency Corrections e)
q 2

N _>I
[ GI Sum Rule
| o

Q+ I:)beam
- n, AQ Ebeam Nuclear
Q Ptarget T Structure
c I Spectrometer
urrent Simulation
Calibration Beam Energy n eu t ro n
Belam and Target Measurements 2
Polarimetry
Target Analysis gl(X’Q )
2
9,(x,Q%)
Sum Rule

Figure 5.1: Data analysis strategy.

the helicity cycle +, respectively, E' their energy, ¢ and 6 the polar scattering angles (see
Figure 5.2). The target density and polarization are n; and P, respectively, and AE'AQ)
is the energy-acceptance bin over which the cross section is averaged. The polarized cross
sections are diluted by the beam and target polarizations, which have to be divided out.
Figure 5.1 displays schematically the general data analysis strategy. The initial counts N*
are filtered through the electron identification algorithms, and the detector inefficiencies
are taken into account, obtaining thus the good electron counts NF. The experimental
(radiated) cross sections are then obtained from equation 5.1. These have to be corrected
for external and internal radiation in order to arrive at the polarized Born cross sections,

Uﬁ and Uf (defined in Section 5.6), from which the main physical observables are extracted,
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namely the spin structure functions and the sum rules. These obviously refer to *He, and

to extract the same observables for the neutron, a nuclear model is needed.

5.3 Spectrometer Optics and Acceptance

The variables needed for the physics
analysis are the coordinates of the in-
teraction point of the scattered elec-
tron in the target, xy, y;, z; (see Figure
5.2(a)), the scattering angle 0; (trans-
verse plane), ¢, (horizontal plane) and
the momentum p. However, the VDC’s
measure the scattered electron coordi-
nates in the focal plane, that is the
focal plane crossing (zf, yr) and the
direction (6f,¢f) where x5 and 0y are
the dispersive variables. If the first set
of variables is denoted by the vector
T = (x4, Y, 2t, 0, dt, p) and the second
by the vector F' = (x4, y:,0f, ¢f), then
the two sets are connected by the mag-
netic transport matrix M, T' = MF.
The reconstruction from the focal plane
to the target is done assuming a thin
target (2 =0) and a centered beam.
The raster and beam position infor-
mation allow the determination of x;
and z;. A first approximation of the
magnetic transport matrix is obtained
by the knowledge of the spectrome-

ter magnetic field and the spectrome-

Spectrometer

y-target /q)t

Spectrometer angle ~ 15.5°

Beam Direction
x-target

(@)
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Figure 5.2: (a) Target coordinate system. The

(b)

Comparison of experimental and simulated 2 C

transverse scattering angle 6y is not shown.

data for different momenta.

ter and target position offsets as measured by the survey team. The matrix elements are
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then optimized by using real data obtained during the experiment with the '2C foils (see
Figure 3.13). Seven foils (thickness=51.46 mg/cm?) were spaced by 7 ¢cm along the beam
direction. Data were taken at 0.862 GeV with the spectrometer collimator in and out, and
with a sieve-slit (a tungsten plate with holes at known positions). The reconstruction of
the foil positions and the sieve-slit holes allows the optimization of the magnetic transport
matrix elements. The same data was used to understand the spectrometer acceptance, us-
ing the elastic 12C/(e, /) scattering. The world data [4] on the carbon elastic form factors
were used for a simulation of the experimental data. The comparison between the two is
shown in Figure 5.2(b). The uncertainty in the knowledge of the acceptance resulting from

this study [1] is less than 4%.

