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ABSTRACT

Spin Structure of *He and the Neutron at Low Q?;
A Measurement of the Extended GDH Integral
and the Burkhardt—Cottingham Sum Rule

Karl J. Slifer
DOCTOR OF PHILOSOPHY
Temple University, 2004
Advisor: Dr. Zein-Eddine Meziani

Experiment 94-010 investigated the spin structure of the neutron and *He at
Jefferson Laboratory in Newport News, VA. Longitudinally polarized elec-
trons of incident energy from 0.9 GeV to 5.0 GeV were scattered from a
high pressure polarized 3He target in experimental Hall A. 3He was used as
an effective neutron target, taking advantage of the approximate cancella-
tion of the two spin-paired protons in the *He ground state. Longitudinal
and transverse target polarizations were maintained, allowing a precision
determination of both spin structure functions g (z,Q?) and ga(z,Q?). The
structure functions were extracted from an inclusive polarized cross section
measurement at low momentum transfer (0.1<Q?<0.9 GeV?) in the thresh-
old, quasielastic, and resonance regions.

The goal of this experiment has been to test our grasp of Quantum
Chromodynamics (QCD), the fundamental theory of the strong interaction,
in the non-perturbative region. QCD has been verified impressively in the
high energy region of asymptotic freedom, that is, when the magnitude of the
force between quarks is relatively small. However, experimentally verifiable
predictions at low Q2 have been harder to achieve due to the complexity of
the interactions between constituents. Definite predictions do exist however,
for the first (and higher) moments of the spin structure functions in the form
of the various QCD sum rules. The Burkhardt-Cottingham sum rule is a
(QQ?—dependent relation which implies the vanishing of the first moment of the

go structure function, while the Bjorken and extended GDH sum rules follow



directly from QCD and govern the behaviour of the g; structure function.
These integrals are investigated for a 3He (neutron) target at low momentum

transfer.
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Ais A

Ayn Rand, Atlas Shrugged

Serves you right, I said to myself that other evening. Now here
you are waiting for what will happen under Foucault’s pendulum.

Umberto Eco, Foucault’s Pendulum



CHAPTER 1

SPIN, STRUCTURE AND THE GDH SUM

The investigation of spin began with the novel experiments of Stern and
Gerlach. In the early 1920’s, they performed the first measurement of the
electron’s magnetic moment by passing a molecular beam of silver atoms
through an inhomogeneous magnetic field. They observed that the emerg-
ing particles were detected at two highly localized points, which could not be
understood in terms of the classical picture of the electron. Uhlenbeck and
Goudsmit introduced the concept of spin in order to explain Stern and Ger-
lach’s results and other puzzling experimental findings such as the hyperfine
splitting in atomic spectral lines.

So, what is spin? Experimentally, we find that an electron placed in a
magnetic field will behave like a tiny magnet with a north and south pole,
aligning itself along the field lines. Classically, we could understand the
magnetic moment of the electron as arising from the angular momentum of
the charged electron rotating on its axis and creating its own small magnetic
field. However, the electron appears to be point-like, that is without dimen-
sion, from all empirical evidence to date. This makes an interpretation in
terms of a tiny spinning orb unfeasible, since the rotation would need to be
infinitely fast. Instead, Uhlenbeck and Goudsmit interpreted the magnetic
moment as arising from an intrinsic property of the electron. The spin ap-
pears in every way like an angular momentum, except that it is unrelated to
any spatial motion of the particle. In this sense it is a basic characteristic
like mass or charge.

In 1928 Dirac published his famous relativistic wave equation governing
the behaviour of fundamental point-like particles. In this approach spin
emerged as a natural consequence of the formalism. The magnetic moment
of a structureless spin-1/2 particle was predicted by Dirac to be:

e

H=om

in agreement with the experimentally measured electron value*.

*Here e represents the charge and M is the mass.



By 1933, Stern had improved his apparatus sufficiently to determine the
proton’s much smaller magnetic moment. He and his collaborators per-
formed the measurement [1] and obtained a result that disagreed with the
Dirac prediction by 150%! This anomolous magnetic moment was a clear
sign that the proton was not point-like, but instead possessed a complicated
internal structure. Of course, in the case of the uncharged neutron any
magnetic moment at all would be anomolous.

The measurements of the magnetic moments were the first concrete
demonstration of the nucleon’s internal structure. Many decades later, ex-
periments at powerful accelerators provided independent confirmation of the
nucleon’s internal structure. These high energy scattering experiments also
enabled us for the first time to examine the constituents of the nucleons, now
referred to as quarks and gluons, and to begin to answer the question of how
these constituents interact to produce the spin and other global properties
of the nucleon.

So, an anomolous magnetic moment serves as a clear signature of compli-
cated internal structure. And any particle with an internal structure must
necessarily have an excitation spectrum. The sum rule of Gerasimov, Drell
and Hearn ( GDH ) nicely quantifies this relationship by linking the helicity-
dependent cross sections measured in photon scattering to the anomolous
magnetic moment of a hadronic target. This sum rule for real photon scat-
tering has provided a foundation for a powerful approach to interpreting
the experimental results of electron scattering experiments. In this thesis,
we will examine generalizations of the GDH sum and related integrals as
applied to the study of the neutron and *He spin structure.

An ultimate goal of this endeavor is to test Quantum Chromodynamics
or QCD, the fundamental theory of the strong interaction ( one of only four
known forces in nature ). In the high energy region, QCD has been verified
impressively following decades of experimental results which have been com-
pared to perturbative solutions of the QCD Lagrangian. In the low energy
region, an effective field theory approach known as chiral perturbation the-
ory has been implemented. But there is a small intermediate region where
neither of these approaches is expected to be applicable. There is good rea-
son to expect that the calculational techniques of lattice gauge theory can
soon be applied, but no matter what the eventual theoretical approach, ex-
perimental data will be necessary to provide calculational benchmarks. The
goal of £94-010 was to provide precise data in this intriguing intermediate
region and to test several sum rule predictions.

This thesis is organized as follows. Chapters 2, 3 and 4 present the
theoretical formalism. Chapter 5 discusses the JLab accelerator and the



Hall A experimental setup. Chapter 6 gives an overview of the polarized
3He target, while chapter 7 explains the data analysis. Final results and
conclusions are presented in chapters 8 to 11.



CHAPTER 2

INCLUSIVE ELECTRON SCATTERING

The modern era of electron scattering can trace its roots to Rutherford’s
classic experiments in 1911 scattering positively charged alpha-particles from
thin metal foils. From these experiments, a crude but essentially correct pic-
ture of the atomic nucleus emerged, with an atom possessing a massive, pos-
itively charged nucleus with a radius of approximately 1071° — 10~ *m. Ex-
periments that are essentially extensions of Rutherford’s early work at more
and more powerful accelerators have revealed the nucleus to be composed of
nucleons (positively charged protons and uncharged neutrons) which them-
selves appear to have a rich substructure of quarks and gluons.

In this section we will start from Rutherford’s basic formula, and grad-
ually add on the pieces necessary (in a somewhat Frankensteinish fashion)
to make it applicable to the electron scattering performed at JLab. Many
of the corrections were phenomenological in nature when they were first
introduced, and it is in this way that we present them in order to help un-
derstand their physical meaning. Later we will see how these formula are
a natural relativistic consequence of Lorentz and gauge invariance, together
with parity conservation.

2.1 Kinematic Variables

The first order Born approximation for inclusive scattering of electrons from
a hadronic target is shown in figure 2.1. In this scenario, an electron with
four momentum p# = (E,p) interacts with a hadronic target of four mo-
mentum P# = (¢, P) via the exchange of a single virtual photon. The final
hadronic system with four momentum P'# = (¢, P ) goes unobserved, while
the electron is detected at an angle # with four momentum p'* = (E',p).
The virtual photon is off its mass shell, so the four momentum g = (v,q)
satisfies ¢° # 0. For a space-like virtual photon ¢ < 0, so typically the
variable Q? = —¢? is used instead.



Figure 2.1: First order scattering diagram.

In the process, an energy v = % and momentum ¢ = p — ;57 are trans-
ferred to the target. In the inclusive reaction, only the final scattered elec-
tron is detected, so we will often make use of the invariant mass of the
residual hadronic system: W = /(P + ¢)2. We also introduce here two
scalar invariants z = % and y = i—:g, which are utilized frequently in the
study of deep inelastic scattering (DIS).

In the laboratory system, where P#* = (M, 0), we find the following useful

kinematic relations [2]*:

v = E-E'=¢-¢ (2.1)
Q*> = 4AEE sing (2.2)
W? = M?+2Mv — Q? (2.3)

Q2
— 2.4
o 2Mv (24)
14
= — 2.
y z (2.5)

2.2 Form Factors and Structure Functions

The Rutherford differential cross section [3] describes scattering of an
electron of incident energy E from an atomic nucleus of charge Ze, into a
solid angle d€2:

(d_U) _ 4Z2052EI2 (2 6)
ds) Ruth B |Cﬂ4 '

*We set i = ¢ = 1, and neglect the small mass m, of the electron.



Here, ¢ is the vector momentum transfer, « is the fine structure constant
and F' is the scattered electron energy. This formula is applicable for heavy
nuclei and low energy electrons. In Rutherford scattering the target recoil
E — E' is ignored. That is, E = E' and |§] = |p/|. Notice that the re-
sult is non-relativistic, and ignores any possible target internal structure.
Polarization degrees of freedom are also neglected.

Including electron spin modifies the cross section to:

*
(d_a) = (d_a) (:os2€ (2.7)
ds? Mott ds2 Ruth 2
The factor (:052% prevents scattering at 180° from a spinless target, thus
conserving helicity. The * indicates that we are still ignoring target recoil
due to the heavy nuclei mass.

The nucleon’s spatial extent is around 1 Fermi so the projectile energy
must be at least several hundred MeV in order for the electron’s de Broglie
wavelength to resolve any structure. The mass of a single nucleon is com-
parable to this energy, so the target recoil can no longer be neglected. We
include a recoil factor %’ and must now use the relativistic four-vector mo-
mentum transfer Q2. The resulting Mott cross section is:

(da) _a? [cos® °\ E (2.8)
dQ) oy AE% \sin*l ) E '
The Mott formulae represents the expected result for a point-like in-

finitely heavy target with no internal structure. Taking into account the
spatial extent of the nuclei gives:

da> (da)* 2119
) (22 x |F (g2 2.9
(dQ =) 1P (2.9)

where F(q_é) is the nuclear form factor and measures the deviation of the
target nucleus from point like behaviour. For a point charge, the form
factor would be a constant (unity).

The electron charge interacts with the target charge, but the electric
current will also interact with the nucleon’s magnetic moment. The magnetic
interaction is associated with a flip of the spin of the nucleon, and leads to
the following result for a point target:

do ) ( do ) [ 9 9]
— = —= 1+ 27 tan” = 2.10
(dQ point dQ Mott 2 ( )



where! 7 = Q?/4M?. The magnetic term is significant whenever Q? or the
scattering angle becomes large. This causes the cross section to fall off less
strongly than would otherwise be expected.

2.2.1 Elastic Scattering

When electrons are scattered elastically, the energy and scattering angle are
constrained by energy and momentum conservation to the following relation:
E
E=— " (2.11)
2E 20
1 =+ M_T sin 5
where My is the mass of the target, and @ is the scattering angle.

Now we generalize equation 2.10 by taking the target’s spatial distribu-
tion into consideration. Two form factors are necessary to characterise both
the electric and magnetic distributions. The cross section for the elastic scat-
tering of an electron from a hadronic target is described by the Rosenbluth

formula [4]:

Mott

a0 a0 147

GZ(Q?%) and G3,(Q?) are the electromagnetic Sachs form factors. For
the nucleons, they are normalized at Q% = 0 to

GHM ) = 1(0) (2.13)
GRM0) =y (2.14)

where p and n refer to the proton and neutron respectively.
At low Q%(Q? < 2 GeV?), the electromagnetic form factors can be de-
scribed quite well by the dipole fit [3]:

GE(Q*) = Gp(Q% (2.15)
Kp

tThe 7 factor arises from the interaction with the magnetic dipole which is proportional
to e/M.



where:

Gp(Q?) = ! (2.18)

(1+$)2

The dipole parameterizationt shows that the elastic cross sections fall off as
Q8 as the momentum transfer increases. Recall that the form factor of a
point charge is completely independent of Q2. The strong Q? dependence of
the form factors provided the first confirmation from scattering experiments
of the nucleon’s internal structure.

2.2.2 Resonance Production

When the energy transferred to the target is increased, inelastic scattering
becomes possible. For inelastic scattering, excitations of the nucleon known
as nucleon resonances can be observed. The existence of these excited states
clearly demonstrates that the nucleon is a composite system. The invariant
mass of these states is W? = M? 4+ 2Mv — Q?. Recall that for elastic
scattering W = M so

2Mv —Q*=0
while in inelastic processes W>M, and
2Mv —Q? >0
This suggests the introduction of a dimensionless parameter

2
T = @
2Mv

(2.19)

known as the Bjorken variable’ which measures the inelasticity of the pro-
cess. For elastic processes £ = 1 while for all other processes, 0 < z < 1.
The first resonant state ( and the only one we will examine explicitly )
is the A or P33(1232).Y It is the only resonance that does not significantly
overlap any other states. In terms of a multipole expansion [7], it is known to

YAt larger Q?, significant deviations from the dipole form have been observed. See for
example [5, 6]

$Section 2.4 describes z in further detail.

TWe follow the standard nomenclature Laray, where, in spectroscopic notation, L =
S,P, D, ... represents orbital angular momentum of 0,1,2,... , I is the isospin, and J
represents the total angular momentum.



be dominantly a magnetic dipole transition M, with only a small electric
quadrupole component, E;. At first approximation, it represents a single-
quark spin flip, and the transition to the P33 can be described by a magnetic
form factor G4 alone.

The following has been found to be a good empirical fit [7, 8] to data:

4 2
os = T G - (6P + 3163 P) 2:20
with
GH(Q%) = G5(0) Gp(Q*)e 2@ (2.21)
G5@Q) = 0 (2.22)

where Gp is the previously introduced dipole form factor. From equa-
tion 2.21 we can expect the dipole resonance to die off fairly rapidly with
increasing Q°.

2.2.3 Deep Inelastic Scattering

Above an invariant mass of about 2 GeV, the individual resonance peaks
become indistinguishable, and the scattering becomes an incoherent sum
over the nucleon’s constituents. The Rosenbluth formulae for inelastic
scattering is:

%
(605) = (). [me@)+omieeymtg] @2
which represents a generalization of equation 2.10. W7 and W5 are known as
structure functions and parameterise all information concerning the target’s
unknown internal structure. The second term contains the magnetic inter-
action. W7 and W5 are often replaced by the two dimensionless structure
functions

Fi(z,Q%) = MW (v,Q? (2.24)
Fy(z,Q%) = vWa(r,Q?) (2.25)

If one extracts Fy(z,Q?), and Fa(z,Q?) at large Q?, one observes that at
fixed values of z the structure functions depend only very weakly on Q2. This
is in clear contrast to elastic and resonant states behaviour. The fact that
the structure functions are independent of Q? indicates that the electrons are
scattered off a point charge. Since nucleons are extended objects, it follows



that the proton and neutron have a sub-structure made up of point-like
constituents.

The experimentally measured DIS structure functions have been shown
to exhibit the following behaviour:

2z F () = Fy(x) (2.26)

which is known as the Callan-Gross [9] relation and is predicted to hold
for Dirac spin-1/2 particles, which gives us another piece of information
regarding the nature of the nucleon’s constituents.

2.2.4 Nuclei

If the scattering center is a nuclear targets, such as ®He, there are several
additional reaction channels to be considered that do not occur in pure
electron-nucleon scattering. A schematic showing the relative positions of
the various reaction channels is shown in figure 4.1.

The simplest reaction we can consider is again elastic scattering. From
equation 2.19 it is clear that coherent scattering off of a nuclear target occurs
at:

2

~ oMy

(2.27)

Vel

The elastic Rosenbluth formulae is applicable as long as the electric and
magnetic form factors of the nucleus are substituted for the nucleonic form
factors in equation 2.12.

The 3He system can be broken into a deuteron-proton pair when the
energy of the incoming photon is larger than the binding energy of the nu-
cleus. This two body breakup requires approximately 5.5 MeV. Complete
breakup occurs at 7.7 MeV.

Quasielastic Scattering

Quasielastic scattering can be understood in the impulse approximation (TA)
as the elastic scattering of the incoming electron from an individual nucleon
within the target nucleus. As such, the reaction occurs at a recoil v =
E — E' given by equation 2.11, but with the peak shifted slightly due to the
nuclear binding energy and broadened significantly by the Fermi motion of
the nucleons within the nucleus.
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The Rosenbluth formula is generalized to the form:

Lo do 0%\’ 1(0Q2\° , 0
(m)—(m)M{<q_> L PAVES

where Ry, (v, Q%) and Ry (v, Q?) parametrize the response to longitudinally
and transversely polarized virtual photons.

RT} (2.28)

2.3 Tensor Formulation

The various scattering formulae introduced thus far are, in fact, a natural
consequence of relativistic Lorentz invariance. The tensor formulation pre-
sented in this section also provides a natural way to introduce target and
beam spin degrees of freedom.

We consider the doubly-polarized inclusive reaction

élp) + N(P) = e(p') + X (2.29)

This represents the inelastic scattering of electrons on hadrons (nucleons or
nuclei) without detection of the final hadronic state X.
The differential cross section can be expressed as a product of hadronic
and leptonic tensors [2]:
d’o o® E'

[ — i
a5 = oi g (2.30)

The lepton tensor is exactly calculable in QED and is given by

b = Y Ts(p)yutse (p')vus(p) (2.31)

where the u represent the lepton Dirac spinors and v, is one of the Dirac
matrices. Neglecting the small electron rest mass, the tensor can be ex-
pressed

b = 2 [publ, + PPy — Gup P+ ieuassd’| (2.32)

where S, = U7y, y5u defines the lepton spin vector, g, is the metric tensor,
and the Levi-Cevita tensor has the property €y103 = +1. For an unpolarized
incident beam the anti-symmetric part of 2.32 vanishes when averaged over
the initial spin.

11



The hadron tensor, on the other hand, is not yet calculable from first
principles. It parameterises our lack of knowledge of the hadronic vertex
in figure 2.1. If we consider all possible transitions from the normalized
hadronic ground state |Ns(P)) (where s is the spin of the target) to any
excited state | X (P')), the tensor takes the form

2
W = SLM (N5 (P)|T,(0)| X (P))(X (P")| 7, (0)|Ns (P))
X

-6(g+ P — P (2.33)

where J* is the electromagnetic current operator and the delta function
ensures conservation of energy and momentum.
Using the completeness of states | X) gives

W = o= [ @€ TSN (PO T OV, (P)) (234)

where ¢ is the spatial four-vector. The hadronic tensor can be decomposed
into a symmetric and antisymmetric part W, = W[?,, + W;},, which are nec-
essarily linear combinations of all possible Lorentz-covariant tensors. Taking
into account parity and time reversal invariance, the most general expres-

sions involving the relevant tensors are:

qudv
W/fu = Wl(VaQQ)( 22 _guu)

1 P-q P-q
+W2(V7 QZ)W (PN — ?q“) (Py — ?qy> (235)
and
Wi, = —ie"*Pgo | SpG1(v, Q%) + (MvSs — S qP5)Ga(v,Q%) | (2:36)

where

g _ TP 35u(P)

L (2.37)

represents the hadronic spin vector which reduces to S* = (0, xi5xs) for a
target at rest, and y, are the two component Pauli spinors.

Notice the introduction here of two additional structure functions G4
and G that are necessary to describe the interaction when polarization
degrees of freedom are accounted for. As in the case of the unpolarized

12



structure functions ( see equation 2.24 ), G; and G are often replaced by
the corresponding dimensionless quantities factors!:

gl(x,QQ) = MI/Gl(I/,Q2) (2.38)
@z, Q%) = V’Ga(r,Q?) (2.39)

If we average over target and projectile spin, we can recover the Rosen-
bluth formulae of equation 2.23 for unpolarized scattering. In the case of
elastic scattering the structure functions Wi and Wy are expressed in terms
of the electromagnetic form factors

2 2
Wi, Q) = «s(v—f—M) (@) (2.40)
2\ G2.(02 Q—22G2 2
Wo(, Q%) = 5(%%) o )1++4%2 u@ o
Mz

Insertion of these relations into 2.23 leads back to the elastic scattering
relation of equation 2.12.

2.4 Physical Meaning of the Structure Functions

To facilitate the interpretation of the structure functions, Feynman [11] and
Bjorken [12] introduced the parton model: In a fast moving reference frame,
the transverse momenta and rest mass of the nucleon’s constituents can be
neglected, so the structure can be described in a first approximation by the
longitudinal momenta of the constituents or “partons”. Today, the charged
partons are associated with quarks, and the neutral partons with gluons.
The quarks are further categorized between the ‘valence’ quarks which are
responsible for the quantum numbers of the nucleon and the ‘sea’ quarks,
which are quark-antiquark pairs created spontaneously from the vacuum.

Scattering is viewed as an incoherent sum of the interactions with each
individual parton. If the interaction time is short enough, the scattering can
be viewed in the impulse approximation (IA) as the elastic scattering from
an individual parton and the parton-parton interactions can be ignored.
This is expected to be valid in DIS where Q? > M? and the partons are
asymptotically free.

The parton model provides an interpretation of the Bjorken variable x
in the following manner [2]: The partons each carry some fraction of the

”Unfortunately there are several different choices possible for G1, G2, depending on the
initial normalization of the hadronic tensor. We follow the convention used in ref. [10].
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nucleon momentum which we will call £. Since parton masses are neglected,
we find

(EP+q)> =M? — Q> + 2P -q~0 (2.42)

If we also consider the nucleon mass M? to be small compared to Q? we
find:

QQ
2P-q:

E= (2.43)
So in this approximation, x is the fraction of nucleon momentum carried by
the struck quark.

Similarly, the parton model provides insight into the physical meaning
of the Lorentz invariant structure functions. If we define gs(z)dz { and
gs(z)dr } as the expectation value for the number of quarks { and anti-
quarks } of flavor f in the hadron whose momentum fraction lies in the
interval [z, z + dz], then in the parton model it can be shown that:

Ri(e) = 3 34 (ar(@) +,(0)) (2.44)
f

and

l\')lb—t

Z zJZc (qf - Gf(x)) (2.45)
f

where the quark charge z; enters due to the fact that the cross section is
proportional to the squared charge of the target.

The Callan-Gross [9] relation mentioned previously gives Fy in terms of
F 1-

Fy(z) = 2z Fy(x) (2.46)

but there is no simple physical interpretation of gs in the parton model.

2.5 Virtual Photon Cross Sections

The previous sections revealed that the inclusive scattering process can
be described in terms of four structure functions. We now consider an
alternative ( but equivalent ) formulation in which the inclusive process
e+N > e+ X is parameterized in terms of four virtual photoabsorption
cross sections [13]:

14



do_ _ r (UT +eop, + hPpy/2e(1 — €)op + hP, V1 — 520&?) (2.47)

dQdE'

Here, € is the ratio of longitudinal to transverse polarization of the virtual
photon:

v? 50 !
e=11+2 (1 + @> tan E] (2.48)
which of course goes to zero when Q? = 0. I represents the flux factor:
a B'K 1
l=————=— 24
2m2 E Q%1 —¢ (249)

which depends on the choice of the virtual photon flux K.**

The cross sections are all functions of the virtual photon energy v and
momentum transfer Q? in the lab frame, although we have suppressed the
explicit dependence in equation 2.47. o and o, represent the cross section
for absorption of transverse and longitudinal virtual photons, while the re-
maining two cross sections represent longitudinal-transverse and transverse-
transverse interference terms. Notice that both o7, and o', decouple in the
limit Q% — 0. In the unpolarized case, o reduces to the total photoab-
sorption cross section at Q2 = 0. Finally, h represents the helicity! of the
incoming electron, and P, (P,) is the target polarization parallel (perpen-
dicular) to the virtual photon momentum.

We now introduce o3/, and 09, the helicity dependent photo-absorption
cross sections for the polarized scattering of photons. The subscripts refer
to the total photon plus target helicity projection. ( See figure 2.2. ) These
two quantities are related to o/, the “transverse-transverse” cross section
through:

200 = o3 — 01 (2.50)
The relationship between the photoabsorption cross sections and the

standard structure functions is straightforward [14]:

Am2q
= F 2.51
or — (2.51)

**K is discussed in further detail below.
ttSee equation 3.4.
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Figure 2.2: Helicity projection for the virtual photo-absorption cross sec-
tions 0'3/2 and 0'1/2.