5.4 Elastic Cross Sections and Asymmetries

5.4.1 Elastic Cross Sections

The elastic >He(e,e') scattering can be used as an independent systematic check for the
understanding of the experimental apparatus and data analysis. The 3He(e, ') elastic cross

section is
do E'1Gh+1GY 20 o
(E)elamc = OMott 5 [? + 27 tan §GM} (5.2)

with 7= Q? /AM?, M the 3He mass and Gg(Q?),
¢ 10000f
G (Q? ) are the electric and magnetic *He elastic form 5 E,.., = 0.862 GeV
(@]
factors, respectively. The Mott cross section is 8000
2. .20
a“cos*5  p=15.5° 15.4 6000 [
o =——= =" ———— pbarn 5.3
Mott EQSZ'?’L4% EZ[GeVZ] & ( )
4000 |
The energy and scattering angle of the elastically scattered
electrons, incident with energy E, are correlated: 2000 ¢
E = % (5.4) Oom0 2w 2@ m
1 + HSZ'I’L2§ W [GeV]

The shape of the elastic peak as a function of invariant mass

W is shown in Figure 5.3 for one out of the two energies at Figure 5.3: °He Elastic peak.
which elastic data was taken during E-94010, namely 0.862
GeV and 1.718 GeV. The elastic form factors entering equation (5.2) are known to 2% [2].

Folding in radiative and acceptance effects the known elastic cross section was used [3] to
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simulate the experimental data. In-

3He Elastic Cross Section, Electron Arm

. . . 0.06
dicative results of the comparison be- — 0.055 EF
E 0.05 £
tween real and simulated data at 1.717 _g Obogi 3 ﬁ ﬁ }E ﬁ }E EE % ﬁ {E
. . . —  0.035 E
GeV are shown in Figure 5.4. Sim- 0.03 £
L8|G 0.025 ¢ E =1717GeV
. . 0.02 E ¥ Simulated Cross Section =15.503
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0.0], e o =SS — 55— 55
at 0.862 CGeV. The dominant contri- 1766 1768 1770 1772 1774 1776 1778
Run Number
butions to the uncertainty on the real 3 . ]
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1766 1768 1770 1772 1774 1776 1778
Run Number

(stemming from the Mott cross section
and the elastic form factors) results in
an error of 2.5%, and the spectrometer Figure 5.4: 3He Elastic cross section.

angle uncertainty (4 0.8 mrad, resulting in a 3% cross section error). The uncertainty of
the beam current and the nitrogen dilution add each 1%. Finally, the statistical error is
negligible. Added in quadrature, these uncertainties yield a total error of +£5.0% and +6.3%
for the 0.862 GeV and 1.717 GeV data, respectively. On the other hand, the uncertainty
of the simulated data mainly consists of two contributions : the uncertainty due to the
form factor error (4%) and the acceptance error (4%). The uncertainty in the target mate-
rial crossed by the electrons propagates through the radiative corrections into a 0.6% cross

section error. The total uncertainty for the simulated data is thus +6.4%.

5.4.2 Elastic Yield in Reference Cell Data

While the measurement of the elastic cross sections serves as a systematic check of the
combined behavior of the spectrometer and the 3He target, a relative measurement of elastic
yields using the reference cell results in a straightforward check of the 3He target density.
We used the reference cell filled with 3He at three different and known densities, namely 5.0,
6.8 and 8.2 amg. These densities are extracted from the fill pressure of the reference cell and
the measured temperature. Any density variation in the beam path due to beam heating

has been estimated to be negligible, less than 1%. We measured the counts under the elastic
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peak with the reference cell as well as with the >He target cell 'BeHappy’ at Fpegm=1.72
GeV. Using the known reference cell densities, the 3He density in the target cell can be
extracted. The measurement has been used as a separate estimate of the temperature
difference A, defined in (4.90). The latter is the difference of the actual pumping chamber
temperature from the average temperature measured by the two RTD’s attached on the
pumping chamber. The *He density in the target chamber depends on A, because the

temperature distribution in the cell determines the 3He density in each of its parts.

In Figure 5.5 we plot A as a function 100 ;

of the 3He target density. The blue error
band represents the uncertainty in the
knowledge of the room-temperature den-
sity of '‘BeHappy’. It actually determines

the accuracy with wich A can be de-

termined. The target density measured

with the previously described method is

Temperature Difference A [°C]

a line perpendicular to the x-axis (den-

sity axis) in Figure 5.5. The intersection

0 R e e e e L R N
10.8 11.0 11.2 114 116 11.8 120 122
Target Density [amg]

of this line with the blue band will deter-

mine A. The grey band around this line

represents the error of the density mea- Figure 5.5: Extraction of A from reference cell
surement. The latter is complicated by data.

the fact that the reference cell and target cell wall thicknesses (the thickness of the glass of
the target chamber cylinder) are different by about 50%, owing to the different glass they
were made of (the reference cell was made out of GE-180, the raw tubing of which is 1.67
mm thick, whereas the target cell was made out of Corning 1720, with a 1.11 mm thick
tubing. The raw tubes were resized, but the difference in the final thickness is approxi-
mately preserved). This difference propagates with a similar magnitude in the radiative
corrections to the elastic peak. Since the exact thickness of the target chamber wall of the
reference and the target cells was not known, we used the simulation of the elastic peak
mentioned in the previous section to fit the data, extract an approximate thickness and

apply the corresponding radiative correction factor to the elastic yield. The error in the
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extracted 3He density resulting from this procedure is about 1.5%, represented by the grey
band in Figure 5.5. The resulting estimate for A is A ~ 45 £40 °C, in agreement with the

other two estimates described in Section 4.6.3 .

5.4.3 Elastic Asymmetries

The elastic asymmetry for polarized electron-polarized >He scattering is [5]

21v7rc0s0* G2, 4+ 24/27(1 + T)vrp sinf*cos¢g* Gy GE

AH = —Ptarggtpbeam UL(]- —+ ’T)GQE + 27"UTG%\/[

(5.5)

where vy, vy, v, and vr are kinematic factors. 8* and ¢* are the polar and azimuthial
angles of the *He spin with respect to the 3-momentum transfer vector q (g, = (v,q)).

The results of the comparison between 3 .
He Elastic Asymmetry, Electron Arm

the expected (simulated) and measured < 3ng E o Measured Asymmetry E =1717 GeV
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(3% and 4%, respectively), and the elas- Run Number
tic form factors (4%). The total system-
. . . . Figure 5.6: 3He Elastic asymmetry.
atic error is 6.5% (relative). This com-
parison provides an important independent check of the combined consistency of beam and

target polarimetries.
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5.5 Radiative Corrections

The effects of internal and external radiation have to be unfolded from the measured cross

sections in order to extract the Born cross sections. As shown in Figure 5.7, the radiation of

soft and hard photons from the electron lines carries away energy and momentum, distorting

the kinematic interpretation (z,Q? ) of the events. The spectrometers have a resulting

response in the (z,Q? ) plane that reaches to large parts of the plane. The purpose of the

radiative corrections is to unfold this response and deduce the cross sections at the specific

(z,Q?% ) point.

Figure 5.7(a) shows the scattered
energy (E’) versus incident energy
(E) kinematic plane. A spectrome-
ter setting defines a point (or a small
region, taking into account the finite
resolution) on this plane, into which
counts fall. In the presence of ra-
diation counts fall into this region
from distant points on the plane.
Radiation before (after) the scat-
tering reduces the value of E (E’)
and moves events from the horizon-
tal (vertical) side of the triangle into
the detection region. The triangle is
bounded by the line defined by the
elastic scattering correlation (5.4),
from which events can be only radi-
ated away. Figure 5.7(b) shows the
locus of the triangle on the z — Q?

plane.

External
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Figure 5.7: Effects of internal and external radiation

on the kinematic dependence of the cross section, from

[6].
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5.5.1 External Radiative Effects

The externally radiated cross section is given by the following convolution integral

Em(lI

tmaz dt Es D
Oep(Es, By) = / T ) dE. /E dEL1(Ey, B, t)oimi(Ely ENI(El, By, terit) (5.6)
s P

tmin
where ¢z, (Fy, Ep) is the measured cross section with incident (detected) electron energy
Es (Ep), I(E, E.,t) is the probability of an electron of incident energy Ej to loose the
energy Fy — E. after traversing a material thickness ¢, amt(Eg,E]’)) is the internal cross
section for an electron of energy EY to be scattered into an energy Ej,, and I(E,, Ey, tezit)
the probability of an electron of scattered energy EI’) to loose the energy Ezlv — B, after
traversing the exit material thickness t.z;;. The probability I(E, E',t) is given in [7][8]. It
should be noted that the external radiative corrections are independent of the polarization

of the incident electron beam.