47'('2& F2

Fy
— 21 2y _ 2 2.52
ar, e V( +79) - (2.52)
4%
orr = — — g1+ 92) (2.53)
472q
orr = - (91 —7°92) (2.54)

where 72 = Q?/v2. The correspondence is reliant on the virtual photon flux
K, which is not a well defined physical quantity. Several conventions have
been proposed:

Ky = v (2.55)
K = 12 +Q? (2.56)
W2 _ M2 Q2

The first convention Ka simply associates the flux with the photon energy
v. The second, due to Gilman [15], chooses |q] the lab momentum of the
virtual photon, and the final convention due to Hand [16], represents the
equivalent energy necessary for the same reaction from a real photon. Notice
that all three conventions reduce to v for the real photon scattering at
Q? = 0. In DIS all three conventions also give numerically similar results,
but in the intermediate Q? region, K is strongly convention dependent.
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Figure 2.3: Compton scattering.

2.6 Compton Scattering

We now consider the elastic real photon scattering process
v(k) + N(P) = v(K') + N(P") (2.58)

The photon has four momentum & with k¥’ = k? = 0. In the lab frame
P# = (M,0) and w = |k| is the energy of the incoming photon, which is
scattered at an angle 6. The incident and scattered energy are restricted by
energy-momentum conservation to satisfy

, w

Tl +7 (1 —cos9) (2:59)

w

The linear polarization vectors of the photon £# = (0, &) satisfies k-&= 0
due to the transverse nature of real photons. If we set the coordinate z-axis
to be along the photon momentum vector IZ, linearly polarized photons are
described as

g, = (1,0,0) (2.60)

_'y = (Oa 15 O) (261)
and circularly polarized photons are given by
— 1 — B

Ex=1 = ﬁ(&w + Zc‘;'y) (262)

- I . .

Er=—1 = E(sw —igy) (2.63)
with €5 - € = 0y . The differential cross section [2] for Compton scattering
is

do w2

— | = Tyi|? 2.64

(%) = (555 17 (2.64)
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with the T-matrix
Ty = e*e*He" Ty, (2.65)

and the Compton tensor T, given by
T =i [ die FEN(P)IT IO T OV (P) (2.66)
For forward scattering k' = k and the T-matrix reduces to

Ty;(w,0) = (87M) x} [f(w)gfT &+ ig(w)d - (E'T X 5) i  (2.67)

where the x are the Pauli spinors and f and g represent the non-spin flip
and spin flip amplitudes respectively.

The total photo-absorption cross section is related to the imaginary part
of the f amplitude by

oo = I f(w) (2.68)

We can generalize the above discussion to treat virtual photon scattering
by replacing k with ¢ and keeping in mind that ¢?> # 0. This is known as
“virtual-virtual Compton Scattering” or V2CS in the literature(e.g. [10]).
It is interesting to note that T}, differs from the hadronic tensor only by
the time ordering 7 of the electromagnetic currents. In fact, the hadronic
tensor W, is related to the forward virtual Compton tensor by:

1

Wi (1, Q%) = 5

Im Ty, (v, Q%) (2.69)

This relation indicates that we can expect the hadronic tensor compo-
nents to be related to the Compton tensor components via standard Kronig
and Kramers-type dispersion relations. We will exploit this feature exten-
sively in section 4.6
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CHAPTER 3

THEORETICAL TOOLBOX

In this chapter, we will examine some of the most common theoretical meth-
ods available to predict the Q? evolution of the structure functions from the
real photon point to the DIS region. We also consider several extremely
useful phenomenological models which provide some guidance to the Q? be-
haviour, although they are not, strictly speaking, a direct consequence of
the underlying theory.

3.1 Chiral Perturbation Theory

QCD is the non-abelian gauge theory of colored quarks and gluons. The
complete QCD lagrangian is [17]:

1 . _
Loco = —@G,%GZV +qiv"Dyug — qMg (3.1)

where G is the gluon field strength, ¢ is the quark spinor, and M is the
diagonal quark mass matrix.

For low energy interactions, it is impractical to deal directly with quarks
and gluons in QCD. Instead, processes are best studied in terms of an ef-
fective theory that addresses composite hadrons as the de facto degrees of
freedom. An effective lagrangian is formed that replaces 3.1 in the low en-
ergy limit, but which still reproduces the symmetries and symmetry breaking
patterns of the fundamental theory [2].

Due to the small mass values of the u, d and s quark compared to typical
hadronic mass scales*, we consider the limit where the quark masses vanish.
Then equation 3.1 takes the form

;CQCD = LgCD + L{JCD (3.2)

*e.g. the mass of the first non-Goldstone resonance M, or the nucleon mass M,.
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with
Lyep = —gMg (3.3)

regarded as a perturbation to Egcn- For this to be a reasonable approach,
the eigenvalues of the quark mass matrix have to be small compared to the
typical energy scale of any system under consideration.

Recall that the state of a free massive fermion is completely determined
by its energy, momentum and helicity h:

1

N -p
h=— (3.4)
1]
For a massless fermion, chirality' is identical to helicity, and is a constant of
motion. The central idea of Chiral Perturbation Theory is that the massless
left and right handed quarks defined by:

1
qLR = 5(1 + ’}’5)(1 (3-5)

do not interact with each other so that the theory admits a U(3), x U(3)r
symmetry. Explicit breaking of this symmetry is then treated as a pertur-
bation. As with all effective field theories, at some high energy the theory
will fail and must be superseded by a more fundamental approach.

3.2 Lattice Gauge Theory

Lattice Gauge Theory (LGT) is a rapidly developing field that provides
a method for the non-perturbative calculation of hadron structure at low
energies. In LGT the inherent difficulties of solving QCD analytically are
avoided by discretizing space-time. Numerical methods requiring substantial
investment of computer power are applied to solve the resulting discrete
equations on the lattice.

Some calculations for the moments of the polarized structure functions
have been performed (e.g. [18]), but the techniques are still relatively new
and have not yet achieved high accuracy in describing dynamical processes.

3.3 The Operator Product Expansion

The operator product expansion (OPE) provides direct QCD predictions for
the moments of the structure functions in the form of sum rules. No model

tfrom the Greek word for hand: x&pt
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is necessary, and the main results depend only on some very general results
from Quantum Field Theory.

The expansion was introduced [19] as a way to evaluate the nonpertur-
bative part of QCD calculations. The OPE gets its name because it allows
the evaluation of products of operators (such as the electromagnetic currents
Ju(€)J,(0) ) in the asymptotic limit. In the OPE, as the four dimensional
spatial vector ¢ becomes infinitesimal, the product can be expressed as a
series [20]:

lim 0u(§)0s(0) = 3 Can(§)0i(0) (3:6)

where we have chosen the coordinate origin to coincide with the point of
application of the second operator.

The utility of this decomposition arises from the fact that the Wilson
coefficients Cppi (€) contain all the spatial dependence and can be calculated
perturbatively in QCD. It is expected that only the first few terms in equa-
tion 3.6 will be significant. The expansion will be valid as long as ¢ is small
enough or equivalently, Q? large enough compared to the relevant mass scale
(Agcp)*.

The O; are quark and gluon operators of dimension d and spin n, repre-
senting the fundamental fields in QCD. We introduce the concept of twist T,
which is defined as 7 = d — n. The contribution of any operator to £, WH”,
i.e. the differential cross section, is of order:

()

The lowest possible 7 is twist-2, and higher twists are suppressed by increas-
ing powers of % The reliable parts of the parton model ( see section 2.4 )
map onto the leading twist part of OPE [21], while twist-3 and higher arise
from quark-gluon interactions and non-zero quark mass effects.

Starting from the matrix element for virtual Compton scattering ( see
section 2.6 ) and then making a connection to the hadronic tensor W,
through the optical theorem ( see section B.2 ), the twist expansion leads to
an infinite set of sum rules for the structure functions, both spin-dependent
and independent. Disregarding contributions beyond twist-3, the series for
g1 and gy are:

1

1
/x"‘lgl(w,QZ)dw = San 1 n=1,35,... (3.8)
0
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n—1
2n

1
/0 2" lgo(z,Q*)dz = (dn-1—ap-1) n=3,5,... (3.9
where a,_1 are the twist-2 and d,, 1 the twist-3 matrix elements of the
renormalized quark and gluon operators. Notice that 3.8 and 3.9 involve
only odd moments due to the symmetry properties of the structure functions
under charge conjugation.

These relations reveal that measurements at high Q2 of the spin structure
functions over the entire = range allow extraction of the higher twist matrix
elements arising from parton interactions. The most striking consequence
of this interaction is confinement, so the study of higher twists provides a
tool to examine one of the fundamental properties of QCD. At low Q?, we
can expect the higher twist effects to become more and more significant and
the twist expansion to break down.

3.3.1 Wandzura—Wilczek Relation

Combining equations 3.8 and 3.9, the leading twist terms cancel, and we get

/0196”1 <g1($, Q%) + n

(z, Q2)> de = = n>3 (3.10)
If we set the twist-3 d,, terms to zero, and apply the convolution theorem
for Mellin transforms to equation 3.10 we obtain the Wandzura—Wilczek [22]
relationt:

n_|_192

1
'@, Q) = —0n(0.@) + [ L, .11
This relation shows that the leading twist part of the go structure function
is determined completely by gi, and can therefore be interpreted in terms
of the parton model.

The separation of go(z,Q?) into leading and higher-twist components
can be expressed:

92(2, Q%) = g5'(2,Q%) +Ga(, Q) (3.12)
1 g d
n@@) = - [ e+ )| Y 6s)

We see that, to twist-3, there are three contributions to gs:

{The OPE says nothing about the n=1 term of the g» series. [21]. Because of this,
the derivation of the gi" formulae shown here implicitly assumes that the Burkhardt—
Cottingham sum rule (see equation 4.38) is true.
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e g . The leading twist-2 term, which depends only on g;

e hp : Arises from the quark transverse polarization distribution. Also
twist-2, this term is suppressed by the smallness of the quark mass.

e ( : The twist-3 part which arises from quark-gluon interactions.

3.3.2 d, and Higher Twists

Equation 3.9 defined the twist-3 matrix elements d,,. Higher powers of n are
suppressed by increasing factors of 1/Q?, so in this section we restrict our
consideration to the n = 2 element.

B@) =3 [ @ [0, @) - (e, @) do

We can re-express this as a higher moment of a simple linear combination
of the g; and gy structure functions by making use of relation E.7.

B@) = [ # [201(0,@) + 3020, Q")] da (3.14)

d2(Q?) measures the deviation of the gy structure function from leading
twist behaviour. Experimentally, the x-weighting ensures that by far the
most significant contribution to the integral comes from the large = region
that is kinematically accessible at JLab.

3.3.3 Higher Twist Effects in g;

The generalization of equation 3.8 to include all orders of higher twist is

17 (Q?)

-2
T=2,4,... QT

I(Q%) =

(3.15)

where I'1 (Q?) = [ dz g1(z, Q?). Notice that the OPE sums over all possible
states and requires inclusion of the elastic contribution in equation 3.15.
We can gain access to the higher twist contributions to I'; by subtracting
the leading (7 = 2) twist u2(Q?) term from the experimentally measured
first moment [23, 24]. Up to O(a?) in the strong coupling constant for three
quark flavors, the result for the leading twist terms of I'; is given by [25, 26]:
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200 = l1 - (%) —3.58 <%>2 ~20.22 <%ﬂ (i%gA + %%)

2 3
1— 1 (%) —0.55 (%) —4.45 (%) 1AE (3.16)
3\ 7w T s 9

The + refers to proton and neutron respectively. The above expression
depends on the following quantities$:

e @, : The strong coupling constant.
e g4 : The non-singlet triplet axial charge measured in neutron £ decay.
e ag : The octet axial charge, extracted from weak hyperon decays.

e AY : The singlet axial current.

The first contribution beyond leading order to Eq. 3.15 is the é term:

(@) = M [0a(@) +4(Q7) — 412(@°)] (3.17)

where ao, the second moment of the g; arises from the target mass correction
and is pure twist-2. We encountered ds in section 3.3.2, where it was revealed
to be primarily twist-3. fo represents the only pure twist-4 contribution to
pa(Q?). Accurate determination of dy is necessary for the extraction of fa.

The twist-3 and 4 operators contain all the interaction terms and collec-
tively describe the response of the color electric and magnetic fields to the
presence of the nucleon spin. This behaviour is contained in the color elec-
tric and magnetic polarizabilities xg and xp [27, 28] which are illustrated
schematically in figure 3.1.

The relationship between the matrix elements and the polarizabilities is

XE = 5 (2d2 + f2) (3.18)

XB = 5 (4da — f2) (3.19)

W~ Wl N

3.3.4 Quark-Hadron Duality

In the 1970’s Bloom and Gilman [31, 32] observed that the proton’s unpolar-
ized structure function Fo(v, @?) in the resonance region roughly averaged

$For a more detailed discussion, see Ref [23].
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a«=E>

Color Electric and Magnetic Fields

Figure 3.1: The response of the color electric and magnetic fields to the
presence of the nucleon spin S.

to the scaling limit value of Fo(x). It appeared that the resonance contri-
butions fell at roughly the same rate as the non-resonant background as
Q? increases. The phenomenon is discussed in terms of “local” duality, in
which the averaging is satisfied for each individual resonance and in terms
of “global” duality, in which an average over all resonances is considered.
Of course, demonstrations of duality will depend on the choice of scaling
variable. The standard in recent years has become the Nachtman variable
& which generalizes x to include non-zero quark mass effects:

2z

14 /14 20

(3.20)

Figure 3.2 displays a recent confirmation [30] of duality in the proton
and deuteron’s unpolarized structure functions.

The initial work of Bloom and Gilman was expanded in refs. [33, 34, 35]
to address duality in terms of the operator product expansion, by exam-
ining the twist expansion of the Fg structure function. In this context,
duality states that the moments of the structure functions in the resonance
region are equal to the same moments evaluated in DIS, except for standard
PQCD corrections. In this context, duality is expected to hold whenever
higher twist corrections are small. More recently there has been several
theoretical investigations into the manifestation of duality in the polarized
structure functions. See for example [36, 37, 38]. An experiment [39] dedi-
cated to investigating this phenomenon in the polarized structure functions
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Figure 3.2: The F, structure function for hydrogen (a) and deuterium (b)
plotted as a function of £&. Also shown are several scaling curves: NMC
parameterization at Q2 = 2 GeV? (NMC2) and Q? = 10 GeV? (NMC10);
JLab fit obtained using low Q? SLAC data a low &. In (a), the dotted curve
is Fy obtained from the input valence-like quark distributions of Gluck, Reya
and Vogt [29]. This figure reproduced from [30].

was recently completed at JLab.

It is hoped that by understanding duality, we can understand the reso-
nance region’s connection to the parton picture of DIS. Duality also presents
the possibility that measurement of the structure functions in the resonance
region will allow determination of the structure functions in the high z scal-
ing region which is otherwise inaccessible kinematically.
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3.4 Phenomenological Model Predictions

Several models exist which parameterize existing world data in order to
make phenomenological predictions in the kinematic regions of interest to
E94-010. We will examine several in this section. In this discussion the
following definitions will be needed:

2
Q) = 5 [ 0e.Q)is (3:21)
5(Q?) = 2M? /g2 z,Q?)dz (3.22)
2
Ir(Q?) = e o [orte.@di (3.23)

where gr = g1 + go.

3.4.1 MAID

The unitary isobar model MAID [40] relies on phenomenological fits to
electro- and photo-production data for the nucleon from the single-pion pro-
duction threshold to the conventional resonance region limit, W = 2 GeV.
The major resonances’ are modeled using Breit-Wigner functions in order
to construct the pion, eta and higher production channels. The contribution
of the resonances to the transverse cross sections is given by:

o1z = %A%(g)B(u, Q%) (3.24)

Here, B(v, Q?) represents the generalization to electroproduction of the

Breit-Wigner form, M is the nucleon mass, Wy is the mass of the resonance,

T’y is the resonance width and A 1(3) is the relevant photo-coupling helicity

amplitude. A non-resonant background and vector meson exchanges are also
included.

3.4.2 Burkert and Ioffe

Anselmino, Joffe and Leader [41] proposed a vector meson dominance [42, 43|
(VDM) inspired model for the I; integral that interpolates smoothly from
the asymptotic value measured at high Q?, down to the value required by

TP33(1232), P11(1440), D13(1520), S11(1535), Fi5(1680), and D33 (1700)
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the GDH sum rulell at Q? = 0. A minimum of two parameters are needed
for such a model. The functional form of the interpolating function chosen
by the authors is:

1 w?

VDM 2\ __ 2 N
Il (Q ) =2M Q2+N2 C(Q2+H2)

' (00) (3.25)

where u = M, sets the scale of the Q? evolution and c is chosen such that
I/™(0) satisfies the GDH sum rule. The authors argue that the two terms
on the rhs of 3.25 plausibly represent the dominant two diagrams in a VDM
description of the photon-nucleon interaction, although they have not been
rigorously derived.

The original model ignored the large contribution of the resonant states
at low Q2, so it was updated in [44] and [45] to explicitly include contri-
butions from the resonances up to W = 1.8 GeV, based on existing pion
electroproduction data. The resonance model has become known as AO
and does not consider any Born or other non-resonant terms.

The final model of Burkert and Ioffe for the I integral of the nucleon is:

L(Q%) = I™(@%) + IF**(@?) (3.26)
where the parameter c in equation 3.25 is given by:
P LA S L S (3.27)
T T M () |4 Y '

The mass M, anomalous magnetic moment x and asymptotic values of the
integral must be set according to which nucleon is being examined.

3.4.3 Soffer and Teryaev

The model of Soffer and Teryaev [46] starts from the assumption that the
Ir(Q?) integral should exhibit smooth behaviour as it evolves from DIS to
low Q2.

The Burkhardt—Cottingham [47] sum rule** is assumed valid by the au-
thors, which implies that the inelastic contribution to Iy is given by [48, 49]:

IZ(Q2) — ,U'GI\Z(QQ) ,L"GM(?? %E(Q% (328)

ISee section 4.1.
**See equation 4.38.
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K2

At the real photon point, the GDH sum rule gives I1(0) = — 17, while

the Schwinger sum rule indicates I5(0) = W. Together, these results

imply that I7(0) = % while as Q* — oo, Iy — 24°T'(z). The large Q2
behaviour is set to match the existing world data.

For the proton, Soffer and Teryaev construct a smooth interpolation
between the asymptotic limits of I (Q?). I7(Q?) is then recovered after
subtracting the I5(Q?) contribution. A similar procedure is followed for
the neutron, except the interpolating function is for the isovector difference

7 Q7).
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CHAPTER 4

SUM RULES AND MOMENTS

In the previous chapter it was revealed that several of the available the-
oretical tools are aimed at the structure function moments instead of the
structure functions directly. In this chapter, we will look at some of the
relevant moments measured by E94-010 and the sum rules that govern their
behaviour. In particular, we will examine the first moments of g; and gs,
along with the higher moments that lead to the dy matrix element and the
extended GDH sum.

4.1 The GDH Sum Rule

The Gerasimov-Drell-Hearn sum rule for real photon scattering at Q2 = 0 is
an important prediction of QCD that relies on only a few general assump-
tions:

1. Lorentz and gauge invariance in the form of the low energy theorem
of Low [50], Goldman and Goldberger [51].

2. Unitarity in the form of the optical theorem.

3. Causality in the form of an unsubtracted dispersion relation [52] for
forward Compton scattering.

Drell and Hearn [53] modestly described their role as “very simply ... joining
the dispersion relation and the low-energy theorem with the no-subtraction
assumption” to form an experimentally testable sum rule. Gerasimov [54,
55], along with Hosoda and Yamamoto [56] independently derived this same
result.

A sum rule for real photon scattering may seem like a peculiar topic with
which to begin our discussion of the higher moments of electro-production
structure functions, but we will see that the GDH sum rule provides a natural
reference at the real photon point which can be extended to a much more
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general treatment involving virtual photon scattering at arbitrary Q2. The
details of the sum rule derivation are summarized in appendix B. Here we
present the result for a spin-1/2 target:

/UOO BpW) —apW), e, (%)2 (4.1)

th v

The integration extends from the onset of the inelastic region, through
the entire kinematic range and is weighted by the photon energy v. M and
K represent the target mass and anomalous magnetic moment respectively.
The helicity-dependent photo-absorption cross sections oy and o3/, were
previously introduced in section 2.5.

Equation 4.1 reveals that a non-zero anomalous magnetic moment is
intimately linked to the presence of an internal target structure with a com-
plicated excitation spectrum. It is remarkable, in that it relates static prop-
erties of the target ground state to dynamic properties of all the excited
states. Due to the 1/v weighting we expect that the low-lying mass reso-
nances will have the most significant contribution to the sum rule. For the
nucleons, v, in equation 4.1 represents the pion production threshold, and
we have the following predictions:

2
—27%a (%) = —204 ub ( Proton; x=+1.79)
= —234 pub ( Neutron; k= —1.91) (4.2)

Measurements of the total photoabsorption cross section of the proton
have been performed at MAMI [57] for photons of energy 200 — 800 MeV,
and at ELSA in the range 680 — 3000 MeV. The preliminary combined result
of these two experiments in the range 200 MeV < v < 2800 MeV is [58]:

I =255 £ 5+ 12 b (4.3)

Theoretical estimates [40] of the unmeasured regions reduce the value to ap-
proximately 210 ub, in pretty good agreement with the sum rule prediction.

Efforts to measure the threshold contribution below 200 MeV will soon
be underway at HIyS [59], while the high energy region from 3 GeV to 5
GeV will be examined at JLab. Investigations [60] of the neutron using a
deuterated butanol target* are also underway at MAMI and ELSA that will
cover a photon energy range of 140 MeV to 3000 MeV.

*There are also plans for a *He target.
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Arbitrary Target

Equation 4.1 can also be generalized to a target of arbitrary spin S:

/Uoo —UP(V) —oa() dv = —4r%a-S (i)Z (4.4)

ih v m

where, in this case, op and o4 represent the cross section for photoabsorp-
tion with the photon helicity parallel or anti-parallel to the target spin in
its maximal state. For nuclear targets [61], 14, represents the photodisinte-
gration threshold’. We obtain the following sum rule prediction for the two
lightest nuclei [62, 63]:

2
—4r’a- S (%) —  —0.65 ub ( Deuteron; x = —0.143 )

= —496 pb ( *He; k=—8.366) (4.5)

To get an idea of the relative size of the “nuclear” contribution to the sum
rule, we divide the integral for 3He into two regions, as shown in figure 4.1.
Region I extends from the two-body breakup to the nucleonic pion produc-
tion threshold, and region II extends from the pion production threshold to
0o. Since >He roughly approximates a free neutron due to the spin pairing
of the protons, we can expect the contribution from the region II to be ap-
proximately —234 ub. Therefore the contribution in region I is necessarily
quite large in order to satisfy the 3He predicted value of —496ub.

The only photoabsorption channel available in region I is photodisinte-
gration. Indeed, Arenhével [63] points out that the disintegration channel
must become significant at low Q2 in order to satisfy the sum rule prediction
for the deuteron. We can anticipate similar behaviour from the 3He nucleus,
although recent measurements [64] in the limited range 0 — 53 keV reveal
only a very small contribution thus far.

4.2 Experimental Generalization of the GDH Sum

The GDH sum can be generalized to include an arbitrary Q? dependence,
i.e. to extend the integral away from the real photon point to treat vir-
tual photons in electron scattering. Many different approaches have been
proposed [65, 14], but the most straightforward seems to be to replace the

tvg, = 2.2 and 5.5 MeV for the deuteron and ®He respectively
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Figure 4.1: The relevant kinematic regions as a function of v = F — E'.
The major distinction is between those reactions below the quasi-free pion
production threshold (*He elastic scattering, disintegration, and quasielastic
scattering) and those above the pion threshold.

photoproduction cross sections in equation 4.1 with the corresponding quan-
tities from electroproduction:

1Q?) = /V°° a3/2(v, Q%) - o1/2(v, Q2)du (4.6)

th v

To gain insight into the physical meaning of the GDH integrand, we
reconsider the formalism used to describe polarized photon scattering. The
lIhs of equation 4.1 involves the helicity dependent photo-absorption cross
sections previously introduced in section 2.5. As such, equation 4.6 can be
re-written in terms of the “transverse-transverse” cross section o7.;..