5.5.2 Internal Radiative Effects

The calculation of the internal cross section o;;,; involves the polarization of the electron and
the target. A customized form of the code POLRAD [9] was used. This code was designed
for polarized DIS scattering, and in its original form the quasi-elastic tail is calculated
starting from a delta-function at the position v = Q?/2My, where My is the nucleon mass.
Since the shape of the quasi-elastic peak has been measure in this experiment, POLRAD

was modified [10] to accommodate the actual shape.

5.5.3 Iteration

The final goal of the radiative corrections is to determine the Born cross section o gorp (Es, Ep),
which, when radiated (internally and externally), produces the measured cross section oegy.
The process of unfolding 0., to extract o, is iterative. Since the form of the latter is
not known, we use oz as an initial guess. The iteration proceeds in the following manner:
1. oguess = Oeap
. Radiate ogyess — 0raa
new

2
3. Modify oguess; Ogress = Oecap/Orad
4

. Go to step 2.
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The iteration typically converges after four or five passes, at which point 04,e5s changes by

only 1-2%.

5.5.4 Unpolarized Cross Sections

Figure 5.8 shows the measured unpolarized cross section gy for all six beam energies as a

function of energy loss v. We show the cross section before and after radiative corrections
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Figure 5.8: Unpolarized cross sections as a function of energy loss v, with and without

radiative corrections.

have been applied [10]. One can clearly see the quasielastic peak and the A-resonance. Due
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to the inclusive nature of the measurement and the smearing due to nuclear effects, such as
Fermi motion, other resonances cannot be resolved. The rapid decrease of the cross section
with beam energy is a direct manifestation of the Q—* dependence of the Mott cross section.
Furthermore, with increasing beam energy, the peak-structure gradually disappears into a

flat response, signifying the onset of the deep inelastic regime.

5.6 Extraction of ¢;"® and g,

After determining the polarized Born cross sections, the He spin structure functions g (v, Q?)
and go(v, Q%) can be readily extracted from the longitudinal and transverse cross section
differences. From (2.1) it follows that when the 3He spins are parallel to the beam direction,

the longitudinal cross section difference is

d?ot7  dPoc7 4o’ l-—y [1 + (1 —y)cosf 2M z

dQdE’ ~ dQdET T Q2 M y Ty 2] G

(Ao)p,

where y is the electron fractional energy loss,

E-FE
Y=7F

(5.8)

In the above definition the first (second) superscript arrow refers to the electron (*He) spin.
Similarly, when the >He spins are transverse to the beam direction, the transverse cross

section difference is

2ot dPo7t  4a? (1—y)?

A _ &
(Ao)r = Soim ~ a0dm ~ 07 My

o1+ o] (5.9)

Since (Ao)r and (Ao)r are measured, equations (5.7) and (5.9) can be solved for ¢g; and
go. Figures 5.9 and 5.10 show the 3He spin structure functions ¢g; and gy for all six beam
energies as a function of energy loss v, whereas Figures 5.11 and 5.12 show the same structure
functions at constant Q?, as a function of z. Similar comments regarding the Q? evolution
of the structure functions apply here, as in the case of the unpolarized cross sections. The
decrease of the latter with increasing Q2 is the reason for the increasing statistical error
bars of the structure functions. By observing the A-resonance peak in g;(z) and g2(x), it
can be noticed that, approximately, g2(z) ~ —g1(z). This can be attributed to the M1
nature of the A transition: this implies that the exchanged photon is primarily transverse.