1(Q%) = 2/,/0o %Mdy (4.7)

14
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or even in terms of the polarized structure functions:*

2 oo 2
ne = 22 lgl(v,QZ)—%ga(v,QQ)]i—Z
2 Tip 2,.2
o A

where z;, = Q%/(2Muyy,).

As in the real photon case, it is expected that the integral for a nucleon
target will be dominated by the lowest mass resonant states. Burkert and
Li [7] in particular, point out the importance of the A isobar P33(1232)
contribution at low Q2. For a nuclear target, quasielastic scattering and
electro-disintegration should dominate the integral, due to the v-weighting.
However, as Q2 goes to zero, the quasielastic channel must necessarily van-
ish’ as it does not survive in the real photon case. Figure 4.2 shows the
MAID [40] model prediction for I4(Q?) for the nucleons and for *He. No-
tice that the model is not constrained to the sum rule prediction at Q? = 0.

Although the proposed extension is quite natural experimentally, it has
the drawback that there’s “no rule for the sum” [66], so there is limited
predictive power in equation 4.6. We will see an alternative formulation in
section 4.3 that provides a theoretical prediction for the left hand side of
equation 4.8 making it a true sum rule.

Asymptotic Limits of the Extended Sum

It is interesting to examine the asymptotic behaviour of the extended GDH
sum as Q? — oo and at Q? = 0. Starting with equation 4.8, and considering
that g, decouples as Q? — 0 we find:

2 Ttp
QI;I_I)l()IA(QZ) = _165204/0 91(z, Q%)dx
2
- G @) (4.9)

{The generalized GDH integral depends on the choice of virtual photon flux K. We have
chosen the convention shown in equation 2.55 which allows comparison to existing chiral
perturbation theory calculations at low Q2. This also has the advantage that equation 4.7
takes an identical form as the real photon version.

$The physical mechanism is Pauli-blocking. When |g] < 2kferm: the nucleon does not
have enough energy to escape the nuclear potential well.
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Figure 4.2: MAID2003 [40] prediction for the extended GDH sum I4(Q?)
in the resonance region. The *He prediction is an incoherent sum of the
proton and neutron contributions combined with a PWIA estimate of the
quasielastic channel as described in section E.2.1.

As Q? — oo, the second term on the right hand side of 4.8 falls off, and
we obtain¥:

16720 [1
. 2 o
Jm @) = =5 [ @

1672
So we have the curious result that the two extreme limits of the extended
sum have the same functional form, which depends only on the first moment
of g1-

TAs Q% — oo, the elastic and quasielastic contribution vanish and we can extend the
integration to x = 1.
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4.3 Dispersive Sum Rules at Arbitrary Q2

Ji and Osborne [66] suggest a generalization of the GDH sum rule that
takes advantage of the relationship between the forward virtual Compton
amplitudes and the spin dependent structure functions. They point out
that since the GDH sum rule is derived from the dispersion relation [67] for
the invariant Compton amplitude S1(v, @Q? = 0) at the real photon point,
a generalized sum rule can also be constructed from the same dispersion
relation at nonzero Q2.

The derivation begins with the observation that the hadronic tensor for
inclusive lepton scattering ( equation 2.34 ):

Wi = 1= [ '€ EENP)LILE L O)IN(P))

is structurally quite similar to the tensor for forward virtual-photon Comp-
ton scattering ( equation 2.66 ):

T =i [ d SN (P) T J,€) 1, (0) [Ny (P)

In fact, the two tensors differ only by the time ordering of the product of
electromagnetic currents.

As in the case of the hadronic tensor ( see equation 2.36 ), the Comp-
ton tensor is constructed with the most general form that satisfies Lorentz
symmetry, parity and time-reversal invariance. The anti-symmetric part of
TH is:

Tl — _jenveBy [ SpS1(v, Q%) + (MvSg — S - ¢Pg)Sa(v, Q?) ] (4.11)

The two scalar functions S; and Ss are known as the spin-dependent
Compton amplitudes. The optical theorem relates them directly to the
structure functions:

Im Sy (v, Q%) = 27G1 (v, Q%) (4.12)
Im S2(v, Q%) = 2wGa(v, Q%) (4.13)

And Cauchy’s integral theorem can therefore be used to formulate a set of
Q?-dependent dispersion relations [67]:

o d
510Q%) = 4 [ 5z Q) (419
9 ©  dv'y ' 9
$20,QY) = 4 [, G, Q?) (4.15)

M

36



Equations 4.14 and 4.15 take advantage of the properties under reflec-
tion:

S1(v,Q%) = Si(—v,Q? (4.16)
So(r, Q%) = —So(—v,Q?) (4.17)

which arise from crossing symmetry.

Using the dispersion relations, theoretical calculations (using xPT or
LGT for example ) of the Compton amplitudes can be directly compared to
the experimentally measured structure functions.

4.3.1 The GDH Sum

We now consider v = 0 in equation 4.14 to obtain the Q? dependent relation:
51(0,Q% = 4/ —6‘1 Q% (4.18)

- /0 g1 (2, Q?) (4.19)

This serves as a natural extension of the GDH sum rule to virtual-photon
scattering, and represents a Q?-dependent sum rule provided theoretical
predictions for the S; Compton amplitude can be extended beyond the low
energy theorem results at Q% = 0.

To make explicit the relation of equation 4.18 to the GDH sum rule, we
examine the limit as Q? — 0. The sum rule excludes the elastic contribution
so we consider the inelastic part of Si:

51(0,Q%) = S1(0, Q%) — S0, Q%) (4.20)

The low energy prediction of Low, Gell-mann and Goldberger [50, 51] states
that:

51(0,0) = — (%)2 (4.21)

The gy structure function decouples in the real photon limit, so equation 2.54
reveals that:
1

G0 = "grzg

[0320) = 010 (v)] (4.22)

If we insert these two results into equation 4.18, we recover the GDH sum
rule of equation 4.1.
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It is interesting to note that the standard I4 generalization of the GDH
sum can also be related to the Compton amplitudes as follows [68]:

14(Q%) = 27%a [$1(1, Q) - Q* So(, QY] (4.23)

4.3.2 The Bjorken Sum Rule

As Q? — o0, the following relation holds for the difference of the proton and
neutron Compton amplitudes [66]:

4
S;f(()a Q2) - S{L(Oa Qz) = WQA (424)
Equation 4.19 transforms this into the Bjorken sum rule, [69]

T 7 = %A (4.25)
where g4 is the isovector axial charge of the nucleon, measured in nuclear
B-decay, and T'; = fol grdz.

This result was originally derived using Current Algebra and thus pre-
dates Quantum Chromodynamics. Nevertheless, it also follows from QCD.
The relation depends only on isospin symmetry, i.e. the symmetry between
down and up quarks. In a more modern treatment it is a consequence of the
OPE expansion ( equation 3.8 ) of I'y for the proton and neutron. When
evolved to finite Q? there are QCD radiative corrections and higher twist
corrections so that equation 4.25 is generalized to:

Q%) —THQ?) = %A - O (s) + % (4.26)

The higher twist correction coefficient is estimated [70, 71] to be small:
—25MeV? < Cpr < +30MeV?

and the non-singlet QCD radiative corrections follow the form:

™

Cus(as) =1 - ¢ <QS(Q2))Z (4.27)

with the first few coefficients [25, 26] given by: ¢; = 1.0, ¢, = 3.5833,
c3 = 20.2153, ¢4 = 130.0, and c5 = 893.38.
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World data prior to E94-010 confirmed the sum rule to 10% [72, 73]. If
the validity of the sum rule is accepted, equation 4.26 can also be used to
extract the strong coupling constant as(Q?) at low Q2 [74].

Because of isospin symmetry, it is possible to write a “Bjorken” sum rule
for any pair of mirror nuclei, *He and *H for example [75, 76]:

3 3He tri
) _p(He - 9% - Cys (cxs) (4.28)

where g7* is the axial vector coupling constant of the triton, measured in
tritium decay.

If we take the ratio of the A =1 to A = 3 Bjorken sum rules we get:
17 ga

PG _ p(He) = @ (4.29)
1 1

and the QCD radiative corrections cancel exactly. Both g4 and g¢'f* have
been precisely measured and their ratio is 0.956 + 0.004. Comparison of the
experimental value of equation 4.29 with the predictions using exact *He
wavefunctions have been used to evaluate the size of off-shell corrections in
3He and the effect of non-nucleonic degrees of freedom [75, 77].

4.3.3 The ¢g; Sum Rule

The Q?-dependent sum rule of equation 4.19 is the latest in a long progres-
sion of exciting results involving the lowest moment of the g; spin structure
function. Early measurements of I} at CERN [78] and SLAC [79] differed
strongly from the prediction of the naive quark model and Ellis-Jaffe sum
rule [80], sparking what became known as the “Spin Crisis”. This spurred an
intense theoretical and experimental endeavor which eventually concluded
that the constituent quarks carry only about 30% of the nucleon spin [71, 81].

In addition, as Q*> — 0 T'y, is closely related to the generalized GDH
integral as discussed in section 4.2. The SLAC and CERN experiments re-
ported results that were clearly positive, while the GDH sum rule prediction
for 'y at Q2 = 0 is large and negative. This indicated a very strong variation
in the helicity structure of the photon-nucleon coupling between the region
of asymptotic freedom and the real photon point. The expected variation
was verified recently by the JLab CLAS collaboration [82] who observed a
crossover of '} near Q? = 0.3 GeV?. This strongly Q?-dependent behaviour
arises mostly from the electroexcitation of the nucleon resonances, which be-
come dominant at low Q? [83], and signifies the transition from incoherent
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Figure 4.3: Model of Burkert and Toffe [44, 45] for T'1(Q?). The 3He pre-
diction is an incoherent sum of the proton and neutron contributions com-
bined with a PWIA estimate of the quasielastic channel as described in
section E.2.1.

parton scattering to resonance driven coherent scattering. Figure 4.2 shows
the Burkert and Toffe [44, 45] model prediction for T';(Q?) for the nucleons
and for 3He.

In chiral perturbation theory S; can be expanded in a power series ex-
pansion with respect to the pion mass around Q? = 0:

— K 2 — 1—[/
with
—t b
5.(0,0) = mf;ﬂ + — [ log(my) + B+ ... (4.31)

The leading chiral term ‘a’ arises from Feynman diagrams in which the
incoming or outgoing photon interacts with an intermediate pion. Heavy
Baryon Chiral Perturbation Theory (HBCPT) calculations [66] reveal that
this term vanishes and S1(0,Q?) is independent of Q? at leading order.
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Unfortunately, the next to leading order contribution (NLO) is strongly Q?
dependent and lead to the following predictions for the nucleons:

2

newYH = —%+6.85-Q2+... (4.32)
(@) = —’1—%+5.54-Q2+... (4.33)

Phenomenological models reveal the importance of the resonance con-
tributions and in particular the A(1232) to the helicity dependent inclusive
cross sections at low Q2. This observation, along with the fact that the
A(1232) is difficult to treat in HBCPT, lead Burkert [84] to propose the
proton-neutron differencell, as a more suitable observable for extending the
chiral expansion further away from the real photon point than possible for
either nucleon alone:

FP—1 2 "‘721_"“% 2
BQ) = S 24+131-Q%+... (4.34)

4.3.4 The Burkhardt—Cottingham Sum Rule
We now reconsider equation 4.15 for the S, amplitude multiplied by an
additional factor of v:

oo dyly?
VS (v, Q%) = 4 /0 6o, Q?) (4.35)

It is also possible to directly form an unsubtracted dispersion relation for
the function S5 = vS, which is even with respect to v. Assuming that the
Sy amplitude vanishes faster than 1/v, (or equivalently that go obeys Regge
theory at low z), we find:

dVIVIQ
Cp—y G2 (v, Q%) (4.36)

v

S5, Q) = 4/0°°

Subtraction of equation 4.36 from equation 4.35 results in the following
‘super-convergence’ relation [67], valid for all Q2:

0= /0 Go(v, Q*)dv (4.37)

or making a simple transformation:

0= /0 o, Q) (4.38)

ITn which the A-resonance contribution cancels
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which is the Burkhardt—Cottingham [47] sum rule. The integration proceeds
from 0 to £ = 1 which necessitates inclusion of the elastic contribution in
equation 4.38. At first glance, the sum rule appears to be a trivial conse-
quence of the OPE expansion of 'y (equation 3.9) for n = 1. But it has
been pointed out [21] that the expansion is valid only for n > 3. The OPE
actually gives no information about the BC sum rule.

Separating the elastic and inelastic contributions results in the following
prediction from Schwinger [48, 49] for the inelastic part at all Q:

— 1 Gu(Q?) — Ge(Q%)
I (Q*) == 2 4,
(@) = 1Gu (@) T — (4:39)
which reveals that the I, integral has the following limiting cases:
1
L(QYH — s for Q> —0 (4.40)
LQY) — 0@ for Q% — (4.41)

Drechsel et al. [14] point out the rapid decrease with Q? follows from the
asymptotic behaviour of the electromagnetic form factors predicted by per-
turbative QCD if logarithmic terms are neglected.

The B.C. sum rule was traditionally viewed as valid only in the scaling
limit, although the derivation presented above is valid for all Q2. There is
however a healthy skepticism in the literature with a general consensus that
the two most likely scenarios that would lead to a violation [85] are:

1. fol go(z,Q?)dr does not exist, that is go is singular or exhibits non-
Regge behaviour at low .

2. go exhibits a delta function singularity at = 0.

It is these criteria for a possible violation that have lead some authors to
conclude [46] that “the B.C. integral is either zero or infinite”. Of course, a
singularity at £ = 0 would be impossible to observe and the existing low z
data has exhibited reasonable agreement with Regge behaviour.

The Burkhardt—Cottingham sum rule is satisfied to first order in o for
a quark target in PQCD [86], and to lowest order in am, in QED [49].
The sum rule was also tested with a complete one loop calculation for a
nucleon target in [10]. Finally, it should be recalled that the validity of the
Wandzura—Wilczek relation implies the Burkhardt—Cottingham result since
equation 4.38 can be obtained directly from 3.11 by integration.
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Figure 4.4: Connecting the partonic and hadronic descriptions.

4.4 Summary

At large Q?, the spatial resolution of the incident electron probe is high and
the interaction can be viewed as an incoherent sum of scattering from in-
dividual partons. In this kinematic region, the structure function moments
can be expressed in a perturbative expansion in ay, and higher twist expan-
sion in 1/Q%. As Q? decreases, the higher twist effects of the OPE should
grow in significance until the expansion breaks down. Ji and Osborne [66]
argue that the relevant scale parameter is the average parton transverse mo-
mentum k, . They use this fact to conclude that the 1/Q? expansion should
be valid down to about 0.5 GeV?2. In any event, the OPE should break down
completely as we approach A2Qc p from above.

On the other hand, chiral perturbation theory extends the low energy
theorem predictions away from the real photon point at Q> = 0. This
approach views electron scattering as a coherent interaction in which the
underlying partonic degrees of freedom are ignored. It is argued that this
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effective theory can be used to describe the Q? evolution of the Compton
amplitudes up to about 0.2 GeV2. In the intermediate ‘window’ region, the
interaction can not be simply understood in either the partonic or hadronic
view, but is necessarily some complicated mixture of the two effective theo-
ries. This makes experimental data in this range extremely useful in testing
extensions to the existing tools and to provide a benchmark for any future
calculations such as those expected from lattice gauge theory. It is in this
region that the E94-010 collaboration performed a precision measurement
of the neutron and *He spin structure functions which will be described in
the remainder of this thesis.
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CHAPTER 5

THE EXPERIMENT

Experiment 94-010 ran in Jefferson Lab Hall A from Sept. 25" to De-
cember 24" 1998. Tt represents a precise inclusive polarized cross section
measurement at low momentum transfer (0.1<Q?<0.9 GeV?) in the thresh-
old, quasielastic, and resonance regions. The kinematic coverage is shown in
figure 5.1. The goal of the experiment was to extract the 3He and neutron
spin-dependent structure functions g;(z,Q?) and go(z,Q?) and ultimately
the relevant higher moments of these quantities. Longitudinally polarized
electrons of incident energy from 0.9 GeV to 5.1 GeV were scattered from a
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Figure 5.1: Kinematic Coverage of £E94-010

high pressure polarized 3He target. The beam helicity was pseudo-randomly
flipped at 1 or 30Hz as 1-15 uA was rastered on the glass 3He target cell. In
order to extract both polarized structure functions, longitudinal and trans-
verse target polarization was maintained.

The experiment utilized two nearly identical high resolution magnetic
spectrometers positioned at 15.5° with respect to the beamline. Beam polar-
ization was monitored about once every four days with a Mgller polarimeter.
Average beam polarizations was 71%. A Mott polarimeter also monitored
the initial beam polarization at the injector before acceleration. At the time
of E94-010 this polarimeter experienced various hardware difficulties and
the Mott polarimetry results were not used in the final analysis.

Particle ID was provided by a gas Cerenkov and total absorption shower
counter. The resulting pion rejection was about 10*, which was more than
sufficient to control the pion contamination in our data.

In this chapter, we will discuss the Continuous Electron Beam Acceler-
ator Facility (CEBAF), and the experimental setup in Hall A.
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Figure 5.2: Energy level diagram for doped GaAs.

5.1 The Accelerator

The JLab polarized electron source [87] utilizes a phosphorus doped strained
GaAs cathode illuminated with a polarized diode laser. The 1497 MHz diode
laser operates at 780 nm and can provide up to 100 pA of polarized beam.
The diode laser can be swapped out and replaced with a Titanium Sapphire
(Ti:Sap) laser, allowing production of polarized beam of up to 200 pA.

The cathode [88] consists of several layers of GaAs doped to varying
degrees with phosphorus. The doping creates a strain on the GaAs in the
active layer, thereby breaking the degeneracy of the P3/5 level of the valence
band as shown in figure 5.2. Left-handed circularly polarized light incident
on the cathode is then able to promote electrons in the m=3/2 sublevel of
the valence band to the m=1/2 sublevel of the conduction band, where the
electron is able to escape. The electrons are emitted in a direction opposite
to the incident laser and therefore have right-handed helicity.

The electron beam helicity is alternated to enable the measurement of
asymmetry and cross section differences. It is desirable to perform this
helicity flipping quickly in order to limit the impact of any time depen-
dent systematic effects. The source laser passes through a pockel cell which
rapidly varies the helicity of the beam in a pseudo-random fashion at 1 or
30Hz. A removable half-wave plate can also be inserted into the laser beam
to reverse the helicity. This was done several times during E94-010 in order
to evaluate helicity dependent systematic effects.

The polarized electrons are then accelerated to 45 MeV before being
injected into the first linac. See figure 5.3. The linacs consist of 20 super-
conducting cryomodules, each composed of 8 superconducting niobium rf
cavities cooled to 2K. The cavities are able to produce a field gradient of
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Figure 5.3: CEBAF machine configuration.

7 MeV/m and organize the beam into as many as three 499 MHz bunches.
After the first linac, the electrons enter a re-circulation arc and are directed
into the second linac where they can be accelerated again. At this point,
an electron bunch will either enter the second recirculation arc, eventually
making up to 5 passes through the machine, or it can be separated and sent
to the halls using rf separators and septum magnets. Each linac was nom-
inally designed to accelerate electrons by 400 MeV, but this value can be
adjusted. The maximum beam energy after 5 passes is presently just below
6 GeV.

5.2 Hall A Beamline

5.2.1 Beam Current Monitors

The first piece of equipment along the beamline within Hall A is the Beam
Current Monitors (BCMs) [89, 90]. The monitors are contained within a
temperature controlled, magnetically shielded enclosure about 25 meters
upstream of the target [91]. The box contains two resonant cavities, which
perform relative measurements of the beam current. One BCM is upstream
and another downstream of the Unser [92], a parametric current transformer,
which performs an absolute measurement and is used to calibrate the BCMs.
See figure 5.5.
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The cavities are made of stainless steel cylinders, 15.48 cm in diameter
and 15.24 cm in length, and are resonantly tuned to the beam frequency
of 1497 MHz. The Q* is highly sensitive to the ambient temperature ne-
cessitating thermal shielding and temperature control. Inside, there is a
coaxial antennae running along the outer shell which couples to the cavity
and transmits any induced signal to the external electronics. Another refer-
ence antennae within the cavity can be excited at 1497 MHz with a known
current for calibration.

The electron beam excites the resonant transverse mode TMgyo of the
cavity at 1497 MHz. This is picked up by the antennae creating an RF
output signal whose voltage is proportional to the beam current. Immedi-
ately outside the cavity, the 1497 MHz signal is stepped down to 1 MHz to
avoid attenuation. At this point, the signal is split into two paths [93]. One
signal will be integrated and recorded by the scalars. The other signal will
be sampled and leads to the EPICS data stream.

The “sampled” signal is fed to a high precision digital AC voltmeter. The

*Quality Factor
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Figure 5.5: Schematic of Beam Current Monitor apparatus. Reproduced
from [91].

meter provides the rms average over one second of the input signal. This
signal is proportional to the average charge accumulated over the sampling
period. At semi-regular intervals (4 to 50s) the sampled value is processed by
EPICS and entered into the data stream. Beam trips and fluctuations can
be missed entirely by this sampling procedure and this makes it undesirable
for use in absolute charge determination.

The “integrated” signal is fed to an RMS-to-DC converter which outputs
a DC voltage proportional to the beam current. The constant voltage is
input to a VTOF! converter which outputs a signal whose frequency is
proportional to the input voltage. This sinusoidal wave is fed to the 200
MHz VME scalers which simply count each incident pulse. The accumulated
number of scaler counts will be proportional to the total charge. In practice,
the RMS-to-DC converter is non-linear below 5 pA, so the signal is amplified
by a factor of 1, 3 and 10 before the converter. Therefore, the two cavities
each output 3 signals, referred to as X1, X3, and X10 respectively, which are
in turn fed to the VME crates in both spectrometers. This leads in principle
to 12 redundant scaler records of the charge. During the experimental run,

tVoltage to frequency convertor.
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one of the cavities was more stable than the other and the signals with lower
amplification departed from linearity at low current. For these reasons E94-
010 utilized the HRS-R downstream X10 signal for all charge determination.

As mentioned above, the cavities provide a relative value and must be
calibrated with an absolute measurement. The Unser, which is a toroidal
parametric transformer serves this purpose. The toroid responds to the
DC magnetic field created by the presence of the beam. It can provide an
absolute measurement at large currents, but at lower currents the absolute
uncertainty, 250 nA, becomes prohibitive and the offset drifts significantly
over the course of a few minutes.

The Unser is calibrated with a internal reference wire carrying a current
of 2 mA from a precision current source. Then it, in turn, is used to calibrate
the cavities by making a measurement of the beam current at the highest
available current, typically about 50 puA. The beam is cycled on and off at
one minute intervals to compensate for the drifting offset. The measurement
typically takes about one half hour and interrupts beam delivery to all the
Halls.

The cavities and their associated electronics are highly linear, so once
they have been calibrated with the Unser at high current the calibration
can be extrapolated reliably to the lower currents typically used for the 3He
target. The overall system is estimated to be accurate to better than 1%
down to 1 pA.

5.2.2 Raster

The electron beam enters the hall focused to a diameter of approximately
100 pm. A fast raster is used to spread the heat load of the beam across
the face of the target and to limit dramatic variations in target density.
The raster [94] is located 23 m upstream from the target. It consists of a
horizontal and vertical air core coils each oscillating according to a sinusoidal
pattern at approximately 20 kHz. See figure 5.6. The phase shift between
the two patterns is 7/2 and the amplitude is modulated with a 49 Hz square
root function of time [94]. The resulting two-dimensional profile is ellipsoidal
with a flat density and an approximate diameter of 4 mm.

5.2.3 Beam Position Monitors

There are two beam position monitors (BPMs) located 7.534 and 1.286
meters upstream of the target. The BPMs consist of four wire antennas
coaxial with the beam. See figure 5.7. When the beam passes within the
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Figure 5.6: Projection of the raster pattern on horizontal and vertical axis.
Reproduced from [94].

antennae array, a signal is induced that is inversely proportional to the beam-
antennae distance. The BPMs are calibrated by two superharps adjacent to
the BPMs. The superharps perform an invasive measurement of the beam
position by scanning three thin wires, oriented vertically and at £ 45°, across
the electron beam. This causes a shower of radiation which can be detected
in a photomultiplier. The BPMs are accurate to £ 20 ym at 10uA.