Therefore the longitudinal cross section as well as the longitudinal-transverse interference
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cross section is small. Since the latter is proportional to (g1+¢2), as can be seen from (2.46),

it follows that g; + g = 0. Because of the non-resonant background below the A-peak, this

equality is not exactly fulfilled.
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Figure 5.9: 3He spin structure functions giHe

statistical only.

as a function of energy loss v. Errors are
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Figure 5.11: 3He spin structure functions gi’H as a function x.
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5.7 Extraction of Neutron Observables from *He Observables

5.7.1 Spin Structure Functions

To extract the neutron spin structure functions from the measured *He ones, a model for

the 3He nucleus is needed.

Naive Nuclear Model

Let Pzg(j;)) represent the probability to have a proton (neutron) with its spin parallel (4) or

antiparallel (-) to the *He spin [11]. In the naive nuclear model that assumes the 3He nuclear
ground state is a pure S-state, Py(LJr) =1, and P = 0, whereas P;,EH =p) = % In this
case, the neutron and *He spin structure functions coincide, i.e. gJ = gi’H €. This model

is completely inadequate, since it neglects the effective nucleon polarizations within the

3He nucleus resulting from the S’ and D wavefunction components.

Realistic >He Wavefunction

In the more realistic model of the >He wavefunc-

g [ | T | TTTT | ‘ I TT IL
1
tion, the S and D components modify the prob- or i
TQ? =10 GeVv? 2
abilities Plf(in )), which now are _2 7Q © ]
PH=1-A, P =A (5.10) A= @
1 -6l | [l Ll
+ _ .6 |
PIE )= 9 + A (5.11) .02 05 .1 .2 5 1
X

From three-body system calculations it follows
that [12] A = 0.07 £0.01 and A’ = 0014+ S; o LTI ITIT
0.002. Thus the effective neutron and proton 02 ? i
. e .3 -.04 — —
polarizations in "He, p,,), are - 3
-.06 — -
pn = P — P=) = 0.86 +0.02 (5.12)  ~08=0Q% =1 Gev? (b) o
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pp =P — P =-0.028+£0.004 (5.13) x

The 3He spin structure function is now ”diluted”

Figure 5.13: Model calculations of the
by the proton contribution: 5
structure function G,¢ in (a) the DIS

3
g, e = 2ppg% + Pngt (5.14)  region, and (b) the resonance region.
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This approach completely ignores the Fermi motion of the nucleons and the binding effects.
It is, though, highly successful in the DIS region, as shown in Figure 5.13(a), where the

function ng € is plotted, where

1
1+ 92

g = (9.7, Q%) — 92" (1, Q%)) (5.15)

with v = % The full (red) cuve is the exact calculation based on the convolution model
[13]. This model convolves the polarized spectral function of He with the nucleon structure
functions as input. The latter are obtained by considering the contributions of a number of
resonances (P33(1232), D13(1520), S11(1535) and F15(1680)), which have been parametrized
using existing unpolarized electroproduction data [14]. The dashed (blue) curve is obtained
with the same input, but using (5.14), that is, by considering the effective nucleon polariza-
tions as the only relevant nuclear effects. The reason that this approximation is adequate
in the DIS region is that as Q?,v — oo, the interaction time of the virtual photon with
the nucleon is short, compared to typical nucleon energies. Thus there is not enough time
for the photon to ”feel” the nuclear binding effects. Quite the contrary happens in the

resonance region (Q? <1 GeV?), as shown in Figure 5.13(b).

5.7.2 Generalized GDH Integral

Fortunately enough, the diffi-

LI S A N L N L N L L N N B B R I B S B

culty of extracting the neutron

(\Ilf_|
>
. . m
spin structure functions from the (9
3He ones in the resonance region N4

does not persist in the extrac-

tion of the generalized GDH in- - i
__6 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1

tegral. Figure 5.14 shows the -5 1 1.5 2 2.5
Q* [GeV~]

integral I; for 3He (dots) cal-
culated within the convolution sy
Figure 5.14: Integral of G;"°.

model, compared with the one

computed using (5.14) (crosses). As seen the difference is at most 5%. The full line is

the free neutron integral.
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5.8 Measurement of GDH Integral

In Figure 5.15 we show the transverse-transverse cross section defined in (2.48) as a function
of v, interpolated at constant Q2. Apart from the energy loss () denominator, aépT is the
integrand entering the GDH integral, that was defined in (2.62). The latter is shown for
3He in Figure 5.16. In the same Figure we also show the GDH integral I; for the neutron.