5.2.4 Beam Polarization

The cross section for polarized Mgller scattering is sensitive to both the
incident and target electron polarizations. The Mgller polarimeter [89, 96]
utilizes this relation to extract the beam polarization in Hall A. The cross
section for Mgller scattering [97] can be expressed as:

do do , ;
— = (= 1 Py A Pl 5.1
a0 <dQ>0[+iZj B ij ~ Lo ( )
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Figure 5.7: Antennae within the beam position monitors. The electron
beam runs along central axis.

(5.2)
Here (3—6)0 is the unpolarized cross section:
(d_o) a1+ cos00m) (3 + cos® Oerm) 2 (5.3)
), 2me sin? 0., )

A;; is known as the analyzing power, which depends only on the scat-
tering angle 6., in the center of mass frame. P’ and P, are the beam and
target polarizations projected on the three spatial axes, respectively. Once
the analyzing power and target polarization are determined, it is straight-
forward to extract the beam polarization. We orient our coordinate system
so that the z-axis is along the electron beam and the y-axis is normal to the
scattering plane. Then in the case of a longitudinally polarized target and
beam the analyzing power reduces to:

(7 + c082 Oery) in? Oy
A, =— 4
# (3 + cos? 0, )2 (54)

In practice, the Mgller asymmetry is measured instead of the cross sec-
tion. As a ratio of cross sections, the asymmetry is insensitive to many of
the cross section systematics but retains its dependence on the beam and
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Figure 5.8: Mgller polarimeter schematic. Reproduced from [95].

target polarizations. A schematic of the polarimeter is shown in figure 5.8.
The target is a 13.9 pm Cobalt-Iron (‘Supermendur’) alloy cooled to 115K
and placed in a magnetic field of 28 mT provided by a Helmholtz coil. Typ-
ical target polarizations of 7.6% are detected with a pickup coil pair during
NMR measurements. The relative error of approximately 3% on the target
polarization dominates the total Mgller systematic error.

Downstream of the target, a series of three quadrupoles act to focus the
scattered electrons into two beams that emerge parallel to the beam axis
after the final quadrupole. A dipole magnet is then used to divert the scat-
tered electrons to the detector and to separate Mgller from Mott scattered
electrons. The incident electron beam passes through a 4 cm diameter hole
in a magnetically shielded partition within the dipole and proceeds unde-
flected to the beam dump. The two beams of scattered electrons pass on
either side of the partition and enter the detectors. The detectors, which are
used in coincidence, consist of a scintillator and 4 lead glass shower blocks.

The Mgller polarimeter has an operational range of 0.8 to 6.0 GeV and
operates with 0.2 to 5.0 uA of beam. The polarimetry measurement is nec-
essarily invasive and typically requires one hour of beam time. There were
26 such Mgller measurements performed during E94-010 with an average
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Figure 5.9: Beam Polarimetry measurements. Dashed line is the average
of the Mgller polarimeter measurements. The Mott values were not used in
this analysis and are shown only for reference.

polarization of about 71%. A total uncertainty of 4% relative was assigned
to the beam polarization measurements. The results are shown in figure 5.9.
5.2.5 Incident Beam Energy

Arc Energy Determination

A charged particle beam will be deflected by a known angle when it passes
through a magnetic field. The force on the particle is:

dp _,
-ﬁ:qﬁxB (5.5)
and the deflection of a particle of momentum p' in a magnetic field is:
d—'
d0ztan9:—§ (5.6)

These two equations lead to a simple relation between the energy and de-
flection angle:

E:g/édf (5.7)
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measurement.

The JLab electron beam is deflected by 34.3 degrees in the beam switch-
yard before passing into Hall A [98]. See figure 5.10. This is accomplished
in the 42 meter long “Arc” by eight dipole magnets, coupled with nine
quadrupoles. The dipole magnets are under vacuum in the beamline which
makes access difficult. The magnetic field is instead measured in a ninth
identical dipole magnet that is connected in series with the others but out-
side the beam enclosure.

The deflection angle 6 is determined with two pairs of ‘SuperHarps’,
one prior to and one after the Arc. Knowledge of the magnetic field and
deflection angle leads to the beam energy through use of equation 5.7. The
arc method [99] provides an absolute accuracy on the order of 2 - 10~%.
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eP Energy Determination

The Hall A eP energy measurement makes use of the fact that for the elastic
e + p reaction the scattering angles of the electron and proton ( . and 6,
respectively ) are related to the energy F of the incoming electron in a
straight-forward way:

E=M,

cos @, + sinf./ tanf, — 1 0O (m%) (5.8)

1—cosb, E?

The experimental device is shown schematically in figure 5.11 The target
proton is provided by a rotating thin film (10-30um) of CH2 located 17m
upstream of the Hall A target pivot [99]. The electron and proton are
measured in coincidence by two sets of detectors symmetrically placed about
the beamline. When the two measurements are added, any error due to
misalignment of the detectors is canceled in first order. The proton detectors
are fixed at 60 degrees while the electron detectors can be moved from 9 to
41 degrees, corresponding to an energy range of 0.5 to 6.0 GeV. The proton
detector consists of two scintillator planes, combined with a silicon strip
detector (SSD), while the electron detector consists of a scintillator plane
and a cerenkov counter in addition to a silicon strip.

o7



Three beam energy measurements were performed using the ep device
during E94-010. The results are shown in table 5.1.

Elastic Scattering from *He

E94-010 recorded elastic scattering data for the 3He target for our two lowest
incident energies. The elastic form factor drops dramatically as Q? increases
and we were unable to discriminate the elastic peak from the overlapping
quasielastic spectrum at the remaining energies of E94-010. However, for
our two lowest energy data sets the elastic data can be used as an indepen-
dent check of the incident energy. The initial energy, scattering angle, and
scattered electron energy are kinematically constrained by:
;o E
1+ E/M(1 — cosb)

The elastic energy results are listed in table 5.1. Further details of the

analysis can be found in [100].

(5.9)

Incident Beam Energy Values

The results for the three different energy measurement techniques are sum-
marized in table 5.1. A careful study of the systematic uncertainties of all
the measurements was performed by A. Deur [101], which lead to the final
values used in the E94-010 analysis.

Table 5.1: Incident energies in MeV .

‘ Arc ‘ eP ‘ Elastic ‘ Used in Analysis ‘
............ 862.0 + 0.86 862.0
............ 1717.9 £ 1.72 1717.9
...... 1717.9 + 0.44 | 1716.9 £+ 1.72 1716.9

2581.1 + 13|  ...... | ... 2580.5
3385.0 £ 1.7 | 3381.8 £ 0.60 |  ...... 3381.8
4238.2 &+ 2.1 | 4236.2 £0.79 |  ...... 4238.6
5068.2 £ 25| ... | ... 5058.2

5.3 The Spectrometers

The standard Hall A detector configuration includes two high resolution
spectrometers (HRS) [89]. See figure 5.4. The spectrometers were initially
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equipped for the (e,e’p) reaction. Hence they were known as the ‘Hadron’
and ‘Electron’ arms. For E94-010, both arms were set to negative polarity
and configured for electron detection. As such we will refer to them from
hereon as HRS-L and HRS-R.

5.3.1 Magnets

Focusing is provided by three superconducting quadrupoles. Q; is conver-
gent in the vertical plane while Q2 and Q3 are responsible for the transverse
focusing. A 6.6 m long superconducting dipole with a vertical bend of 45°
provides the angular separation and in conjunction with the vertical drift
chambers (see section 5.4.1), provides a momentum resolution of 2.10~*. The
magnets configuration is QQDQ. The resulting horizontal angular resolution
is better than 2 mrad. Further spectrometer characteristics are summarized
in table 5.2.

The superconducting magnets are cooled by the 1800 W helium End
Station Refrigerator (ESR) which is dedicated to providing liquid helium
to the three End Station magnets and cryo-target. Coolant flow control
and device monitoring is performed using the EPICs control system (See
section 7.1).

The magnetic field in the dipoles is monitored with an array of NMR
probes that cover the range 0.17-2.10 T. They are accurate to 1075. A
Hall probe is also present within the dipole and can be used to extend the
field measurements to lower magnetic fields. The quadrupole fields are all
monitored with Hall probes.

The spectrometer central momentum is related to the magnetic dipole
field to first order by*:

Py=T-B, (5.10)

Elastic scattering from a thin carbon target accompanied by a beam energy
measurement was used to determine the spectrometer constant I' for each
arm [102].

5.3.2 Collimator

At the entrance to the HRS there are two remotely movable collimators.
The first, largest collimator is made of 80 mm thick tungsten with an verti-
cal by horizontal aperture of 121.8mm by 62.9mm. The aperture increases

iThere are small higher order corrections to this expression.
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to 129.7mm by 66.8mm at the rear of the first collimator. The second col-
limator, also made of tungsten, is 50.0mm by 21.3mm at the entrance and
expands to 53.2mm by 22.6mm at the exit. Just beyond the collimators
is the removable sieve slit, a 5mm thick tungsten plate perforated with 49
evenly spaced holes ( see figure 7.16. The sieve is used in optical studies of
the magnetic transport properties of the spectrometer.

The first larger collimator was inserted for all of E94-010. During typical
data taking the smaller collimator was also inserted, but was removed on
several occasions to study the acceptance.

Table 5.2: Characteristics [89] of the HRS.

Bending angle 45°
Optical length 23.4 m
Mom. range (HRS-L) 0.3 -4.0 GeV/c
Mom. range (HRS-R) 0.4 - 3.2 GeV/c
Mom. acceptance -4.5% < ép/p < +4.5%
Mom. resolution 1x10~*
Dispersion at the focus 124 m
D/M 5.0
Angular range (HRS-L) 12.5° - 150°
Angular range (HRS-R) 12.5° - 130°
Ang. acceptance (hori.) +30 mrad
Ang. acceptance (vert.) +60 mrad
Ang. resolution (hori.) 0.5 mrad
Ang. resolution (vert.) 1.0 mrad
AQ at ép/p = 0, yo=0 6 msr
Trans. length acceptance +5 cm
Trans. position resolution 1 mm

5.3.3 Spectrometer Survey

The nominal scattering angle for both spectrometers in E94-010 was 15.5°.
The actual value was determined using a combination of the spectrometer
encoder values and dedicated surveys. Table 5.3 summarizes the results for
the data analyzed in this thesis. Further details can be found in [103].
Late in the experiment the spectrometer arms were moved briefly, then
returned to approximately 15.5°, hence the two slightly different sets of
central angles in table 5.3. Five incident beam energies from 0.8 to 4.2
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Table 5.3: Survey Results for E94-010. Beamline upstream is positive for
the horizontal pointing. Up is positive for the vertical pointing. All lengths
are in mm. All angles are in degrees. Error on survey values are of the order
of 0.5mm [104]

| | 10/6-12/12 [ 12/13-12/24 |

HRS-L Spectrometer Angle 15.503° 15.495°

HRS-L Horizontal Pointing -0.36 0.48

HRS-L Vertical Pointing 0.62 0.58

HRS-R Spectrometer Angle 15.528° 15.508°

HRS-R Horizontal Pointing -3.8 -1.11

HRS-R Vertical Pointing . 0.82

\ Spectrometer | Before 12/12/98 | After 12/13/98 |

HRS-L Horizontal Pointing -0.05+0.64 0.18+0.43
HRS-R Horizontal Pointing -5.18+0.74 -3.48+0.75

Table 5.4: HRS Mispointing as determined from carbon foil optics study.

GeV were run during the first time period, while 5.1 GeV was run after
the spectrometer was moved. E94-010 devoted beamtime to scattering from
seven thin carbon foils for both of these situations. From this data we can
check the results in table 5.3 for the horizontal pointing.

The foils were evenly spaced over a length of 40 cm. Foil # 4 was
positioned at the origin of the target coordinate Zpeqm, which coincides with
the geometric center of Hall A [105]. Fig. 5.12 is a schematic showing the
placement of the carbon foils and the pointing of the arms. Note that
the mispointing is greatly exaggerated in the figure. We plot the Zpeam
distribution of the carbon foils in figs. 5.13 to 5.16. Notice that the left arm
does not see foil #7, while the right arm misses foil #1.

From the position of the central foil AZ, we can determine the spectrom-
eter horizontal mispointing M = AZsinf. To reduce the error, we take the
weighted average of the mispointing determination for six} foils. The results
are shown in table 5.4.

The HRS-L results for the mispointing are consistent with zero and agree

$Only the central five foils can be fit reliably for the Hadron Arm.
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Figure 5.12: The placement of carbon foils used to determine the central
angle and mispointing for the HRS.

with the survey within error. The HRS-R results, on the other hand, differs
significantly from the survey/encoder values. The HRS-R pointing is found
to be large with a substantial uncertainty. This was one of the principle
reasons that the HRS-R data was not utilized in the cross section analysis.

5.4 Detector Package

E94-010 utilized elements of the standard Hall A detector package. The con-
figuration is outlined in figure 5.17. A double-planed Vertical Drift Cham-
ber was used to determine particle trajectory and, in conjunction with the
dipole, provided the momentum analysis. A pair of plastic scintillator planes
formed the trigger, while the first plane alone provided the timing reference
for the VDC drift analysis. Particle ID was provided by a gas Cerenkov and
lead-glass shower counter. The main difference in the two detector pack-
ages is that HRS-L was equipped with a total absorption calorimeter, while
HRS-R possessed only a thin lead-glass layer.
We now describe the various detector elements in detail.

5.4.1 Vertical Drift Chamber

An ionizing particle passing through a gas will create electron-ion pairs.
If the gas is placed under high voltage, the electrons will then accelerate
towards the positive anode. Collisions with the gas molecules limit the
maximum velocity which can be reached, so the behaviour is characterized
by an average or ‘drift’ velocity. If the electric field is strong enough, the
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Figure 5.13: HRS-L carbon foil data,15.503°.
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Figure 5.14: HRS-L carbon foil data,15.495°.
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Figure 5.17: Detector package for HRS-L (top) and HRS-R (bottom).

initial ionized electron can be accelerated to the point that it creates sec-
ondary ionization, which in turn initiates further ionization, etc. The net
result is an avalanche of electrons at the anode which boosts the detectable
signal [106].

These properties are utilized in the Hall A Vertical Drift Chambers [107]
or VDC. There are two VDC’s in each spectrometer, with the lower plane
approximately coincident with the spectrometer focal plane. The two cham-
bers are separated by a vertical distance of 0.335 m. See figure 5.17 and 5.18.
Each VDC consists of two orthogonal planes of 400 4% gold-plated 20pm
tungsten wires. They are set with a uniform tension of 0.7N to compensate
for the electrostatic repulsion of the wires. The first and last 16 wires on
each frame are used for field shaping, leaving 368 active sensing wires, 60 cm
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Figure 5.18: Vertical Drift Chambers. For relative location in the detector
stack, see figure 5.17. Reproduced from [107]

in length. The high voltage cathode planes are held at -4kV, while the sens-
ing anode wires are grounded. The entire apparatus is bathed in a 65/35 (by
volume) gas mixture of 99.999% pure argon and 99.0% pure ethane, which
is bubbled through a 0°C bath of ethanol. The argon provides the ionizing
medium, while the ethane acts to absorb photons created in the avalanche.
The gas is continuously flowed at a rate of 10 I/hr in order to provide the
homogenous steady state dry gas needed for constant drift velocity.

The wire spacing was chosen so that an electron with the nominal tra-
jectory of 45° will cross the drift cells of 5 sensing wires. See figure 5.19.
An electron with the most extreme possible angle of 52° will still encounter
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3 drift cells. An ionized electron will travel from the ionization point to
the sense wires along the constant field lines established by the high voltage
planes until they encounter the radial high-field region immediately sur-
rounding the wire. They then accelerate dramatically, creating many sec-
ondary ionizations. TDC values of the signal hits and knowledge of the drift
velocity(~ 50um/ns) enables perpendicular projection back to the initial
electron trajectory for the 5 wires. These five points are then linearly fit to
determine the cross over point. The orthogonal wire planes determine the
particle’s two-dimensional cartesian coordinates. The use of two identical
VDC then allows determination of the trajectory.

The single wire efficiency is better than 99%. Since a typical recon-
structed track involves 4 to 6 wires the overall efficiency is essentially 100%,
although it degrades dramatically if contaminants infiltrate the chambers.
The spatial resolution has been determined to be 225 pym per plane [107].

cross-over point Qi

S

perpendicular distance

Figure 5.19: VDC Drift cell geometry. Reproduced from [107].

5.4.2 Hodoscopes

Two plastic scintillator planes, separated by about 2 meters, provided the
main trigger for E94-010. That is, they determined when the DAQ should
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begin and stop recording data. Each plane consists of six overlapping 5
mm thick paddles, and each paddle is viewed by two photomultipliers. The
timing resolution of the paddles is 0.30 ns.

Each event was evaluated to see if it satisfied the three requirements to
be classified as an S;qy:

1. The left and right phototubes on a paddle in S; both fire.
2. The left and right phototubes on a paddle in Sy both fire.

3. The S; and Sy paddles are aligned along a plausible track, i.e., the
track is reasonably¥ close to 45°.

The S;4y criteria was evaluated with a Memory Lookup Unit (MLU) which,
for a specific combination of logical input signals, provides a programmed
series of logical output signals. Then the event was classified as one of the
following four Event Types:

HRS-L | HRS-R Logic
T T3 Srqy criteria satisfied
Ty Ty (S1 signal OR Sq signal ) AND Cerenkov signal

Note that T, is exclusive to Ty, and Tj is exclusive to T4. T9 and T4
events present a measure of the scintillator inefficiency since they represent
otherwise good events that one of the scintillators failed to detect. This
inefficiency gradually increased over the course of the experiment reaching
a maximum of 13%. The cause of this phenomenon is discussed in sec-
tion 7.4.1.

Each trigger is counted by the scalers before being sent to the Trigger
Supervisor (TS). The TS applies the prescale factor and determines whether
the DAQ should record the event. FEach of the event types 1 to 4 can
be individually pre-scaled so that only a fraction of the actual events are
considered by the DAQ. When the DAQ is busy, the event will be missed.
This happens, for example, during the short time (300-400us) it takes for
the DAQ to build an event or when the DAQ is fulfilling an input/output
request. This is known as the software deadtime.ll The scaler trigger counts
are used offline to correct for the deadtime.

TSpecifically, if the event triggers paddle ¢ in the first scintillator plane, then it must
trigger paddle 7 or ¢ = 1 in the second plane.

IThere is also a hardware deadtime due to the response time of the detectors. This is
negligible when compared to the software deadtime.
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The Ty and T4 events exhibited a large helicity-dependence in the dead-
time. As such they were excluded from the asymmetry analysis, with the rea-
soning that the scintillator inefficiency will effect both helicity states equally
and the efficiency correction cancels out in the ratio. For the unpolarized
cross section analysis, these events were corrected by the relevant prescale
factor and added back into the main trigger events.

5.4.3 Cerenkov Radiation

Figure 5.20: Cerenkov radiation

The velocity of light is reduced when travelling through a transparent
medium such as a gas, so that a high energy particle with velocity Sc may
exceed the velocity of light £ within the medium.”™ When this happens,
an “electromagnetic shockwave” [106] occurs, analogous to the sonic boom
created by a supersonic aircraft. The wave is emitted in a conical pattern
as shown in Fig. 5.20, with half angle 8 given by:

1
= A1
cos Bn (5.11)

The threshold for production of Cerenkov radiation is:

Be > (5.12)

3o

The existence of a threshold which depends critically on the particle velocity
makes the detection of Cerenkov light a very effective method to discriminate
between species of differing mass.

**The particle’s velocity is of course still limited to the speed of light in vacuum, c.
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The Hall A Cerenkov Detectors

HRS-L and HRS-R both possess threshold gas Cerenkov detectors for use
in particle identification. The Cerenkov tanks utilize atmospheric pressure
COy with an index of refraction of 1.00041 [108]. This results in a half-cone
angle 0 of roughly 1.6 degrees, so the light is emitted mostly in the forward

1

direction. Using equation (5.12) and the fact that v = (1 — 8%)72 and

E = ymc? = \/m2c* 4 p2c2 (5.13)

we can easily determine the threshold energy for production of Cerenkov
radiation for electrons and for pions. We find that the minimum momentum
necessary for an electron to trigger the Cerenkov is only about 18 M eV/e
while any pion with a momentum below 4.87 GeV/c will not trigger the
detector. The range of spectrometer momenta covered in experiment E94-
010 is roughly 300 MeV/c to 3.6 GeV/c. For all these settings, incident
electrons will radiate Cerenkov light, while pions will not. This provides the
primary method of removing pion contamination from the data.

Cerenkov detector details

The two detectors have identical cross-sections but differing lengths. The
HRS-L detector is 1.5 m long while the HRS-R is only 1.0 m in length.
The detectors house 10 rectangular profile, spherical mirrors. Each mirror
is positioned to reflect collected light to a dedicated photo-multiplier tube
(Burle 8854) [108]. The mirrors sit in two columns of 5 at the rear of
the tanks, and are made of light-weight (~ 5.5 x 1072 radiation lengths)
materials to minimize attenuation of the incident electrons.

5.4.4 Lead Glass Shower Detector

An electromagnetic cascade of energetically degraded secondaries (v, et, e™)
results when an energetic particle enters a dense material. As the cascade
propagates, most of the original particle’s energy is converted to heat and
light. A calorimeter or ‘shower detector’, relies upon collection of this light
to determine a particle’s energy. The calorimeter is typically segmented
into many individual cells or blocks with each block being monitored by a
photomultiplier tube.

The HRS-L calorimeter consists of two segmented layers. The first
‘preshower’ layer is made of 48(24 x 2) blocks of TF-1 lead glass. Each
of the preshower blocks are 10cm X 10cm x 35¢m. The second shower layer
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Figure 5.21: HRS-L Cerenkov detector schematic. Reproduced from [108].

is made of 96(48 x 2) blocks of SF-5 lead glass. Each of the shower blocks are
15¢m x 15¢m x 35¢m [109]. A schematic of the HRS lead-glass is shown in
figure 5.23 and it’s relative location in the detector stack can be seen in fig-
ure 5.17. The HRS-R shower detector consists of a single layer of 32(16x2)
lead glass blocks arranged as shown in Fig. 5.17

We will discuss the shower detectors performance in further detail in
section 7.4.4.

71



\
A

Figure 5.22: HRS-L preshower lead glass detector.

Figure 5.23: HRS-L shower lead glass detector.
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CHAPTER 6

THE POLARIZED 3HE TARGET

The JLab polarized >He target can lay claim to a distinguished lineage,
having evolved from earlier apparatus [110, 111] used in the seminal SLAC
spin structure program. Significant modifications and improvements were
implemented for E94-010 which represents the first use of polarized 3He
at JLab. This necessitated an intense commissioning period that extended
right up to the final day before the experiment began. In this chapter, we
will examine the polarization process and experimental setup in detail.

Polarized 3He provides a practical polarized neutron target since the
ground state configuration is dominated by an S-wave contribution in which
the protons are spin-paired. To polarize the JLab 3He target, an alkali
metal vapor (rubidium) is optically pumped. Rubidium is chosen because
the D line* lies in the near infrared and can be easily pumped with commer-
cially available laser sources. The rubidium polarization is then transferred

*The D; line represents the energy splitting between the ground state S;/; and Py/,
levels as shown in figure 6.1.

73



from the valence electron to the *He nucleus by spin exchange collisions.
Maximum polarizations obtained with this method approach 50%, although
there has been an intense effort in recent years to push this value signifi-
cantly higher with novel techniques such as using Xenon as a substitute for
the alkali metal.

6.1 Thermal Distribution of 3He Polarization

As a spin-1/2 nucleus, the 3He magnetic moment has only two possible
orientations with respect to the magnetic holding field. This leads to two
discrete energy levels. The populations of such a two-level system follow a
Boltzman distribution. That is:

ks

N_|_ = N-e_
N_ = N-e

E IS
|

(6.1)

where N = N, + N_ and E is the potential energy of the dipole when it
is anti-aligned or aligned with E, and k is the Boltzman constant.