ITL
This is simply extracted by applying the ratio of -3222¢%¢ [13] to the 3He GDH integral.

He
Scopetta

Both of these integrals, I3 copetta @nd I;Z);etm, were shown in Figure 5.14. On the same
Figure we superimpose the prediction of the UIM model discussed in Section 2.4.4, along
with DIS Hermes data. One can see that I (Q?) qualitatively follows the model prediction.
However, it is premature to gauge the quantitative agreement between theory and data, for
the following reasons:

(i)

Some of the systematic errors of our measurement have not yet been finalized (in the
following no error is quoted for them). The main contributions to the systematics come
from (i) target polarization and density (3%), (ii) beam polarization (3%), (iii) spectrometer
acceptance (4%), (iv) radiative corrections, (v) kinematic interpolation and (vi) neutron
extraction.

(ii)

The energy integration domain for our data is not the same with the one used in the UIM

model. The latter integrates O'ITT /v up to W=2 GeV, while our integration interval depends

on Q2.

5.9 Summary and Outlook

Experiment E-94010 mapped the dramatic Q%-evolution of the extended GDH integral
of the neutron over a wide Q? -range for the first time. Our data will provide a strong
constraint for theoretical calculations and phenomenological models trying to describe the
structure of the nucleon over the complete kinematic regime, that is, from the real photon
point (Q? =0), through the transition from hadronic- to quark-like behavior to the deep
inelastic regime. Furthermore, we have motivated the study of the neutron’s spin structure

at lower Q% . Using a new device (septum magnets), experiment E-97110 (scheduled to
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run in experimental Hall-A at Jlab) will reach a squared momentum transfer as low as
Q? ~ 0.005 GeV2. This will allow to disentangle model calculations in this regime and test
the chiral perturbation theory predictions. It will also permit the check of the GDH sum

rule for the neutron and complement the data provided by our experiment.
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Appendix A

Particle Identification Cuts and

Efficiencies

In the following tables we provide the applied cuts the the corresponding electron identifica-
tion efficiencies along with the pion contamination for the Electron- and the Hadron-Arm.

At Epegn=862 MeV the pion dilution is too small to be measured.
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Table A.1: Shower Cuts and Efficiencies, Epeqp = 862 MeV
E-ARM H-ARM
po (MeV) w/e E,/p E/p Tot. Tot. T /e  Cery; m Dilution

Cut Cut Eff.  Rej. Ct.(%) %)
897.0 0.12  0.11 0.73 0993 1.9 6.530 | 0.01 - -
862.0 0.03  0.10 0.74 0.994 1.8 1.824 | 0.00 - -
851.0 0.04 0.10 0.74 0.994 1.3 2906 | 0.00 - -
828.0 0.03  0.09 0.73 0.993 2.0 1.553 | 0.01 - -
808.0 0.04 0.10 0.73 0.995 1.6 2305 | 0.01 - -
746.0 0.03 0.13 0.72 0.995 2.7 1.144 | 0.01 - -
689.0 0.05  0.12 0.70 0.995 2.6 1.766 | 0.02 - -
587.0 0.04 0.10 0.68 0.995 3.2 1.404 | 0.02 - -
542.0 0.05  0.13 0.66 0.995 2.9 1.561 | 0.02 - -
461.0 0.04 0.14 0.64 0.995 3.0 1.472 | 0.02 - -
426.0 0.04 0.14 0.63 0.995 3.0 1.448 | 0.01 - -

Table A.2: Shower Cuts and Efficiencies, Fpeq, = 1718 MeV
E-ARM H-ARM
po (MeV) w/e E,/p E/p Tot.  Tot. 0 n/e  Cerpej m Dilution

Cut Cut Eff.  Rej. Ct.(%) %)
1730.0 0.09  0.09 0.80 0.976 4.0 2.283 | 0.02 2.3 0.87
1607.0 0.01  0.09 0.80 0.993 2.3 0.627 | 0.00  100.0 0.00
1484.0 0.03  0.09 0.79 0.990 17.0 0.167 | 0.02 11.5 0.17
1369.0 0.04  0.09 0.78 0.989 32.3 0.116 | 0.03  143.3 0.02
1264.0 0.05  0.09 0.77 0.993 70.0 0.078 | 0.06 21.7 0.26
1167.0 0.11  0.10 0.76 0.993 1429 0.075 | 0.11  317.8 0.04
1077.0 0.18 0.12 0.75 0.995 219.3 0.083 | 0.19 75.4 0.25
918.0 0.28 0.11 0.73 0.995 99.6 0.284 | 0.31 127.0 0.24
847.0 0.36  0.12 0.73 0.995 64.1 0.556 | 0.38  131.7 0.29
782.0 0.41 0.14 0.72 0.995 45.1  0.908 | 0.41 41.6 0.98
666.0 046  0.12 0.70 0.996 24.1 1.894 | 0.52  119.7 0.44
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Table A.3: Shower Cuts and Efficiencies, Fpeqm = 2584 MeV
E-ARM H-ARM
po (MeV) w/e E,/p E/p Tot. Tot. T n/e  Cerpj m Dilution
Cut Cut Eff. Rej.  Ct.(%) %)
2479.0 0.08  0.05 0.70 0.974 12.8 0.611 | 0.01 2.4 0.25
2357.0 0.01  0.07 0.83 0.992 6.0 0.181 | 0.00 26.3 0.01
2175.0 0.03  0.06 0.82 0.987 20.8 0.137 | 0.02 20.1 0.08
2008.0 0.04  0.08 0.81 0.990 88.5 0.044 | 0.04 96.6 0.04
1854.0 0.10  0.08 0.80 0.990 187.6  0.056 | 0.10 71.1 0.15
1711.0 0.20  0.08 0.80 0.991 4249 0.046 | 0.20 262.8 0.08
1579.0 0.33  0.08 0.80 0.992 625.8 0.0563 | 0.36  123.6 0.29
1458.0 0.54  0.09 0.78 0.994 847.1  0.064 | 0.59  129.2 0.46
1346.0 0.80  0.10 0.78 0.995 1409.0 0.057 | 0.89 1714 0.52
1242.0 1.08  0.09 0.77 0.993 1384.0 0.078 | 1.24 1184 1.04
1147.0 1.38 0.09 0.76 0.992 1126.0 0.122 | 1.56 205.2 0.76
1059.0 1.61  0.09 0.76 0.993 857.9 0.188 | 1.86  143.5 1.30
977.0 1.77  0.10 0.74 0.995 696.8 0.253 | 2.07 166.9 1.24
902.0 1.83  0.12 0.73 0.995 412.3  0.443 | 2.18 161.1 1.35
832.0 1.97  0.12 0.72 0.995 249.5  0.788 | 2.27  237.7 0.96
Table A.4: Shower Cuts and Efficiencies, Fpeqn = 3385 MeV
E-ARM H-ARM
po (MeV) w/e E,/p E/p Tot.  Tot. T n/e  Cerpj m Dilution
Cut Cut Eff. Rej.  Ct.(%) %)
2796.0 0.03  0.09 0.83 0.988  37.0 0.081 | 0.02 9.1 0.26
2580.0 0.06  0.05 0.81 0.979  91.7 0.065 | 0.06 53.8 0.10
2199.0 0.23  0.09 0.81 0.992 385.8 0.058 | 0.23 80.6 0.28
2030.0 0.40  0.09 0.80 0.990 727.1  0.056 | 0.44  173.8 0.25
1873.0 0.71  0.11 0.79 0.994 1556.0 0.045 | 0.75  139.0 0.54
1596.0 1.66  0.09 0.79 0.993 2430.0 0.068 | 1.78  145.6 1.22
1360.0 3.03 0.11 0.76 0.995 3070.0 0.099 |3.28 177.8 1.84
1159.0 3.95 0.12 0.74 0.995 3051.0 0.130 | 4.58  157.0 2.92
988.0 4.31  0.09 0.73 0.993 1005.0 0.429 |4.74 217.7 2.18