The potential energy of a dipole (in this case the 3He nucleus) in a
magnetic field is:

W =—i3-B (6.2)
where ji3 = —2.1276 - i is the magnetic moment of 3He and puy = % is

the nuclear magneton.
The polarization P is determined by:

N, — N_
p = -+ -
N, + N_
By E_
e kT — e kT
= 2 E_
e kT + e *T
(BE_-Ey)
1—e kT
- (E_—Ey)
14+ e = *T
2uB

14+e *7
SO
uB
~ — 6.3
o (6.3)



6.2 Optical Pumping of Rubidium

Equation 6.3 reveals that thermal polarization techniques are inadequate to
achieve the high polarization values necessary in typical He(E,e') X scat-
tering experiments. For example, the thermal polarization of a *He sample
cooled to 200mK in a 10T field would still only be about 3.9%.

The techniques of optical pumping are not directly applicable to this
problem since the He S-P energy splitting lies in the far ultraviolet region
where practical light sources are unavailable. Instead, a two-step process
is used, wherein rubidium is optically pumped and then the rubidium po-
larization is transferred to the 3He nucleus. In this process, target cells
containing about 10 atmospheres of 3He, along with a small admixture of
rubidium and nitrogen are placed in a magnetic field of about 30 gauss to
provide the necessary energy level splitting. (See Fig. 6.1.)

The energy levels™ of rubidium placed in a magnetic field depends on the
quantum numbers of the system and the magnitude of the magnetic field.
The quantum numbers of the rubidium system are:

e §= %: The intrinsic spin of the electron.

e [: The orbital angular momentum of the electron. Spectroscopic no-
tation is used in which the value of L is given by a letter with the
following correspondence: S =0,P=1,D=2,F =3,...

J: The total angular momentum of the electron, where J=L+8 , and
J is constrained to the range: (L+ S, L+S—-1...<J<...L-25)

I: The angular momentum of the nucleus.

e F: The resultant angular momentum of the atom, where F=T+ f,
and F' is constrained to the range: (I+J,I1+J—1,... < F<...I1-J)

e mp: The z-component of F where mg = FF—-1,...,—F

Transitions between levels of different F are known as hyperfine transi-
tions and follow the selection rule AF = 0,£1. Zeeman transitions occur
between different mz levels and follow similar restrictions: Amp = 0, +£1.

Naturally occurring rubidium consists of approximately 72% %Rb and
28% 8"Rb. The JLab target utilizes right circularly polarized light from a

tThe energy levels are specified with the notation N?*1L; where N denotes the
electron shell, S is the intrinsic spin of the electron, L is the orbital angular momentum
of the electron, and J is the vector sum of L and S.
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diode laser array centered at 794.7 nm to stimulate the transition of the 8®Rb
valence electrons from the 525 /2 sublevels to the 52P, /2 sublevels subject to
the selection rule Am = +1. This rule follows from conservation of angular
momentum since the incident circularly polarized photons carry exactly one
unit of angular momentum.

The excited electrons can then decay by a Am = 0,=+1 transition, since
the photon can be emitted in any direction, not only along the quantization
axis defined by the magnetic field. If they are reabsorbed, D; photons mak-
ing Am = —1 transitions would act to depopulate the F' = 3 levels, including
the sublevel we are trying to saturate, so photon emission is suppressed by
the introduction of a small amount of Ny buffer gas. Rb-Ng collisions ra-
diationlessly de-excite the Rb, although a few percent of the excited atoms
still decay by emitting a D; or Dy photon. Dy photons ¥ are present because
electrons in the 52P1/2 state can make the small jump to the 52P3/2 state
due to their thermal energy?.

After relaxation, the ground state electrons are able to absorb another
photon. That is, all electrons except for those in the FF = 3,m = +3
state, because there is no m = 4 state available from the D transition.
Eventually, the majority of atoms collect in the m = 3 sublevel and the Rb
ensemble becomes magnetically oriented. Of course, this entire process can
be performed with left circularly polarized light, with the final result being
a majority of valence electrons in the ground state m = —3 sublevel instead.

6.3 Spin Exchange

The cross section for spin exchange between the Rb valence electron and
the 3He nucleus is about 10~2* cm? ( a huge cross section by nuclear physics
standards ) and the rate of transfer [112] of polarization from the rubidium
valence electron to the 3He nucleus is given by:

Vse = <0'se'U>[Rb] (6.4)

where (ozv) = 1.2 - 1071 cm3 s7! is the velocity averaged *He-Rb spin
exchange rate constant [113], and [Rb] is the rubidium number density.

iThe D, line represents the energy splitting between the ground state S s2 and Ps/s
levels as shown in figure 6.1.

§The energy gap between the 2P1/2 state and the 2P‘o,/z state is about 0.03 eV. The
kinetic energy, %kT is about 0.065 eV at the operating temperature of 230°C in the target
pumping chamber. So the two states become thermally mixed.
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Figure 6.2: Temperature dependence of rubidium density as predicted by
Killian [114]

The temperature dependence of the Rb density can be described by the
Killian formula: [114]

1010.55* %
1.38 - 10-16T

which is illustrated in figure 6.2. Wagshul [115] showed that this formula is
accurate up to at least 180°C. Above 200°C the formula tends to overesti-
mate the density. At typical JLab target operating temperatures (170°C),
equation 6.5 predicts a rubidium number density of about 2.7 - 101* cm—3,
so the spin exchange rate is expected to be about (8.5h) 1.

[Rb] = (6.5)

6.4 Rate of Polarization

The population of 2He atoms in the +1 /2 state is described by the differential
equation [115]:

d’l’l/+ T r
i (5 Tt Vse an+) n— — (5 + Vse an) ny (6.6)

where ny (ngp ) are the fractional 3He (Rb) populations. That is, ny+n_ =
1. s is the Rb-3He spin exchange rate and T is the total relaxation rate
which we describe further in section 6.5.
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Solving the differential equation we can evaluate the ®He polarization
P =n, —n_ as a function of time:

_ DsePry 1 (et
P(t) = 7se+1“[1 e ] (6.7)

where T is the total relaxation rate, Pgp is the Rb polarization and we have
assumed P(t = 0) = 0.
At equilibrium:

Vse
P — P 6.8
(%e +F> Rb (6.8)

The time it takes to reach equilibrium is characterized by the time constant
(7se + T'). So we need 7y, > I' and large values of Pg; in order to achieve
highly polarized 3He.

6.5 Relaxation Mechanisms

There are several relaxation mechanisms that compete with the spin ex-
change and act to destroy the polarization. The total relaxation rate without
beam is given by:

Here, T'p signifies the relaxation rate due to the 3He-3He magnetic dipolar
interaction [116]. This causes a relaxation rate of

[3H€] Bl

I'o =511

(6.10)

which at typical target densities translates to about (70h) 1.

'y is the relaxation due to magnetic impurities in the glass wall that
disorient the noble gas spins [117]. This mechanism is amplified in glass that
is permeable to 3He such as pyrex, which has a wall relaxation rate of about
(3h)~1. When glass that is impermeable to *He, such as Corning 1720, is
used the depolarization rate is reduced to (30h)~! or less [118]. Typical cells
used in E£94-010 had excellent wall relaxation rates of about (90h)~!.

Finally, 'y represents the relaxation rate due to the >He spins interacting
with gradients in the magnetic holding field:

_ plVB:’ + |VB,|*

r
v B2

(6.11)
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where D is the 3He self-diffusion constant, B, is the holding field and

9 0B;\? [(0B;\? [0B;\?
|V Bil _(8x) +(8y) +<Bz) (6.12)

To ensure that the field gradients do not pose a significant source of
depolarization we require the lifetime due to magnetic field inhomogeneity
to be greater that 100 hours. This implies that the gradients must be less
than about 35 mG/cm for typical running conditions at a holding field of 26
gauss. Field mapping [119] of the JLab Helmholtz coils was used to optimize
the coil orientation, allowing us to achieve a relaxation rate on the order of
(1000h) !, well within the above stated requirements.

Taking into consideration the various contributions listed above, the to-
tal relaxation rate in the absence of beam for typical cells used at JLab is
about (50h)~!. Finally, the high energy electron beam ionizes 3He atoms
as it passes through the cell and thus introduces another relaxation mecha-
nism [120, 121].

6.6 Experimental Setup

Figures 6.3 shows a schematic of the target and related polarimetry equip-
ment. The longitudinal or transverse holding field of up to 30 gauss is
provided by two pairs of Helmholtz coils. Only one pair shown in figure 6.3.
The target is a double chambered glass cell containing approximately 10 atm
of 3He, with a small admixture of Ny and Rb. The lower target chamber is
approximately 40 cm long with a diameter of approximately 1.8 c¢cm, while
the spherical pumping chamber has a typical diameter of 2.5 inches.

The pumping chamber is placed within an air blown oven that is used
to vaporize the rubidium within. In order to monitor the target density,
five RTDsY were evenly spaced along the length of the target cell. Two
additional RTDs were located within the oven, directly on the face of the
pumping chamber. After the rubidium is sufficiently heated, it is optically
pumped using about 100 watts of circularly polarized diode laser light. An
RF (Radio Frequency) coil operating at 92kHz is used to flip the 3He spins
during NMR polarization measurements. The resonance is detected by the
pickup coils located along the length of the target cell. The small coil just
above the pumping chamber is used during EPR measurements to induce
the Zeeman transition which is then detected with a photodiode.

TResistive temperature device
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Figure 6.3: The polarized *He target.
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The two polarimetry techniques are discussed in further detail in sec-
tions 6.7 & 6.8.

6.7 Electron Paramagnetic Resonance

In the absence of polarized *He, the Zeeman splitting of the F' = 3 sublevels
of the Rb ground state is proportional to the holding field:

v==k, B (6.13)

where k, = 0.466 MHz/G. The presence of magnetically oriented >He causes
a small but measurable increase in this splitting which is proportional to the
3He polarization. The polarized target holding field is typically 25.5 gauss,
which causes a level splitting of about 11.8 MHz.

To measure the deviation Av from this value, a small coil is used to
probe the rubidium energy levels. An oscillating magnetic field at the proper
frequency will be able to excite the m = 3 to m = 2 transition of the
F = 3 ground state sublevel. This increases the number of m = 2 ground
state atoms that can be excited by the incident laser light, and there is a
corresponding increase in the number of photons emitted as these excited
states decay. At resonance, the EPR coil frequency equals the Zeeman
frequency and the fluorescence is maximized |I.

The change of the Zeeman frequency due to the polarized *He magnetic
field can be determined by flipping the 3He spins while monitoring the res-
onance frequency as shown in figure 6.4. Initially the spins will add to the
main holding field and after they will subtract. By taking the difference of
the measured frequencies in these two states we can extract Ar and hence
the polarization.

The frequency variation is related to the *He polarization by [122]:

Av = [81@ (d_y) 50p3[3He]] P3 (6.14)
3 4w \dB
for the F = I 4+ 1/2,m = £F state. Here, (g—g) is a factor that depends
only on the magnetic field and kg is a temperature dependent factor

Ko = 4.52 + 0.00934 - T[°C] (6.15)

ISince the cell is bathed in Dy pumping light from the lasers, it is difficult to detect
the small variation in D; light due to the increased intensity. Instead, a D2 filter is used
and we detect the resonance from the Dy light.
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Figure 6.4: EPR spectrum. Top panel shows the measured Zeeman splitting
while the bottom shows the relative configuration of the magnetic holding
field and 3He spins.

6.8 Nuclear Magnetic Resonance

6.8.1 Classical Description
The classical equation of motion for a spin J in a magnetic field H is:

N

—=MxH 6.16

o (6.16)
where M = 'yf is the associated magnetic moment and =y is the gyromagnetic
ratio. The motion of J is described by precession of M around the field H
at the Larmor frequency vH.

If we introduce a field H1=H; [z cos(wt) + 7 sin(wt)] that rotates around
the z axis at frequency w, then the equation of motion becomes:
dM - L

ﬁ =M X’Y(H0+H1)
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In the rotating frame the equation of motion is:
dM dM .
= = — 4+IdxM 1
< 7 ) 7 + W % (6.17)
rel
= MX’)’(H()-l-Hl)-I-a_J'XM
= M x [k(wy — w) + ?'w1]

This has the standard form of a magnetic moment in a magnetic field. So
the motion in the rotating frame is a precession around the effective field:

EJ(LJQ — w) + %le
v

Hepp =

The effective field will point in a direction # with respect to the z-axis such
that:

w1

tanf = (6.18)

Wy — w

The motion in the absolute frame is obtained by superposing the rotation
at frequency w about the z-axis to the motion in the rotating frame. It
is apparent that if the holding field Hy is ramped through the resonance
Hy = w/~ the angle 6 will go from 0 to 180°, that is the spin will flip. At
resonance wyg = w and the magnetic moment will be precessing around the
z-axis at 90°. This resonance can be detected in a pair of inductance coils.
The detected signal will be proportional to the transverse magnetization:

w1

S x sinf = (6.19)

(wo — w)? + w?

6.8.2 Quantum Mechanical Description

As a spin 1/2 system in a magnetic field, the 3He nucleus has two discrete
energy levels: +(u3By) depending on the orientation of the magnetic mo-
ment with respect to the field. A magnetically oriented ensemble can be
induced to make transitions from one level to the other by resonant fre-

quency photons. The frequency of resonance is w = 2“3TB°.

6.8.3 Experimental Method

To detect the resonance, an RF magnetic field is applied to the target or-
thogonally to the holding field as shown in figure 6.5. The polarization is
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Figure 6.5: Left: Energy level splitting. Right: RF and pickup coil place-
ment for NMR Polarimetry.

measured by holding the RF frequency fixed and sweeping the main mag-
netic field through the RF resonance. At resonance, the spins flip and this
is detected by a pair of pickup coils placed around the cell. The precessing
3He nuclei induce an AC voltage in the pickup coils which is detected with
a lock-in amplifier referenced to the RF frequency. The detected signal is
proportional to the 3He polarization. An absolute polarization can be deter-
mined by calibrating the NMR, apparatus with an identical water sample.
The polarization of the water sample is known in advance as it follows a
Boltzman distribution.

The sweep must be slow enough that the spins can follow the direction
of the changing field. This “adiabatic” condition is satisfied if the Larmor
frequency of the precessing spins is large compared to the rate of change
of direction of the field Z—?. On the other hand the spins can not be kept
in resonance so long that the transverse decay time Ty becomes relevant.
These two limits lead to the adiabatic fast passage (AFP) conditions:

1 1 dH,
1 Ldh o o 6.20
o SHE a ST (6.20)

6.9 E94-010 Target Characteristics

Details of the E94-010 3He target analysis can be found in [123] and [124].
In this section, we only summarize the results.

There were six target cells used during the experimental run. (See ta-
ble 6.1). Each had roughly the same dimensions, but exact values the cells
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Figure 6.6: Target polarization vs. run number

‘ Target ‘ Run period ‘ (P) ‘
Don’t Worry | Sep. 26 - Oct. 07 | 29%
Be Happy | Oct. 09 - Oct. 18 | 37%
Armegeddon | Oct. 18 - Nov. 03 | 43%
Nepheli Nov. 03 - Nov. 12 | 31%
Sysiphos Nov. 12 - Nov. 25 | 38%
Jin Nov. 25 - Dec. 24 | 37%

Table 6.1: Average target polarization.

Table 6.2: Target density in amagats.
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‘ Target ‘ Density at room temp. ‘ Operating density ‘
Don’t Worry 9.939 12.249
Armageddon 10.176 12.324

Be Happy 9.342 11.533
Nepheli 11.336 13.778
Sysiphos 8.182 9.942

Jin 8.419 10.236
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can be found at [125]. The density of the target [126] in amagats™* is shown
in table 6.2.

For E94-010 the EPR polarimetry technique was used only for calibration
of the final NMR results. Figure 6.6 displays the polarimetry values for
each of the experiment target cells. The systematic uncertainty of the final
polarimetry values is 4% [124, 123]. The moderate polarization together with
the high density combine to create what is presently the highest luminosity

polarized target in the world with £ ~ 103¢(cm - s)~L.

**1 amagat = 2.6868 - 10° atoms cm ™2 at standard temperature and pressure.
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CHAPTER 7

ANALYSIS

7.1 Data Acquisition

E94-010 logged 2694 individual runs of approximately one hour each at 186
unique momentum settings. Upwards of 6 billion events, requiring almost 4
terabytes of storage were recorded to tape. There are three main types of
instrument data that are relevant to the experiment:

1. ADC and TDC values from the spectrometer detector package.
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2. Scaler values from the spectrometer and beamline, including the beam
helicity information from the accelerator.

3. EPICS (Experimental Physics and Industrial Control System) slow
control readouts of the magnet currents, target parameters, BPMs,
BCMs, etc. EPICS is used to monitor and control the background
processes of Hall A that are not directly relevant to the measured
physics quantities, but nevertheless are crucial to reliable data taking.

All the above information is organized and combined by CODA, the ‘CEBAF
Online Data Acquisition’ [127].

The ADC, TDC and scaler crates all follow the fastbus or VME standard
[128]. These crates are read by the Readout Controllers (ROCs), which are
CODA routines. The ROCs organize the crate information according to the
CODA data format and pass it over the network to the next routine, which
is the Event Builder (EB). The EB takes the output of the various ROCs
and builds the event according to the CODA data structure. The Event
Recorder (ER) finally writes the event to disk in a CODA datafile. The
datafiles reside on the Counting House hard drives for a short time, then
are copied to the robotic tape silo and deleted to make room for new files.

A typical event contains readouts from the ROC1(2) readout of the HRS-
L(R) ADCs, and TDCs and the ROC14 readout of beamline information.
The scalers are inserted in the data stream every few seconds and at the end
of run. The EPICS values are inserted at the start and end of run, as well
as periodically throughout the run, though not as frequently as the scalers.

We ran for most of the experiment with a single trigger supervisor which
handled the triggers from both spectrometers under one data acquisition.
For more information on the trigger see section 5.4.2. For a short period we
switched to two independent DAQs, one for each spectrometer, each with
its own trigger supervisor. This increased the typical data acquisition rate
from 2kHz to 5kHz.

7.2 From Tape to Histogram

The standard Hall A software analysis tool is ESPACE [129], the Experiment
Scanning Program for Hall A Collaboration Experiments. The Espace
package performs the following tasks:

e Decoding of the CODA data file.

e Particle tracking and reconstruction of various target variables.
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e Histogramming of detector and reconstructed quantities.
e ADC software gain and timing calibration.

Espace was used for the majority of the online analysis in order to quickly
verify the quality of the incoming data. Each run was replayed soon after
it was recorded to check proper detector behaviour and reconstruction. All
the hardware calibration and efficiency studies were performed using the
standard Espace routines.

For the offline analysis, the CODA data files were passed through a
software event filter to exclude events that created no track in the VDC and
other junk events. The standard Espace event filter was modified in order
to exclude the unwanted events and to output the results as an colum-
wise ntuple. Large runs which had been split across several datafiles were
combined at this stage to produce a single ntuple file. The overall reduction
in file size was substantial ( about a factor of twenty ) since the ntuple was
compressed according to the RZ [130] file format. This procedure had the
ancillary benefit of requiring an order of magnitude less CPU time than
standard Espace.

Software cuts, histogram creation and filling was accomplished in the
analysis package NTANAL. NTANAL is a fortran based routine that utilizes
the Cernlib HBOOK package. Detector and cut efficiency corrections were
applied to the data at this stage as well. The modified Espace filter and
NTANAL package were both authored by S. Choi.

From this point, cross sections and asymmetries were extracted from the
histogram files using HBOOK routines called from dedicated fortran codes
written specifically for this purpose.

7.3 Physics Analysis Overview

From the raw number of scattered events counted, we form the unpolarized
cross sections and the asymmetries. The cross section analysis is detailed in
chapter 8.

Asymmetries were measured while the target polarization was held par-
allel ( 4), ) and perpendicular ( A, ) to the longitudinally polarized incident
electrons. The asymmetries are related to the raw counts of electrons in each
helicity state by:

1 [N.-N_
A_f'Pt'Pb(N++N—> (7.1)
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with P, and P; the beam and target polarization respectively, and f the dilu-
tion factor arising from scattering from any unpolarized material ( primarily
nitrogen gas within the target cell ).

In the asymmetry analysis, careful checks were performed to ensure rea-
sonable agreement between left and right arm spectrometer results before
the data from the two arms were combined.

From the cross sections and asymmetries we form the polarized cross
section differences Aoy | in the parallel and perpendicular configurations,
respectively via:.

AO'”,J_ =2 AHaJ- " Oraqw (72)

with 0,4, given by equation 8.1. Notice that the dilution factor f enters
linearly into the raw cross section, so that the product (A-o0y4y) is free from
the dilution effects.

Radiative corrections ( see appendix C ) must now be applied to the data.
The spin-independent external corrections are applied using the classical
treatment of Mo and Tsai [131, 132] as implemented in ref. [133]. The spin-
dependent internal radiative corrections were applied using the approach
described in [134] and developed in [135]. The program POLRAD [136]
is based on this approach but is designed for use in DIS. The code was
modified for use in the resonance region by S. Choi [137] using the E94-010
data directly as input. It was later generalized to include the quasielastic
region by this author.

The first step in the radiative corrections is the removal of the back-
ground caused by the elastic radiated tail. This tail is created by events
that either: a) radiate a photon prior to interacting with the target parti-
cle and then scatter elastically, or b) scatter elastically and then radiate a
photon prior to detection. The elastic cross section grows quickly at low
Q?, so this background can be quite significant. We used a modified ver-
sion of ROSETAIL [138] to calculate the external polarized elastic tail, and
POLRAD [136] for the internally radiated polarized tail.

At this point the structure functions are extracted from the corrected
cross section differences according to:

_ M2 y 0
N T aa T-y)2-y) [Afﬂ +tan 5 A0 (7.3)
MQ? Y’ 1+ (1—y)cost
T a1y 2 ) [_AU” T psme 2] (T
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Figure 7.1: Analysis flow diagram.

And finally the structure functions are interpolated ( or in some rare
instances extrapolated ) to constant Q2 from the measured values at constant
energy. Fig. 7.1 shows the flow of the analysis from the polarized cross
section differences to the final structure functions.

7.4 Detector Calibrations and Efficiencies

7.4.1 Scintillators

Ty and T4 events provide a measure of the scintillator inefficiency since
they represent otherwise good events that one of the scintillators failed to
detect. This inefficiency gradually increased over the course of the experi-
ment reaching a maximum of 13% (See figure 7.2). A constant flow of *He
was directed at the glass target cell windows in order to reduce electron
beam induced heating. Thus, a large volume of helium was released directly
into the experimental hall. It is believed that the gradual degradation of the
scintillator performance was caused by this helium gas penetrating the scin-
tillator phototubes and compromising the tube vacuum. However, as shown
in the figure, the inefficiency contributes less than 1% error ( statistical ) to
the cross sections.

92



—— T2(T1+T2) (XSCut)

20% | i
O%w f ;

© [ ransmmeen
60% . e h

.o
R
so 0

b
. 3%

* *
. : R . » .
WW&W"M )
OOA] | |
4 Contribution to XSerror

s

¢

1% ia i
N A 4. . AAA‘ A
ST ol . .4
ooy 0 A S0 L A 4 sl sl 4
artaie g it
N B £
0%
0

Sequential Run Number

Figure 7.2: HRS-L scintillator performance vs. Run Number. Top panel:
Scintillator inefficiency. Middle panel: Relative error on inefficiency cor-
rection. Bottom panel: Contribution of scintillator inefficiency correction
to cross section systematic error.

7.4.2 VDC

The Vertical Drift Chamber detection efficiency was found to be 99.92% and
99.7% respectively for HRS-L and HRS-R. The inefficiency of the tracking
algorithm was also evaluated. This is necessary since good events with a
bad track (or no track) will be removed in error. Espace can discriminate
up to four tracks for one event. Of course, if all goes well, an event should
have a single track. Any other situation may signify a problem.

The VDC performance was analyzed by A. Deur who found that ap-
proximately 99% of the events are single track events after reasonable cuts
have been applied to the ¢erenkov and shower detectors. Roughly another
one percent are classified as two track events with a negligible number of
events possessing zero, three or four tracks. Details can be found in [139].
For the final analysis, only single track events were retained, with the two
track events treated as an inefficiency.
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7.4.3 Cerenkov

Full details of the Cerenkov analysis can be found in [140]. Here we outline
the procedure and present the main results.

Calibration

As stated in section 5.4.3, the Cerenkov detector contains ten individual
mirrors that collect the Cerenkov light and focus it onto dedicated photo-
multipliers. Ultimately, the ten photo-multiplier tube outputs are summed,
and a cut on the final ADC distribution is used to discriminate pions from
electrons. Before this can be done, the offsets and gains of the tubes must
be adjusted by editing the relevant lines in the Espace detector database*.

Figs. 7.3 and 7.4 show the ADC outputs for the ten HRS-L mirrors
before and after the gain and pedestal adjustment have been made. The
central location of the broad peak with maximum around channel 2000 is
proportional to the average number of photo-electrons produced from the
cathode by an incident photon, while the narrow peak just above channel
200 represents the threshold for production of a single photo-electron.

The Cerenkov software cut is made just below the single photo-electron
peak to exclude any event that didn’t trigger the device. As such, we chose
to calibrate the ten photo-tubes such that each of the single photo-electron
peaks are located at the same ADC channel.

Stability

A check of the Cerenkov photo-tube stability is displayed in figure 7.5, which
shows the ADC channel location of the single photo-electron peak (averaged
over ten mirrors) as a function of spectrometer central momentum for all six
incident energies. It can be seen that the output is quite stable except for a
few settings in the 2.5 GeV and 5.1 GeV data. This data was taken late in
the experiment (Dec. 11-21, 1998) when the scintillator trigger thresholds
were lowered (See discussion in Reference [142]).

*The database contains two scalar values for each of the ten Cerenkov mirrors. The
first value represents the channel location of the phototube pedestal, while the second
represents the software gain to be applied to each ADC output. For more information
regarding the layout of the database see [129] and [141].
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Figure 7.3: HRS-L raw Cerenkov ADC for each individual mirror.
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Detection Efficiency

The Cerenkov ADC spectrum can be approximated with a Poisson distri-
bution, with a mean value u, where u represents the average number of
photo-electrons produced. As such, e™ represents the probability of emit-
ting zero photoelectrons and the detection efficiency can be expressed as
e=1—e"M

Comparing the location of the broad peak maximum in figure 7.4 with
the single photo-electron peak, we can see that the photo-tubes produce
from 6 to 14 photo-electrons, on average. This means we should expect a
detection efficiency of better than 99%.

We measured the Cerenkov detector efficiency by using the shower detec-
tor to select a good electron sample and then counting how many of those
events also triggered the Cerenkov. Results were chosen from kinematics
below the pion production threshold to ensure selection of good electron
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events. We found the detection efficiency to be better than 99.9% and
99.5% for HRS-L and HRS-R respectively. The slightly better performance
of HRS-L is expected due to the extended length of the left arm Cerenkov
tank.

Cut Efficiency

The application of the software cut invariably removes some good electrons
along with the unwanted events. Events that fail to trigger the Cerenkov
will are tagged with an ADC value of zero or 10°, depending on the initial
calibration. We chose an optimized cut from ADC channel 150 to 16000 in
order to exclude the unwanted events while keeping the number of excluded
good electrons less than 1%. The data was later corrected for this small
inefficiency.

7.4.4 HRS-L Lead Glass Calorimeter

Full details of the calorimeter analysis can be found in [142]. Here we outline
the procedure and present the main results.

As noted in section 5.4.4, the shower detectors are segmented into many
individual lead glass blocks, with each block monitored by a single photo-
multiplier tube. Since the cascade is in general spread laterally over several
adjacent blocks, the output must be integrated over the entire detector vol-
ume to obtain the total detectable signal. When the calorimeter has been
calibrated properly, the total deposited energy E, will agree with the parti-
cle’s incident energy, or momentum p in the relativistic case.! A plot of E /p
after calibration will look like Fig. 7.6. Since the final peak is actually the
sum of all the individual outputs of the phototubes, the width of this peak
provides a measure of how well the device has been calibrated.

Calibration

The calibration procedure is discussed in detail in Ref. [109]. The standard
method entails generation of a new calibration for every kinematic setting
investigated. This can be a lengthy process and becomes unreliable when
there are hardware problems with any of the blocks or phototubes, as there
were during certain runs of E94-010. As an alternative, we used a single
set of calibration constants, optimized for one well behaved mid-momentum

TNote that this assumes that the detector is thick enough for all of the incident particle’s
energy to be absorbed. This is the case for HRS-L but not for HRS-R.
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Figure 7.6: E/p for properly calibrated shower

range run (20411, Ey = 2.591 GeV, Py = 1.579 GeV/c), and then applied
to all the data.

Fig. 7.7 shows the peak position, E/p, and normalized width, o/E, for
each HRS-L spectrometer setting once the calibration has been applied. A
variation of less than 3% in peak position is seen for most of the runs.
The low outliers represent data taken late in the experiment (Dec. 11-
21, 1998) when the scintillator detector threshold was lowered. Since the
scintillator provides the trigger, lowering the threshold allowed more low
energy particles into the data, which skews the distribution to lower values
of E/p. The data with larger than normal E/p were recorded near the
limits of the spectrometer magnetic field settings. In this region, the dipole
NMR probe becomes unreliable, so the gaussmeter was used instead. (See
section 5.3.1). The greater than expected values of E/p reflect an offset in
the momentum calculated from the gaussmeter and the more reliable NMR
probes. For these few runs, the calorimeter output was used to calibrate the
hall probe to the NMR probe results.

The energy resolution of a calorimeter, expressed in terms of the nor-
malized width o/E, improves with increasing energy. Previous experiments
that utilized lead glass calorimeters [143] obtained resolutions of 5%/v/E.
We found that our calorimeter resolution behaves as 5.3%/+/E as shown in
fig 7.7.
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Figure 7.7: Calibrated output for HRS-L calorimeter. Top panel: E/p
central value vs. momentum. Bottom panel: Calorimeter energy resolu-
tion vs. momentum.

Detection Efficiency

Good electrons are selected from T1 events, along with an acceptance cut
and the requirement that the Cerenkov detector was triggered. We then
determine how many of these events also trigger both the preshower and
shower. The detection efficiency was greater than 99% for almost all runs.
The exception is the previously mentioned “hall probe runs” where the spec-
trometer dipole NMR probe was unavailable.

Cut Efficiency

A two dimensional cut on the preshower and shower detector was applied
to exclude low energy ‘junk’ events and pions. (See fig. 7.8). The choice
of cuts was optimized so that the pion suppression is large while the total
number of good events excluded by the cuts was always less than 1%.
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7.4.5 HRS-R Lead Glass Shower Detector

The right HRS contains only a thin layer of lead glass, similar in dimension
to the preshower layer of the left arm. As such, it can not be classified as a
calorimeter, but is still very effective for pion discrimination.

Calibration

The right arm shower detector was assembled for and commissioned during
E94-010. As such, the existing Espace calibration software was not able
to be used. Instead, for each block, good electron events were selected in
which only this particular block was fired. This is to avoid showers where
the total signal is spread over two or more blocks. The software gain of each
block is then manually adjusted to set the shower output normalized by
particle momentum to unity. As in the case of HRS-L, a single calibration
was performed and the result applied to all kinematics. Fig. 7.9 tracks
the resulting shower output throughout the experiment. Here the ratio of
shower /p decreases with increasing momentum, since only a small portion of
the scattered particle’s energy is sampled by the detector. Again we see that
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Figure 7.9: Calibrated shower output for HRS-R. Top panel: Normalized
shower output vs. momentum. ( The output is labeled E* to emphasize
that the HRS-R shower is not thick enough to be considered a calorimeter.)
Bottom panel: Resolution vs. momentum.

the width decreases with increasing energy, although the resolution o /E is
much poorer than in the HRS-L shower detector.

Detection Efficiency

There is an inconvenient vertical gap in the HRS-R shower blocks that re-
duced the efficiency compared to the left arm. Nevertheless, the detection
efficiency was found to be greater than 99% for all of E94-010.

Cut Efficiency

The HRS-R shower cut is chosen so that the number of good electrons
excluded by the cut is less than 0.5%. We saw in the last section that about
1% of good events pass through the vertical gap between the two columns of
blocks. These events have not triggered the shower and will also be removed

102



A A v v
100 ..0”“ v
* A v v
unte A v
10" nt
o " e A
B "e A
107 e
O o
om o A ]
ne o 862 MeV
m 1717 MeV|
+ 2591 MeV
o A 3381 MeV|
10 4240 MeV|
10—1 ¥ 5070 MeV|
] 2
10
IS cce oo
107 OOO .
n
} L XS = ¢ Vv v vV
10° | T2 gt sttt 44 AT
. n Fu e o 1 aA
10
0 1 2 3 4
E-E’ (GeV)

Figure 7.10: Effect of particle ID Cut on 7 /e ratio (HRS-L).

by the cut. A maximum of 1.5% of good events will therefore be excluded
by the cut.

7.5 Particle ID Cuts

In the kinematic range of experiment £94-010, the principal unwanted par-
ticle produced is the pion. The negatively charged pion can masquerade
as an electron in the detectors and must be removed from the data. The
Cerenkov detector provides the primary method of separating pions from
electrons, but their characteristic signal in the calorimeter (see fig. 7.8) can
also be used to tag pions in the data.

The ratio of pions to electrons in our data, i.e. the pion contamination,
reached a maximum of about 5 to 1. After the combined PID software cuts
are applied to the Cerenkov and shower detectors, the pion contamination
is reduced by over four orders of magnitude. The Cerenkov and shower each
contribute roughly equally to this suppression. Final results are shown in
figs. 7.10 and 7.11, while tables of the results can be found in [142]. The
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Figure 7.11: Effect of particle ID Cut on 7/e ratio (HRS-R).

method we use to evaluate pion contamination overestimates the number of
pions present after the PID cuts substantially in kinematics where the pion
contamination is small to begin with as explained in [142]. The apparent
reduced suppression for our lowest incident energy is an artefact of this
conservative pion estimate.

7.6 Spectrometer Optics

The optical properties of the spectrometers are parameterized in the Trans-
port Tensor which relates quantities measured in the spectrometer detector
coordinate system with the reconstructed quantities in the target coordinate
system. We begin by defining the respective cartesian systems.

7.6.1 Target Coordinate System

The origin of the target system is the hall center, defined by the intersection
of the electron beam and the vertical symmetry axis of the hall which passes
through the target center. Z;, is directed from the origin to the spectrometer
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central ray

Beam
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Figure 7.12: Coordinates for electrons scattering from a thin foil target. L
is the distance from Hall center to the sieve plane, while D is the horizontal
displacement of the spectrometer axis from its ideal position. The spectrom-
eter central angle is denoted by 6y. Not that z;; and zgeye are vertically
down (into the page). Reproduced from [89].

central sieve slit holet, with %44 directed vertically down into the earth. The
scattering plane trajectory ¢, is defined by tan ¢4y = y1/L and the out of
plane variable 0y, is defined by tan6;; = x;4/L, where L is the distance from
the origin to the sieve slit. All these quantities are displayed in figure 7.12

7.6.2 Detector Coordinate System

The origin of the detector coordinate system coincides with the overlap of
wire number 184 in the U; and V; VDC plane as shown in figure 7.13. Zget
and gge; lay in the plane of the VDC with Z4.; pointing away from the center
of curvature of the dipole magnetic field. Z4; is perpendicular to the VDC
plane pointing vertically away from the earth as shown in figure 7.14.

This of course implies that each spectrometer has its own target coordinate system.
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Figure 7.13: Detector coordinate system, Top view. The origin of the
detector coordinate system is defined by the overlap of the 184 wire in the
U; and V; VDC plane.
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Figure 7.14: Detector coordinate system, Side view.
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Figure 7.15: Hall A coordinate system.

7.6.3 Transport Tensor

From the observed detector plane quantities, the events location in the focal
plane is determined. To first order, the reconstructed target quantities are
related to the focal plane quantities by [144]:

Stg (dz) (o]6) 0O 0 Ty
by | _| Oy ) o o | | o 75)
Ytg 0 0 (yly) (ylo) Yy '
big 0 0 (Bly) (dl9) b5

Here, the off-axis events vanish due to the mid-plane symmetry of the spec-
trometer. The actual transformation is carried to 5th order, so equation 7.5
must be generalized to a tensor relation between focal plane and recon-
structed quantities. The BPM and raster information must be incorporated
into the reconstruction as well. This results in three further coordinates
(Xbeams Ybeam» Zbeam), Tepresenting the event coordinates in Hall A. The ori-
gin of the Hall A coordinate system coincides with the target system origin
defined above. Positive zpeq corresponds to the downstream beam direc-
tion, and positive ypeqm is directed away from the Earth’s center.

The transport tensor is initially based on the design parameters, physical
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Figure 7.16: Spectrometer sieve slit collimator (left) and resulting hit pat-
tern (right). Reproduced from [89].

surveys, and magnetic field mappings of the magnets. The tensor is opti-
mized using carbon foil scattering data taken with the sieve slit collimator
(see figure 7.16) inserted at the spectrometer entrance. The thin carbon
foils are surveyed to ensure the interaction vertex is precisely known, and
the sieve slit ensures that the trajectory of detected events is well defined.
During these ‘optics’ runs, the beam is not rastered and the beam offset is
held to within a few hundred pym of zero, to eliminate Xpeam & Ypeam from
consideration.

7.7 Spectrometer Acceptance

The angular acceptance of the spectrometers does not necessarily coincide
with the geometrically defined aperture. Instead, the acceptance depends
critically on the particle momentum, interaction vertex and trajectory. As
such, the acceptance is modeled using monte carlo techniques.

A large number of rays are generated with random trajectories covering
an illumination region larger than the actual acceptance ( see section 8.1
for further details ). The ranges of the momentum spread and point of
origin are chosen to be greater than that of the physically possible events.
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The transport properties of the spectrometer magnets, combined with the
known physical placement of all apertures within the spectrometer allows us
to determine whether a specific randomly generated ray will pass through to
the detector focal plane. We can then extract the acceptance from the ratio
of total generated events to those that make it through the spectrometer
transport functions and all analysis cuts. The transport function used in
this analysis was generated by Xiaodong Jiang [145].

7.8 Acceptance Cuts

A comprehensive study was performed to evaluate the ability of the simu-
lation to reproduce the reconstructed target quantities [146]. It was found
that the simulation performed well, but only over a limited range. The study
allowed us to chose an optimized set of cuts on ¢, 0, y; and § to be used
in the cross section analysis:

e |¢| < 15 mrad
e |0y < 30 mrad
® | Zpeam| < 6cm
o [y —0.375y;| < 0.025

o | +y¢| <0.020

Figs. 7.17, 7.18 show the comparison of 3He data and simulation after
application of the above cuts. The data was taken with an incident energy of
3.4 GeV and a central spectrometer momentum of 0.9 MeV. This kinematic
was chosen because the missing mass (2.3 GeV) lies beyond the resonance
region, and the physics variation across the acceptance is expected to be well
described by a simple Mott behaviour. In the comparison, the simulation
results are weighted by the Mott cross section. The agreement is good,
except for d at the edges. This region is removed later by a cut on the
variable v.

The asymmetry is a ratio of cross sections and as such the acceptance
cancels out. Because of this fact, we were able to use a much larger cut for
the asymmetries:

o |¢¢| < 40 mrad

e |6;] < 60 mrad
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Figure 7.17: 3He data target variables y; (top) & ¢; (bottom) with final
cut. Positive y; corresponds to downstream events in this plot.

e |y <35 cm

7.9 Good Run Selection

Several conditions are used to reject problematic runs from the analysis.
Below we list the conditions required for a run to be used in the asymmetry
analysis:

e Beam helicity asymmetry less than 1%.
e Dead time less than 40%.

e Helicity correlated dead time correction less than 5%.
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Figure 7.18: 3He data target variables dp (top) & 6; (bottom) with final
cut.

e Statistical error less than 5%.
e No runs with prescaler greater than 10.
e No runs shorter than 9 mins.

For the cross section analysis, only runs from the HRS-L longer than 9
mins where included in the analysis.

111



CHAPTER 8

SHE UNPOLARIZED CROSS SECTIONS

There are four major steps in the production of the unpolarized 3He cross
sections:

1. Formation of the raw cross sections from the counting rates and scalers.
2. Subtraction of the nitrogen dilution and elastic tail contributions.

3. Radiative corrections.

4. Finite acceptance effect corrections.

We will discuss each of these steps in detail in the following sections. We note
here that several of the raw cross section spectra required extra individual
treatment to address difficulties encountered during the experimental run.
These details are described in appendix F.

8.1 Raw Cross Sections

The unpolarized experimental cross section is given by:

_ ( do ) _ N}k y 1 (8.1)
Traw =\ GEAO ) 0y Nip . AZAQAE '

Where:

° N}‘ is the number of scattered electrons detected, corrected for detector
and software efficiencies, prescalers and for deadtime.

e N, is the number of incident electrons. We determine this from the
total charge measured with the DX10 BCM.

e p is the density of the target.

e AZ is the length of the target seen by the spectrometer.
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Figure 8.1: HRS acceptance. Left: the actual acceptance. Middle: Idealized
acceptance. Right: Idealized acceptance translated for clarity.

e AFE'is the energy spread of the scattered electrons for each spectrom-
eter setting.

e AQ is the angular acceptance.

As mentioned in section 7.7, the acceptance was simulated via a monte
carlo technique. Twenty million events (N;,) with random rays were gen-
erated over an illuminated area covering a solid angle (AQ,,.) of 50 mSr.
The rays originated from along a simulated target length (AZ,,.) of 60 cm,
and covered a random momentum spread (AE!, ) of £7%. The number of
events (Ng,:) that made it through the transport functions as well as the
same cuts that were applied to the data were then recorded.

In order to understand how the simulation is used to determine the ac-
ceptance, we consider figure 8.1. In the first panel, the light colored region
represents the illumination space over which the simulation generates ran-
dom events. The central dark area represents the region through which an
incident particle that enters will emerge at the focal plane. In the mid-
dle panel, we imagine a simpler rectangular region which covers the same
solid angle as our actual acceptance. In the final panel, we translate this
region and it becomes clear that in this particular case only one fourth of
the events that are randomly distributed over the illumination region will
pass. Generalizing, we conclude that:

Nous ( AQ )
— 2
N; AQume (82)

This of course assumes a point like target and scattered electrons with a
well defined momentum. In practice, we must account for the finite target

113



length and scattered electron momentum spread, so equation 8.2 is general-

? mc mc mc

From this relation we can deduce the solid angle AQ.

8.1.1 Raw Cross Section Systematic

The detection efficiency of the Cerenkov [140] is practically 100% so the
error on this correction is negligible. The calorimeter [142] was over 99%
efficient so we take a conservative estimate of 1% error on this correction.
The scintillator! and VDC [139] efficiencies also contribute at the 1% level.

The particle ID cuts on the Cerenkov and calorimeter were optimized to
be more than 99% efficient so the error introduced by correcting for the cut
inefficiency is limited to 1% for each device [142, 140].

The y; relative uncertainty of 0.3 mm contributes about 1.9% to the
systematic, and the ¢; and 6, relative uncertainty of +0.2 and £0.5 mrad
contribute 1.7% and 1.3% respectively to the cross section [148]. We assume
that the deadtime error is negligible since the scalers are highly accurate.
The charge [149] is known to about 1%. The scattered electron energy is
known to about 0.5%.

The target fill density (po) at room temperature is known to 2.3% [150].
The target pumping chamber is heated to accommodate the optical pumping
process which leads to a variation of the running density (p) in the target
chamber. The lower target chamber temperature is quite stable(T; = 327K)
with an uncertainty of approximately 1 K. The upper pumping chamber
temperature (T),) has a greater uncertainty (+ 20°) due to the presence of
the high power incident laser light.

The expected variation of the density with pumping chamber tempera-

ture T}, is:
v T, !
P pump t
L4 me (2 g 8.4
P0 ( ‘/tatal (Tp ) > ( )

where Vpump (Viotar) is the pumping chamber (total) volume, and we’ve
used the ideal gas law. The predicted density variation with respect to T,
is illustrated in figure 8.2. The plot is normalized to the density at T, =

*Notice that AZ, AE’, and Af) are constrained by the cuts discussed in section 7.8.
fSee section 7.4.1 and ref. [147].
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Figure 8.2: Variation of the density with pumping chamber temperature.
See equation 8.4.

486K, and assumes that the target cell temperature stays constant at 327K.
We can see that the uncertainty of the pumping chamber temperature leads
to an additional 1.8% uncertainty [151] in the density.

The raw cross section systematic errors are summarized in table 8.1.
Two other analyses( [152] and [148]) came to similar conclusions about the
size of the error.

Cut Variation

In section 7.8 we chose an optimized cut on the acceptance and target vari-
ables. To evaluate the performance of the acceptance simulation, we have
examined how sensitive the cross section is to variations in this cut. Further
details! can be found in reference [153]. Table 8.2 lists the six cuts utilized
in the study. The first three cuts vary 6 and ¢, while the final three vary the
cut on target length. Cut number three is similar to the actual cut used to
produce final cross sections as described in section 7.8. Therefore, we take
the cross section produced with this cut as our baseline and compare the
resulting cross section from all other cuts to this.

‘Here, we generalize the analysis of reference [153] to include the quasielastic region.
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Detection Efficiency: Cerenkov 0%
Detection Efficiency: Calorimeter | 1%
Detection Efficiency: Scintillator | 1%
Detection Efficiency: VDC 1%
PID Cut Efficiency: Cerenkov 1%
PID Cut Efficiency: Calorimeter | 1%
Reconstructed variable : y¢ 1.9%
Reconstructed variable : A 2.1%
Charge 1.0%
Energy 0.5%
Target density 2.9%
| Total | 4.8% |

Table 8.1: Raw cross section systematics.

| CUT | ¢ (mrad) | 0 (mrad) | z (mm.) |

1 +5 +30 +60
2 +15 +10 +60
3 +15 +30 +60
4 +15 +30 +15
5 +15 +30 +30
6 +15 +30 +90

Table 8.2: Cuts used to evaluate the cross section cut systematic uncer-
tainty.

‘ EO(GeV) ‘ 5cut ‘ 6spect ‘
0.9 28 % |93 %
1.7 1.8 % | 6.9 %
2.5 30% |32 %
3.4 3.0% | 6.7 %
4.3 33% |38%
5.1 24% | 5.6 %

Table 8.3: dcut : Systematic variation of the cross section with acceptance
cuts (See equation 8.6). dspect : Difference between HRS-L and HRS-R raw
cross sections.
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Specifically, we evaluate:
AX; = Lt (8.5)

Here, UZA is the optimized cross section of cut three, o is the alternative
cross section obtained using a different cut, and i refers to a particular bin
in v. An error due to the cut variation is estimated by summing over all
bins in v:

N
AX?
5cut — % (86)

with the summation beginning at the two-body breakup threshold. The
largest cross section variation among all the cuts evaluated is taken as an
estimate of the cut systematic and is listed in the second column of table 8.3.

The value of d.; is in some sense an independent evaluation of the error
on the product AZ - AQ) and it compares reasonably well to the estimate of
the uncertainty on this product listed in table 8.1

Spectrometer Comparison

There were a number of problems that arose with the HRS-R cross section
analysis that lead us to believe that these spectra were less reliable than the
HRS-L counterparts. Some of the factors that pointed to this conclusion
were:

e There was a blockage of the HRS-R acceptance for most of the 862
MeV data set. This is believed to be caused by a bundle of target
RTD lead wires that became dislodged. See appendix F.

e There is a large uncertainty in the radiation length of materials trans-
versed before HRS-R [154].

e The acceptance was not studied in detail as it was on HRS-L [146, 155].

e There was a significant horizontal mis-pointing of HRS-R. This mis-
pointing was not accurately determined ( see section 5.3.3 ), which led
to a large uncertainty in the central scattering angle.

For these reasons, it was decided to use only the HRS-L data for the ab-
solute cross section measurement. However, even with the known problems
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with the HRS-R spectra they can serve as a rough check of the HRS-L cross
sections. In this section, we compare the results of the two arms. We form
a quantity dspect, similar to that defined in equation 8.6, but here, O'ZA is the
cross section for HRS-L and o? is the cross section for HRS-R. The resulting
dspect for each energy is shown in table 8.3. We note that this comparison is
performed before the radiative corrections have been applied. There are sig-
nificant differences in the thickness of materials seen by each spectrometer
which lead to a reduction of dspec after the radiative corrections.