Appendix A: Particle Identification Cuts and Efficiencies 117
Table A.5: Shower Cuts and Efficiencies, Epeqmn = 4240 MeV
E-ARM H-ARM
po (MeV) w/e E,/p E/p Tot. Tot. T n/e  Cerpj m Dilution
Cut Cut Eff. Rej.  Ct.(%) %)
3631.0 0.02  0.06 0.87 0.989 16.5 0.111 | 0.27  123.2 0.22
3352.0 0.04 0.05 0.86 0.987 73.1 0.052 | 0.14 118.0 0.12
3086.0 0.08  0.06 0.85 0.987 168.3  0.047 | 0.53  129.5 0.41
2856.0 0.14  0.06 0.85 0.989 290.0 0.047 | 1.58  200.7 0.79
2636.0 0.26  0.06 0.84 0.987 459.5  0.057 | 1.3  181.7 0.84
2433.0 0.50  0.08 0.83 0.988 984.6  0.050 | 1.59  162.7 0.98
1767.0 3.32  0.07 0.80 0.986 2154.0 0.154 | 3.58  163.1 2.19
1389.0 7.07  0.09 0.78 0.987 3567.0 0.198 | 7.79  198.8 3.92
Table A.6: Shower Cuts and Efficiencies, Fpeq, = 5059 MeV
E-ARM H-ARM
po (MeV) w/e E,/p E/p Tot.  Tot. T n/e  Cerpj m Dilution
Cut Cut Eff. Rej.  Ct.(%) %)
3086.0 0.31  0.06 0.82 0.988 652.8  0.047 | 0.33 93.3 0.35
2846.0 0.58  0.07 0.81 0.990 1036.0 0.056 | 0.59 91.1 0.65
2625.0 1.02  0.06 0.81 0.987 1443.0 0.071 | 1.05  170.1 0.62
2423.0 1.65  0.09 0.81 0.988 1976.0 0.083 | 1.67 1474 1.13
2233.0 2.68 0.09 0.81 0.992 2644.0 0.101 | 2.67 134.6 1.98
2059.0 3.87  0.06 0.80 0.986 2327.0 0.166 | 4.07  170.7 2.39




Appendix B

Target Cell Volumes

Cell Glass Pumping | Transfer | Target Total

Chamber | Tube Chamber | Volume
Volume | Volume | Volume

DontWorry | Corning! 1720 107.7 6.5 82.8 197.0

Be Happy GE? 180 121.2 5.1 90.8 217.1

Armageddon | Corning 1720 96.3 4.9 86.9 188.1

Nepheli Corning 1720 103.3 6.4 91.5 201.2

Sysiphos Corning 1720 109.5 5.5 97.1 212.1

Jin Corning 1720 101.0 8.4 90.1 199.5

Y1720 = 2.53 g/cc
Ypariso = 2.76 g/cc
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Appendix C

Target Cell Densities

Cell D1 D2 Fill Average
DontWorry | 10.00 £ 0.17 | 9.92 £ 0.15 | 9.90 £ 0.22 | 9.94 £ 0.17
Armageddon | 10.06 + 0.17 | 10.22 + 0.15 | 10.28 + 0.23 | 10.17 £+ 0.17
BeHappy 9.25 £0.15 | 937 £0.14 | 941 £0.20 | 9.33 £ 0.15
Nepheli 11.44 £0.19 | 11.29 £ 0.17 | 10.78 + 0.42 | 11.31 + 0.19
Sysiphos 827 +£0.14 | 812 +£0.12 | 815+ 0.18 | 8.18 £0.14
Jin 843 £0.14 | 839 +£0.13 | 843 £0.19 | 8.41 £ 0.14
Cuervo 10.23 £ 0.21 | 10.01 £ 0.17 | 9.66 £ 0.21 | 9.98 £ 0.21
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