8.1.2 Tail Subtraction and Nitrogen Dilution

The experimentally measured raw cross sections contain contributions from
a small admixture of nitrogen introduced to facilitate polarization of the
cells. In addition, there can be large contributions from elastic radiative
tails. The elastic radiative tail is created when electrons emit a photon
before interacting with the target nucleus and then scatter elastically. The
scattering takes place at a lower incident energy with a correspondingly
larger cross section. It is usually most noticeable as the electron energy
approaches zero and can lead to a very large rising tail at large v.

These contributions must be removed before the radiative corrections
can be applied. The inelastic 3He cross section is extracted from the raw
cross section as follows:

erp = Opqw — 03¢l — 20 * R(O'N + UNel) (87)

where:

— d
® Oexp = (dE

Q) is the unpolarized 3He cross section before R.C.
exp

a
’d
d
p—a

Q) is the raw cross section of Eq. 8.1.
raw

- do . . . . .
o oN = ( ¥V dQ)N is the Nitrogen inelastic cross section.

e 03, is the 3He elastic radiative tail.

e o is the Nitrogen elastic radiative tail.

e R= (;:\;12 ) is ratio of Nitrogen to *He gas densities [156] in the target
cell. ‘
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The elastic *He and N radiative tails were calculated following the for-
malism from [131]. The exact’ solution was implemented using the code
ROSETAIL.F [138], which was updated to utilize the elastic form factors
of reference [157] and [158, 159] for Nitrogen and *He respectively. The
radiated tail from the Nitrogen elastic peak was found to be negligible for
all incident energies. The 3He radiated tail was small for all energies except
862 MeV, where it contributed a substantial amount in the quasi-elastic re-
gion. See figure 8.13. The ROSETAILL.F code assumes a point like target
with no acceptance corrections. These corrections are negligible unless the
tail is a sizable fraction of the cross section, which is the case for 862 MeV.
A monte carlo [160] was used to simulate acceptance and extended target
effects for the tail subtraction at this energy.

The Nitrogen inelastic cross section was calculated using the Quasi-Free
Scattering (QFS) code [161] ( see section 8.5.3 ). We have modified [162]
the initial code to include external radiative corrections, and to improve the
agreement with existing data in the quasielastic region.

The raw cross sections are rebinned if necessary to smooth out statistical
fluctuations. The raw cross sections are not all continuous as a function of
v = FE — F’, since not all E94-010 spectrometer settings overlap. The cross
sections are fit and interpolated to fill in the missing kinematics and to locate
each bin at convenient values of v. Spline fitting or linear interpolation are
used. Beyond the resonance region, it was sometimes necessary to use a 2"¢
or 3" order polynomial to give satisfactory agreement with the data.

Finally, all data below the two-body breakup threshold (elastic peak +
5.5 MeV) is excluded. We now have pure He inelastic cross sections, al-
though the radiative corrections still need to be unfolded from these spectra.
These “clean” cross sections 0.y, can be seen in figs. 8.3 to 8.8.

8.1.3 Cross Section Errors before Radiative Corrections

The statistical error on the extracted He cross section must be adjusted to
account for the removal of non->He events from the sample.

00exp = \ﬂaezp )00 raw (statistical) (8.8)

Oraw

The systematic error on the extracted 3He cross section is estimated as
follows:

(00eap)” = (00raw)? + (00301)? + 4R [(60N)? + (00N raa)? + (0ner)?] (8.9)

Yi.e. the “peaking approximation” was not used.
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| E; - E;, (MeV) | Exact | Peaking | Aggact

20 3.7330 | 3.3557 | 10.1 %
100 0.6244 | 0.6057 3.0 %
300 0.2275 | 0.2317 1.8 %
500 0.1934 | 0.1851 43 %
700 0.3048 | 0.2435 | 20.0 %
800 0.5435 | 0.4080 | 24.9 %

Table 8.4: Comparison of the radiated elastic tail from our peaking ap-
proximation code to the exact results calculated in ref. [131] for E;=1 GeV.
Cross section are in yb/MeV-sr.

‘ E; - E, (MeV) ‘ Exact ‘ Peaking ‘ AEzact

200 17.26 16.14 6.5%
500 4.533 4.283 5.5%
1000 2.250 2.228 0.9%
2500 1.665 1.591 4.4%
4000 5.690 4.202 26.1%

Table 8.5: Same as table 8.4. E;=5 GeV

‘ Eo (MeV) ‘ 00raw ‘ don ‘ 0O Nrad ‘ dONel ‘ 003e1 ‘ dr.c. ‘

862 4.8 |52.0 | 10.0 20.0 5.0 | 15.0
1717 4.8 7.0 10.0 20.0 5.0 5.0
2581 4.8 |21.0 | 10.0 20.0 5.0 5.0
3381 4.8 |25.0| 10.0 20.0 5.0 5.0
4238 48 |27.0| 10.0 20.0 5.0 5.0
5058 4.8 |27.0 | 10.0 20.0 5.0 5.0

Table 8.6: Contributions to the cross section systematic uncertainty for
Oexp- See text for explanation of the listed quantities. Values are in percent.
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where:

00rqw 18 the systematic error associated with the raw cross sections.
See table 8.1.

d03¢; is the error on calculation of ®He elastic tail. We estimate this
to be less than 5% from comparison of Amroun et al. [158, 159] and
McCarthy et al. [163] form factors.

don is the uncertainty on the QFS Nitrogen inelastic calculation.
It ranges from 7%-52% and was evaluated by comparing the QFS
quasielastic results for carbon to the world data [162]. The error on
the Delta peak calculation was always found to be less than 10%, and
in any case much smaller than the quasielastic error. It was ignored
along with any error of the higher resonances.

00 Nrad 18 the error on the radiative corrections to the inelastic nitrogen
model. The modified radiative correction routines were tested for elas-
tic electron—proton scattering and compared to the exact prediction of
Mo and Tsai [131]. The results are shown in Table 8.4 and Table 8.5.
We see that our peaking approximation code does quite well as long
as the energy loss is not too great. 10% is taken as the error on the
nitrogen radiative correction.

00 Ne 1S the error on the nitrogen elastic tail and represents the max-
imum quoted error (20%) on the Dally et al. [157] form factors. This
error contributes very little to the final results as the nitrogen elastic
tail is mostly negligible for our data.

The various contributions to the systematic error are summarized in ta-

ble 8.6.

8.2

Radiative Corrections

Radiative corrections are performed using the program RADCOR.F [164]
The original code was based on the formalism of Mo and Tsai [131] as im-
plemented by Miller [165], but makes several approximations based on the
assumption that target thickness before and after scattering are equal. To
rectify this, and to update the code to a more recent approach, we have
rewritten the radiative correction subroutines [162] to use the peaking ap-
proximation formalism of Stein et al. [133]. The final unfolded cross sections
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Figure 8.3: E; = 862 MeV cross section. Top: Subtraction of elastic tails
and nitrogen dilution from the raw cross sections. Bottom: Total system-
atic uncertainty before radiative corrections and the various contributions.
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and nitrogen dilution from the raw cross sections. Bottom: Total system-
atic uncertainty before radiative corrections and the various contributions.
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are shown in fig. 8.12 as a function of invariant mass W, and in more detail
in figs. 8.13 to 8.23 as a function of energy loss £ — E'.

A more detailed examination of the radiative corrections is given in Ap-
pendix C.

8.3 Finite Acceptance Correction

The measured cross section represents an average over the solid angle defined
by the spectrometer and the analysis cuts. To evaluate the effect that this
averaging has on the cross sections, we divided the acceptance into 500
separate regions. The QFS model [161] ( see section 8.5.3 ) is used to
calculate the cross section at each of the corresponding scattering angles.
The average over these 500 results is compared to the result at a nominal
scattering angle of 15.5° in order to determine a normalization factor. This
factor is less than 2% for most of the spectra, but can jump to as high as 5%
at the peak of the Quasielastic region. For full details see reference [155].

8.4 Final Systematic Error

The final error is obtained by combining the error of eq. 8.9 with the error
due to the radiative corrections. The error on the radiative corrections, dgc,
is taken to be 5% of the correction. For our lowest energy this estimate is
inflated to 15% to account for the lack of lower energy data. This leads to
a final systematic error given by:

2 2
((so'born)2 = <5Ue;cp X Uborn) + ((51{0 X M) (8.10)

Oexp Oborn

In appendix D and ref. [154], it is revealed that we know the target radi-
ation lengths to an accuracy of 5 to 9%. Variations in the thickness before
scattering of up to 35% were found to have negligible effect on the radiative
correction procedures. The sensitivity to the material after scattering was
tested by varying the nominal glass wall thickness of target Armegeddon’
by +1o in the radiative corrections procedure. It was found that the cross
section varies by less than 3% over the majority of the spectra including the
quasielastic region. In the dip region, the sensitivity jumps to 5%. These
variations were found to be small compared to the final systematic.

TA cell made of GE180 glass that has a considerably larger radiation length than all
other cells, which were composed of Corning 1720.
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In general, we find that the final statistical error is about 1% while the
systematic error varies from 5.5 to 9%. For our lowest incident energy the
systematic estimate is inflated to account for the lack of lower energy data
needed in the radiative corrections.

8.5 Cross Section Evaluation

In this section, we perform some basic checks to ensure that the radiative
corrections are performed properly and compare our data to previous ex-
perimental results. We also examine the predictions of several calculations
and phenomenological models.

8.5.1 Radiative Corrections Check

E94-010 recorded data with two different target cells for the incident energies
of 1.7 GeV and 4.2 GeV. Both data sets cover the quasielastic region. Targets
Be Happy and Armegeddon were used for the 1.7 GeV data. These two
glass cells were made from Corning 1720 and GE180 respectively and, as
such, have considerably different radiation thicknesses ( see appendix D ).
Comparison of the cross sections obtained with these cells before and after
radiative corrections are shown in figure. 8.9. Figure 8.10 shows a similar
study performed with the 4.2 GeV data. For this data set, we are comparing
spectra from the target cells Nepheli and Sysiphos both constructed from
Corning 1720. These two cells had very similar wall thicknesses, so the
spectra before the radiative corrections do not differ as much as the previous
set of cells.

Figs. 8.9 and 8.10 imply that we know the radiation lengths of our targets
and that we are applying the unfolding technique properly. The fact that the
radiatively corrected spectrum obtained from independent measurements
agree within a few percent also gives us increased confidence in the estimated
systematic uncertainty.

8.5.2 Comparison to Existing *He Data

Marchand et al. [166] performed a measurement of the 3He longitudinal
and transverse response functions Ry and Ry in the quasielastic and A
excitation regions for 250 < |g] < 700 MeV at the Saclay linear accelerator.
Ueng [167] and Dow [168] performed a similar measurement in the range
150 < |q] < 700 MeV at the M.I.'T. Bates linear accelerator facility. The
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Figure 8.9: Cross section in the quasielastic region before (top panel) and
after (bottom panel) radiative corrections. Incident energy is 1.7 GeV.
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after (bottom panel) radiative corrections. Incident energy is 4.2 GeV.
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Figure 8.11: Kinematic coverage of Bates and Saclay L-T separation: |{]
vs. W. Filled square: Marchand et al. [166]. Filled circle: Ueng [167].
Open circle: Dow [168]. Filled diamonds represent the three lowest incident
energies of E94-010 in the quasielastic region.

results represent two independent analyses of the same Bates data and agree
for the most part within error, although there are small discrepancies.

The kinematic coverage of the Bates and Saclay experiments are shown
in figure 8.11. On this same plot, we display the region covered by the
lowest three incident energies of E94-010 in the quasielastic region. We have
interpolated the measured response functions with respect to |g] and W to
perform a cross section comparison with our data via equation 2.2.4. The
cross sections obtained in this fashion are shown in figs. 8.13 to 8.15.
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8.5.3 Theoretical Calculations and Models

In the quasielastic region a calculation [169] of the 3 He(&, ¢') X cross sections
was provided by S. Scopetta [170] for all six incident energiesl/l of E94-010.
A spin dependent spectral function [171] is utilized, updated to include the
treatment of doubly polarized electron scattering from nuclei described in
ref. [172]. The spectral function was obtained from a realistic three body
wave function. Various two and three-nucleon forces** have been considered
and the Coulomb interaction has been taken into account.

The calculation is performed in the context of the plane wave impulse
approximation (PWTA) in which the electron interacts with a single nucleon
and the nucleon is ejected from the nucleus with no further interaction with
the remaining spectator pair or any hadrons produced in the interaction.
The spectral function approach that is utilized addresses both Fermi mo-
tion and binding effects. Major effects not addressed are the final state
interactions (FSI) mentioned above, meson exchange currents (MEC), and
the presence of the A in the bound state [169]. The FSI in particular are
expected to be large at low Q? (< 0.1 GeV?), while for Q% > 0.25 GeV?
PWIA calculations have previously been shown to be in good agreement
with experimental data [173, 174]. The inclusion of FSI to the calculation is
underway [170, 169]. The MATD2000 modelt predictions ( see section 3.4.1
) for the nucleon response in the resonance region was used to complete the
Scopetta spectra to W = 2 GeV.

The phenomenological QFS [161] model of J. Lightbody and J. O’Connell
parameterizes world data for inelastic electron scattering from nuclei in the
impulse approximation using five reaction channels:

1. Quasielastic scattering on a bound nucleon.
2. Two nucleon emission in the dip region.
3. A(1232) resonance electroproduction.

4. W = 1500 and 1700 MeV resonance electroproduction.

IThe incident energies used in the calculation are: 862.0, 1720.0, 2591.0, 3384.0, 4255.0
and 5070.0 MeV, which differ slightly from the actual incident energies (see section 5.2.5).

**The Argonne v14 potential, RSCv8 and Brazil and Tucson-Melbourne three-nucleon
interaction. The model dependence was found to be at the few percent level.

'The MAID neutron results have simply been multiplied by Msy,/M, and in this
sense the inelastic prediction above the pion threshold is not exact and is only included
for a crude comparison.
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5. A non-resonant Q?> dependent background term.

QFS has been used widely to estimate counting rates for inclusive electron
scattering experiments, although it is not expected to give precise results.
We have modified the initial code to include external radiative corrections,
and to improve the agreement with existing data in the quasielastic re-
gion. Complete details can be found in reference [162]. There are three free
parameters ( the Fermi momentum of the target nucleus ks, the nucleon
separation energy €5, and the A separation energy ea ) that the user may
adjust to better match the experimental datalf. The quasielastic peak is
described as a gaussian centered at an energy loss of Q?/2My + ¢;. The
width of the peak is proportional to the fermi momentum and momentum
transfer |g]. The area under the peak is constrained to equal the incoherent
sum of elastic scattering from the individual nucleons, which are described
with a standard dipole form factor. The A(1232) is assumed to be totally
transverse in nature, and is represented by a Lorentzian shape with a width
determined from 1) the natural width of the A, 2) the Fermi motion which
is proportional to |§k fermi/M, and 3) a term reflecting the dependence on
nuclear medium. The higher resonances are also assumed to be completely
transverse in nature and are fit with a similar functional form.

The measured quasielastic cross sections are also compared to a non-
relativistic full Faddeev calculation provided by J. Golak [175], which in-
cludes both final state interactions and meson exchange current effects. The
3N force is included in the inclusive calculation of the scattering process as
described in [176], and the nucleon form factors used are from ref. [177]. The
NN potential used is AV18 [178] while the Urbana IX 3N force [179, 180]
is used in both the initial 3N bound state [181], and the final scattering
state. The charge dependence of the NN forces are accounted for using an
approximation method as described in [182]. All electromagnetic contribu-
tions (including Coulomb) to the NN interaction are included in the initial
bound state. The Coulomb contribution is however missing from the final
state. MEC contributions consistent with AV18 [183, 184] are contained in
the charge density and in its spatial components.

The Faddeev calculation is compared to our two lowest energy spectra
where relativistic effects are expected to be small. Comparison with both
the Faddeev and PWIA calculations in the quasielastic region are shown
in figs. 8.13 to 8.17. For completeness, plots of the unpolarized *He cross
sections over the entire measured range are shown in figs. 8.18 to 8.23.

HReasonable agreement with the £94-010 *He data is found with a choice of 130.0 MeV,
10.0 MeV, and 15.0 MeV respectively.
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8.5.4 Conclusion

In figure 8.12, we begin by noting the prominent quasielastic peak which
dominates the spectra compared to the contribution of the resonances. As
@Q? increases, the quasielastic reaction falls off rapidly. The first resonance
A(1232) also displays a dramatic @? dependence as we would expect from
equation 2.20. There is significant Fermi broadening of the resonance peak
at larger incident energy and the dominant higher resonances at W = 1500
and 1700 MeV are barely distinguishable from the non-resonant background.
This background grows in importance as we approach the kinematic region
of deep inelastic scattering.

At the lowest incident energy, we observe a rapidly rising background
which overwhelms the resonances. This phenomenon was studied in detail by
A. Deur [160] who concluded that it was due to multiple scattering initiated
prior to the target cell. Since these events must originate from unpolarized
material they are expected to have no effect on the polarized cross sections.

For an incident energy of 862 MeV, the E94-010 data is consistent with
the Bates analyses over the entire quasielastic region. This region requires
a slight extrapolation for the Saclay data as we approach the quasielastic
peak from above and is the likely cause of the small disagreement of the
Saclay point at v = 40 MeV. For the Ey = 1717 MeV data set, the E94-
010 data agrees well with the previous measurements on the low energy
side of the peak. However, there is a small but non-negligible discrepancy
on the high energy side. The most likely explanation for this difference is
revealed in fig. 8.11, where it is clear that this region requires a much larger
interpolation in |§] than the low energy side. Finally, the 2581 MeV data set
agrees well with the Saclay data on the low energy side of the quasielastic
peak but, similar to the 1717 MeV data set, there is a small disagreement
on the high energy side of the peak where extrapolation is required.

As expected, the PWIA calculation is not very accurate at the low Q?
of our first incident energy (fig. 8.13), where the neglected final state inter-
actions are expected to be significant [171]. However, as Q? increases, the
agreement with data improves dramatically as shown in figs. 8.15 and 8.16.

The full Faddeev calculation reproduces the E94-010 data extremely well
at an incident energy of 862 MeV. For this spectra, the final state interac-
tions are expected to be large and the necessity of their inclusion is evident
from the comparison to the PWIA result. The calculation is also in good
agreement with the 1717 MeV unpolarized cross section on the low energy
side of the quasielastic peak. On the high energy side, the curve diverges
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slightly from the data, most likely due to the increasing importance of rela-
tivistic effects.

For reference, we also show the QFS model and Scopetta’s implementa-
tion of the MAID model in the resonance region in figs. 8.18 to 8.23. The
MAID model results clearly show the need for inclusion of a non-resonant
DIS background. The QFS model provides reasonable results over most
spectra. In particular, the resonances are reproduced extremely well for in-
cident energies of 1.7 GeV, and 2.5 GeV. At higher energy the model agrees
at the 20 to 30% level. The model’s quasielastic prediction has been adjusted
by a Q%-dependent term to improve agreement with the data as described
in ref. [162].
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Figure 8.12: E94-010 unfolded cross sections. Dotted line: experimental
cross section o¢yp as defined in eq. 8.7. Solid line: unfolded Born cross
section oy, With statistical error. Systematic uncertainty is given by solid
band on x-axis.
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Figure 8.13: He unpolarized Born cross section in the quasielastic region.
Incident energy: 862 MeV. Q? ~ 0.04 GeV? at Q.E. peak. Solid circle:
E94-010. Statistical errors are on the data points, systematic uncertainty is
represented by the grey band. Open square: Marchand et al. [166]. Open
circle: Ueng [167]. Open diamond: Dow [168]. See text for explanation of
curves.
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Figure 8.14: 3He unpolarized Born cross section in the quasielastic region.
Incident energy: 1717 MeV. Q? ~ 0.19 GeV? at Q.E. peak. Solid circle:
E94-010. Statistical errors are on the data points, systematic uncertainty is
represented by the grey band. Open square: Marchand et al. [166]. Open
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curves.
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Figure 8.15: *He unpolarized Born cross section in the quasielastic region.
Incident energy: 2581 MeV. Q? ~ 0.43 GeV? at Q.E. peak. Solid circle:
E94-010. Statistical errors are on the data points, systematic uncertainty is
represented by the grey band. Open square: Marchand et al. [166]. See text
for explanation of curves.
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Figure 8.16: *He unpolarized Born cross section in the quasielastic region.
Incident energy: 3382 MeV. Q? ~ 0.77 GeV? at Q.E. peak. Solid circle:
E94-010. Statistical errors are on the data points, systematic uncertainty is
represented by the grey band. See text for explanation of curves.
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Figure 8.17: ®He unpolarized Born cross section in the quasielastic region.
Incident energy: 4239 MeV. Q? ~ 1.1 GeV? at Q.E. peak. Solid circle:
E94-010. Statistical errors are on the data points, systematic uncertainty is
represented by the grey band. See text for explanation of curves.
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Figure 8.18: Born cross section. Incident energy: 862 MeV.
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Figure 8.19: Born cross section. Incident energy: 1717 MeV.
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Figure 8.20: Born cross section. Incident energy: 2581 MeV
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Figure 8.21: Born cross section. Incident energy: 3381 MeV
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Figure 8.22: Born cross section. Incident energy: 4238 MeV
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Figure 8.23: Born cross section. Incident energy: 5058 MeV
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CHAPTER 9

SHE POLARIZED QUANTITIES

In this chapter we present the final results for the polarized >He asymmetries,
cross sections and structure functions along with the virtual photoabsorbtion
cross sections o/ and o’ 1.

9.1 Asymmetries

The physics asymmetries in either parallel or perpendicular configuration
are defined as:
1 N —N!

A=
PP, N + N

(9.1)

where P; and P, are the target and beam polarizations respectively. N/
represent the number of counts in either helicity state. The prime indicates
that they have been corrected for software deadtime, prescalers and nor-
malized by the corresponding incident charge for each helicity state: Q4.
Notice that we do not correct the asymmetry for dilution. This is because
the asymmetries are not analyzed directly but are always combined with
the raw cross sections to form polarized cross section differences, and in this
product the dilution factor cancels. For reference, we note that the dilution
factor arising from the presence of the small amount of nitrogen quencher gas
in the cell was estimated using the QFS model [161] as detailed in chapter 8.
We found that typically 0.85 < f < 0.95.

To measure the systematic effect of any false asymmetries, we measured
the asymmetry arising from unpolarized 2C and Ny, along with empty
target runs. A. Deur [101] analyzed these runs and concluded that the false
asymmetry was compatible with zero. For reference, we list a summary of
the results in table 9.1.

The systematic uncertainty on the asymmetries is dominated by the
polarimetries. The polarimetry uncertainty is 4% (relative) for both tar-
get and beam respectively, which are added in quadrature. The physics
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Target False asymmetry
Nitrogen | 6.8-107> £1.1-107*
Carbon |2.1-107°+1.3-107

Table 9.1: False asymmetry measured with nitrogen reference cell and with
carbon foil target.

asymmetries before radiative corrections are shown in fig. 9.1, with parallel
configuration represented by filled circles and perpendicular configuration
represented with filled squares. Large negative elastic radiative tails are ob-
served at low v for the first and second incident energies. This background
must of course be subtracted from the spectra before we can extract the po-
larized structure functions. The perpendicular asymmetry in the quasielastic
region ( centered at approximately v = Q?/(2M,,) ) is typically larger than
its parallel counterpart. Also we see a cross-over in both configurations as
v passes through the single pion production threshold. We note that in
stark contrast to the unpolarized cross sections displayed in chapter 8, the
asymmetries are only weakly Q?-dependent. This is particularly true in the
region of the A resonance, where the parallel asymmetry is about —2.0% for
all incident energies*, corresponding to a Q2 range of approximately 0.05 to
1.0 GeV?. The perpendicular asymmetry is largely a mirror image of the
parallel asymmetry in the A region and we will comment further on this
intriguing result in section 9.4. After the A resonance, the asymmetries are
small, but as the energy loss v increases and we approach the onset of deep
inelastic scattering, the parallel asymmetry grows larger while the perpen-
dicular asymmetry is small and consistent with zero. The interpretation of
this behaviour will become clear when we examine the polarized structure
functions in section 9.4.

9.2 Polarized Cross Sections
The raw cross section differences are defined by:
ACraw = 2A07quw (9.2)

where A represents the asymmetry in equation 9.1 and o4y is defined in
equation 8.1. The systematic uncertainties are added in quadrature.

*Note that the 5058 MeV incident energy data is well above the resonance region.
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Figure 9.1: E94-010 asymmetries for six incident energies at 15.5°. Circles:
Aj|, squares: A;. Error bars represent statistical uncertainty only. Note:
these spectra represent results prior to radiative corrections and are not
corrected for the dilution factor.
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The polarized elastic radiative tail must be subtracted and radiative
corrections applied ( see appendix C ) to obtain Ao:

Ao = ACrgw — A0 + Aokre (9.3)

We assume 20% uncertainty on the elastic tail subtraction!. The radiative
corrections uncertainty was estimated by considering a wide variety of initial
starting points for the POLRAD iterative procedure. Less than 20% vari-
ation [137] in the correction was found, which is taken as the uncertainty.
For Ey = 862 MeV, we had no data at lower incident energy and were forced
to use several models as the starting point of the unfolding. Less than 40%
variation was found, which was used as the uncertainty [137] for this spec-
tra. The final systematic is obtained by summing the above contributions
in quadrature.

In figures 9.2 to 9.6, we display the polarized cross section differences of
equation 9.3. Solid symbols represent the parallel configuration, while the
perpendicular settings are represented with open symbols. Both statistical
and full uncertainties are displayed on the points. The data is compared
to the PWIA calculation of ref. [170] and the full Faddeev calculation of
ref. [175], which were described in detail in section 8.5.3. As in the un-
polarized case, the full calculation reproduces our data extremely well for
our lowest incident energy, where in the quasielastic region the momentum
transfer is approximately 0.04 GeV?2. The cross-over at around W = 930
MeV is tracked perfectly in the parallel configuration, while the agreement is
slightly worse for the perpendicular data. At higher v, both configurations
are replicated well by the full curve. The PWIA calculation reproduces the
general features of the data ( the cross-over for example ) but differs in ab-
solute magnitude by several sigma. In fact, the peak structure we see in the
data seems to be damped out too strongly in the PWTIA calculation. In the
A(1232) region the model reproduces the resonance structure, but shows a
clear difference in A separation of about 20 MeV from the data. In fig. 9.3,
Q? ~ 0.19 at the quasielastic peak, and we are reaching the limits of applica-
bility of the full calculation, while approaching a momentum transfer where
the PWIA approach is expected to do well. The most important contribu-
tion missing from the PWTIA curve is expected to be the FSI, and we can
clearly see their importance at low v compared to the full calculation. On
the low energy side of the quasielastic peak the PWIA curve performs worse

TReference [101] estimates an uncertainty of 10% due mostly to the elastic form factors.
To this we add the variation observed when shifting the elastic tail spectra by +1 MeV
with respect to its nominal position to obtain 20%.
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than on the high energy side, which is at higher Q?. There is a considerable
broadening of the peak structure in the perpendicular setting compared to
the data. Nevertheless, the general features are reproduced and the zero
crossing tracked exactly. The PWIA calculation overestimates the parallel
data considerably at low v, but otherwise is in rough agreement with the full
calculation. In the resonance region, the MAID model again does a fair job
with a noticeable offset of about 20 MeV from the data. At higher incident
energies, relativistic effects increase in significance and the full calculation is
not valid. We show only the PWTA calculation, which reproduces the gen-
eral features but displays a surprising lack of agreement with the polarized
data, considering the results displayed for the unpolarized cross sections in
figs 8.14 to 8.16.
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(outer) error bars represent statistical (total) uncertainty. Dot-dashed curve:
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Figure 9.8: Fit of g;He as a function of W for six incident energies.

9.3 Interpolation and Extrapolation

Our data has been measured at constant energy and must be evolved to
constant momentum transfer before we can perform the integrations called
for in the various sum rules. Figure 9.7 illustrates that a two step inter-
polation is required with respect to W and Q2. We initially consider ggﬂe,
which scales well with respect to W. As a first step, the six data sets are
interpolated to obtain equal binning in W as shown in fig. 9.8. This results
in up to six data points at various Q2, but constant W. This data set is
then interpolated to the desired intermediate Q2.

W also appears as a good interpolation variable for g; above the pion
threshold (see fig. 9.9), but in the quasielastic region the spectrum does
not scale well with invariant mass. Instead we create an artificial scaling
variable Z,, in which the g; maxima, minima and zero crossings are aligned
(see fig. 9.10). Again, this results in up to six data points at various Q2.
This data set is then interpolated to the desired Q2. In this fashion, we
obtain 6 sets of data interpolated to evenly spaced Q? values from 0.1 to
0.90 GeV. If the number of interpolated points at a particular Q2 is greater
than the initial number of measured points, the statistical error is adjusted
to account for this artificial increase in data points.

The systematic error associated with the interpolation is estimated by
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varying the interpolation degree used. The W interpolation is performed
using either a linear or quadratic interpolation and the Q? interpolation is
performed using either a first, second or third degree interpolation. The
standard deviation of these six possible methods is taken as the uncertainty.
The variation arising from the different orders of Q? interpolation can be
substantial, so in order to reduce this systematic we use the following tech-
nique, which is illustrated in fig. 9.11:

1. An exponential fit is subtracted from the data as a function of Q2.

2. The interpolation is performed on the residual which has a much
smaller Q? variation.

3. The exponential background is added back to the interpolated point
in order to avoid any bias that may occur due to the choice of an
exponential to describe the Q? behaviour.

In the regions where extrapolation is required, we compare our results to the
MAID [40] model and take the full difference as an additional uncertainty.

9.4 Polarized Structure Functions

We now present the spin structure functions briefly mentioned in the previ-
ous section. g; and go are formed from the polarized cross section differences
according to the following relations:

MQ? 0
T= g (1- y)y(Q ) [AUI ttangAoy (9.4)
_ Me? Y 14 (1 —y)cosb
T 21-y)(2-y) [_AUH * (1 —y)sind AGJ‘] (9-5)

In figure 9.12, the 3He structure functions are plotted as measured at
constant energy. The error bars represent total uncertainties, and the curves
represent a spline fit to the data. Notice that the 3He mass is used in Bjorken
variable, so z = 1 corresponds to 3He elastic scattering. Interpolating to
constant momentum transfer results in the spectra displayed in figure 9.13,
which we now discuss. Proceeding from right to left along the x axis the
first noticeable feature corresponds to the quasielastic reaction. After the
quasielastic there is a dramatic cross-over for both structure functions at an
z corresponding to the quasifree pion production threshold. At lower z still
is the A(1232) resonance where we find that g; is approximately equal and

158



0
P
_
_ F z
NO) M gl(Q)
S —02 L / exponential fit |
-0.4
0.015
0.005 - R
E /
g oty .
¢ Ry linear
-0.005 - quadratic | |
cubic
_0015 1 1 |
0 0.5 1.5 2

) 1
Q’[Gev]
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opposite to go for most of the spectra. Our first clue in interpreting this
behaviour, comes from the Wandzura—Wilczek relation:

1
95" (z, Q%) = —g1(z, Q%) +/I C;—ygl('t./, Q%)
which reveals that at leading twist, we can expect go =~ —g; as long as the
integral contribution is small. This is certainly the case as z approaches 1
in the A region. The Wandzura—Wilczek relation appears to describe the
behaviour of the structure functions well in the A(1232) resonance, imply-
ing that higher twist corrections are relatively small. However, this simple
interpretation is not quite complete!. For a fuller understanding, we recall
that the A(1232) is predominantly an M;, transition [14] and that our un-
polarized cross sections are described well in the A(1232) region with only
a transverse contribution. This suggests that the transverse-longitudinal
cross section o}, should be highly suppressed. Equation 2.53 reveals that

1We also note that as expected the leading twist description is clearly insufficient in
the Q.E. region, where the nucleon form factors behave as O(Q ™).
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Figure 9.12: 3He structure functions as measured at constant energy.

o o (91 + g2), so the vanishing of ¢/, would be signaled by an equal and
opposite g; and go, which is approximately observed in the data.

At low z, beyond the resonances, the structure functions behave mostly
as expected from the parton model and previous DIS experiments: g; tends
to grow larger, while g is consistent with zero ( although with quite large un-
certainty ) in this region where transverse momenta are typically neglected.
Relations 9.4 and 9.5 reveal that for our kinematic settings, g; is primarily
sensitive to the parallel configuration data with only about 14% contribution
from the perpendicular data. On the other hand, g5 is clearly dominated
by the perpendicular data with only a small ( 3 — 14% ) contribution from
the parallel data. This explains the behaviour of the asymmetries at large
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energy loss noted in section 9.1.

Finally, figure 9.14 provides a different perspective of the same data
by comparing it to the DIS results of earlier SLAC measurements [185,
186, 187, 111, 72]. We note that the resonance curves clearly average to
the DIS scaling curve. This is similar to behaviour observed previously
in the unpolarized structure functions [31, 32, 30], but represents the first
experimental indication of Bloom-Gilman Duality in polarized 3He structure
functions.
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9.5 The Transverse-Transverse Cross Section o

The spin structure can also be described in terms of the virtual photoab-
sorbtion cross sections of equations 2.54 and 2.54. Figure 9.15 displays the
integrand of the GDH sum rule o/, /v as measured for six incident ener-
gies. The interpolation to constant Q? follows a similar technique to that
described in section 9.3 for the g structure function. The results are plot-
ted in figure 9.16. The dominant feature is the large positive contribution
of the quasielastic reaction. The A(1232) resonance provides a significant
negative contribution at the highest momentum transfers, but is dwarfed
in importance by the quasielastic as Q? is reduced. The other interesting
feature of these plots is the spectra in the threshold region. Our data hints
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at a significant negative contribution from the electrodisintegration channel
which tends to grow larger as Q2 is reduced. This phenomenon has been
discussed by Arenhével [63] as the expected mechanism for the satisfaction
of the deuteron GDH sum rule prediction. It would be quite interesting to
examine this region with higher statistical certainty to precisely determine
its contribution to the 3He GDH sum.

9.6 The Longitudinal-Transverse Cross Section o/

Although it was not a main focus of E94-010, our data provides a rare look
at the longitudinal-transverse cross section o ( see figure 9.17 ). Drechsel
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et al. [14] point out that of, enters the I; integral as (yo;r)% and the
I, integral as 0% /7. This is in clear contrast to the standard definitions
of the GDH integral which are deliberately constructed to eliminate this
interference term. Recalling the discussion of section 9.4, we note that o/
is vanishingly small in the region of the A(1232), as expected due to the
transverse nature of the resonance. The longitudinal-transverse interference
term must of course vanish for real photon scattering, so it is with interest
that we note that o}, only grows in magnitude as the incident energy is
decreased.

by =Q/v.
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CHAPTER 10

STRUCTURE FUNCTION MOMENTS

The polarized quantities at constant Q? are integrated* from the two-body
breakup threshold to a maximum W of 2 GeV. From the data, we are able
to evaluate the first moments of giHe and gZHe along with the extended GDH
sum. We begin our discussion by describing the characteristics that are
common to all the following plots.

10.1 Plot Quantities

In figures 10.1 to 10.3 we plot quantities with the following labels:

e E94010 : The E94-010 measured data integrated from two-body
breakup through the quasielastic and resonance regions to a maximum
W of 2 GeV.

e E94010 + DIS : These points include an estimate of the unmeasured
region above the resonances. For the extended GDH sum we utilize
a parameterization of o/ [188] for 2 < W < /1000 GeV. We also
use this parametrization for I'y by assuming that the factor v2gs in
equation 2.54 can be neglected in DIS. The DIS contributions to 'y
and dy are estimated using the Wandzura-Wilczek relation (specifically
equation E.2).

e MAID : The phenomenological model MAID2003 [40]. We have com-
bined the model predictions for proton and neutron using relation A.9,
ignoring other nuclear effects. The model covers the kinematic range
extending from the pion production threshold to W = 2 GeV. We
have included an estimate of the contribution below the pion produc-
tion threshold using the technique discussed in section E.2.1. Because

*The integration subroutine is based on the Simpson technique and has been cross
checked against a simple trapezoidal method approach.
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of the range covered, the MAID results should be compared to the
points labeled E94010.

e He-3 Elastic : The *He elastic contribution to the integral at z = 1,
evaluated from the *He elastic form factors of ref. [159], as described
in appendix E.2.

The systematic uncertainty on the points labeled E94010 is represented
with a light grey band on the axis in figures 10.1 to 10.3. It is defined as

AT = 12 [03, + 0F, + 03] + AL + ALy + AL, + ALy (10.1)
where I represents one of the integrated quantities (I'; for example) and:

e 0,s = 5% : the raw unpolarized cross section systematic.
e 0p, = 4% : the beam polarimetry systematic.

e dp, = 4% : the target polarimetry systematic.

A, : the radiative corrections uncertainty discussed in section 9.2.

e A;,: : the interpolation systematic discussed in section 9.3.

Aczt ¢ the extrapolation systematic discussed in section 9.3.

Ayqq : the uncertainty arising from the elastic tail subtraction.

Adding an estimate of the unmeasured DIS contribution to the integrals
results in a further systematic uncertainty. For I'; and the GDH integral we
use the quoted errors of the DIS parametrization of ref. [188]. For I'y; and
dy we assume a 20% uncertainty arising from the gh"" estimate of go.

The elastic contribution to the T's integral results in an additional 5%
uncertainty from the elastic form factors. These uncertainties are shown as
the dark grey band in figures 10.1 to 10.3. The total error would be these
two bands added in quadrature.

10.2 The First Moment of g,

At small Q?, the inelastic part of T';:

T1(Q?%) = I'1(Q?) — Ty (Q?)c st (10.2)
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Figure 10.1: Ty, the first moment of giHe. Solid circles: E94-010 3He data
for Wop, < W < 2 GeV. Solid squares: E94-010 *He data plus DIS param-
eterization from ref. [188] integrated to W = 4/1000 GeV. Open squares :
SLAC [185, 186, 187, 111, 72]. Dot-Dashed line : MAID2003 model [40]
of resonance region. Dotted line : Burkert and Ioffe [44, 45] model for full
integral. Dashed line : Soffer and Teryaev [46] model for full integral. Solid
line : GDH sum rule prediction for the slope at Q? = 0.
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| Q° | E94010 | Stat. | Syst. | E94010 + DIS | Total Syst. |

0.10 | -0.0507 | 0.00462 | 0.0115 -0.0559 0.0122
0.26 | -0.0288 | 0.00245 | 0.0040 -0.0401 0.0060
0.42 | -0.0197 | 0.00128 | 0.0016 -0.0355 0.0050
0.58 | -0.0138 | 0.00101 | 0.0018 -0.0331 0.0057
0.74 | -0.0087 | 0.000688 | 0.0008 -0.0307 0.0065
0.90 | -0.0058 | 0.000682 | 0.0006 -0.0300 0.0075

Table 10.1: T';1(Q?). See text for explanation of listed quantities.

is related to the anomolous magnetic moment of 3He via

7. (2 o 2 Q" Q*

I‘l(Q):/O gl(aU,Q)dw:—SMQm +0 Wi (10.3)
where x( represents the two-body breakup threshold. The leading term
follows from relation 4.9 and reveals that T';(Q?) must vanish at Q2 = 0. It
also provides a prediction for the slope of T'1 (Q?) in the immediate vicinity
of Q? = 0. The higher order terms have been evaluated for a nucleon target
by Ji et al. [66, 189] and Bernard et al. [190, 10]. Chiral calculations for the
three-body system are considerably more difficult and will most likely not
be available for several more years [191]. At large Q?, T'1(Q?) is governed
by the twist expansion of equation 3.15.

In figure 10.1 we present the measured values of T'1(Q?) ( solid circles )
at six values of Q? from 0.10 GeV? to 0.90 GeV?. Statistical uncertainties
are shown on the data points, while the systematic error is represented by
the grey band on the x-axis. Previous data from SLAC [185, 186, 187, 111,
72] ( open squares ) are compatible with our data but with considerably
larger errors. The total integral ( solid squares ) includes an estimate of the
contribution from the unmeasured DIS region [188] up to W = /1000 GeV.
We note that the 3He elastic contribution falls essentially to zero by Q? ~
0.4 GeV?, so that T'1 (Q?) is approximately equal to I'; (Q?) above this point.

At Q? = 0 we have plotted the slope predicted by the GDH sum rule for
3He. Our data is trending away from zero at low Q? and indicate that there
must be a dramatic transition occurring below 0.10 GeV?2. We eagerly await
the results of recently completed JLab experiment E97-110 [192], an exten-
sion of E94-010 to the range 0.01 < Q2 < 0.5 GeV?. The phenomenological
model MAID integrated to a maximum W of 2 GeV is shown with the dot-
dashed line. The strength below the pion threshold has been added to the

169



| Q* | E94010 | Stat. | Syst. | +DIS | + Elastic | Total Syst. |
0.10 | 0.01233 | 0.002422 | 0.002846 | 0.006944 | 0.001453 0.00420
0.26 | 0.01142 | 0.001622 | 0.001255 | 0.002427 | 0.001928 0.00308
0.42 | 0.00923 | 0.001218 | 0.000842 | 0.000596 | 0.000561 0.00257
0.58 | 0.00765 | 0.000985 | 0.000740 | 0.000613 | 0.000613 0.00215
0.74 | 0.00433 | 0.000985 | 0.000521 | -0.000690 | -0.000690 0.00153
0.90 | 0.00189 | 0.000925 | 0.000863 | -0.001710 | -0.001720 0.00158

Table 10.2: T5(Q?). See text for explanation of listed quantities.

MAID model using the method described in E.2.1. MAID agrees very well
with our data at all Q? investigated. The model of Burkert and Ioffe [44, 45]
is shown with the dotted line and reproduces the full integral within errors.
The dashed line representing the model of Soffer and Teryaev [46] tracks
the data but exhibits oscillations at large Q? not observed in the measured
integral.

Finally, we note that at large momentum transfer, T'; (Q?) appears to be
nearly independent of ?. This is consistent with an OPE interpretation in
which the higher twist effects become negligible at large Q? and the Q? evo-
lution is driven by logarithmic pQCD effects alone. It is however somewhat
surprising to observe this behaviour below 1.0 GeV? in a region where the
higher twist effects are conventionally expected to be quite significant. This
indication of small higher twist effects is consistent with the appearance of
duality in the structure function g; as shown in figure 9.14 and discussed in
section 3.3.4.

Our results combined with polarized tritium data would also provide a
high precision test of the fundamental Bjorken sum rule which is free from
the nuclear corrections presently needed to evaluate the nucleon contribu-
tions. In addition, it has been suggested that the upper limit of applicability
for xPT calculations would be pushed to higher ? by taking isospin differ-
ences as discussed in [84]. It would clearly be advantageous to investigate
the triton structure functions in this kinematic range in the future.

We also point out that our I';(Q?) data is a direct test of the sum
rule of equation 4.19, and should provide a valuable constraint on future
calculations of the S; Compton amplitude.
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Figure 10.2: Ty, the first moment of g;He. Solid circles: E94-010 3He
data for W < 2 GeV. Open circles: E94-010 *He data plus DIS estimate
from Wandzura-Wilczeck relation. Solid squares: E94-010 3He data plus
DIS estimate from Wandzura-Wilczeck relation plus elastic contribution at
z = 1. Dot dashed line: MATD2003 model [40]. Solid black line : 3He elastic
contribution [159].
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10.3 The First Moment of g,

Experimental measurements of go are scarce and only recently has the B.C.
sum rule been evaluated for the first time [193]. The SLAC E155x collab-
oration measured I'2(Q?) at Q? = 5 GeV? for the proton and deuteron for
an z range of 0.02 < z < 0.8. Combining the E155x, E155 and E143 data
and including an estimation of the unmeasured low x region using the g}V’
relation results in:

T3 (5GeV?) = —0.022 + 0.008 (SLAC) (10.4
I'P(5GeV?) = —0.002 & 0.011 (SLAC) (10.5)

This is a surprising result as one target is consistent with the B.C. sum
rule while the other violates it by almost three standard deviations. It is
also difficult to interpret a finite non-zero result, in light of the most likely
scenarios considered for violation discussed in section 4.3.4. Confirmation of
these results would clearly call for a re-evaluation of some of the very basic
principles that go into the B.C. sum rule derivation.

Combining the above results incoherently, we obtain the following value
for 3He.

T58 (5 GeV?) = 0.0142 + 0.0215 (SLAC) (10.6)

In figure 10.2 we plot the E94-010 measured values of I'y(Q?) as the solid
circles at six values of Q2 below 1 GeV?2. Statistical uncertainties are shown
on the data points, while the systematic error is represented by the grey
band on the x-axis. The open circles include an estimate of the unmeasured
DIS region based on the leading twist Wandzura-Wilczeck relation. The
total integral ( solid squares ) also includes the elastic contribution at z = 1
which is evaluated from the Amroun al. [159] >He elastic form factors. This
must be considered when comparing to the Burkhart—Cottingham sum rule
and is represented by the solid negative curve. As with I';(Q?) the elastic
contribution is negligible above our second data point. The phenomenolog-
ical model MAID integrated to a maximum W of 2 GeV is shown with the
dot-dashed line. We have included an estimate of the contribution below
the pion production threshold using the technique discussed in section E.2.1.
MALID follows the trend of our measured points but differs in absolute value
especially at larger Q2.

All of our data points are consistent with the Burkhart—Cottingham
sum rule. Data from this same experiment has also been used to test the
Burkhart—Cottingham sum rule for the neutron ( See appendix A.2 and

172



2500 \

‘ ® E94010 |
2000 \ B E94010 + DIS
\ 3 GDH Sum Rule
1500 - \ —-— MAID -
\
\
= 1000 | \ .
E! \
Na \\
=< 500 - N .

0.2 0.4 0.6 0.8 1
Q" (GeV)

—-1000 ‘
0

Figure 10.3: The extended GDH sum for *He. Solid circles: E94-010 3He
data for W < 2 GeV. Solid squares: E94-010 *He data plus DIS parametriza-
tion from ref. [188]. Dot-dashed blue line: MAID2003 model [40]. Star :
The GDH sum rule prediction for *He at Q% = 0.

reference [194] ) It is interesting to notice that in the case of the neutron
the sum rule is satisfied primarily due to the cancellation of the resonance
and elastic contributions, while for 3He the elastic contribution is mostly
unimportant. Instead, we see a balance struck between the large positive
contribution from the integral above the pion threshold and a large negative
contribution from the quasielastic region.

10.4 Extended GDH sum

Figure 10.3 displays our measured values ( solid circles ) of the extended
GDH sum I4(Q?) as defined in equation 4.8. Including the DIS contribution
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| Q% | E94010 | Stat. | Syst. | E94010 + DIS | Total Syst. |

0.10 | 1933.70 | 482.66 | 452.60 1908.20 456.02
0.26 | 380.32 | 51.41 | 47.32 359.35 50.84
0.42 | 106.11 9.87 | 10.61 88.18 14.16
0.58 40.56 2.23 6.50 24.89 10.03
0.74 17.81 0.78 2.11 3.91 5.58
0.90 11.57 0.54 2.97 -0.91 6.38

Table 10.3: 14(Q?). See text for explanation of listed quantities.

of reference [188] ( solid squares ) has only a minor effect on the integral due
to the 1/v-weighting of the integral and the prominence of the quasielastic
contribution. The negative sum rule prediction at Q? = 0 stands in stark
contrast to the large positive value of our data at Q2 = 0.10. On the other
hand, the phenomenological model MAID tracks the behaviour of the data

well.

174



CHAPTER 11

CONCLUSION AND DISCUSSION

We are at the very beginning of time for the human race. It is not
unreasonable that we grapple with problems. But there are tens of
thousands of years in the future. Our responsibility is to do what we
can, learn what we can, improve the solutions, and pass them on.

Richard Feynman

E94-010 performed the first measurement of the 3He (neutron) spin
structure functions in the intermediate Q? range 0.1 to 0.9 GeV?, which
bridges the gap from the confinement regime at low momentum transfer, to
the large Q2 region where the constituents behave with asymptotic freedom.
Our data is uniquely positioned to test the limits of applicability of both
xPT and the twist expansion, while providing a high precision benchmark
in the region where neither of these two approaches are expected to work.
As lattice gauge theory techniques become more sophisticated, our data will
provide strict constraints with which to test the new calculations.

This experiment analyzed a remarkable amount of data which has been
used to investigate many of the neutron’s spin—dependent properties, in-
cluding: 1) the extended GDH sum [195], 2) the spin structure function
moments [194], 3) color polarizabilities and higher twist effects [24], 4) the
generalized spin polarizabilities [196], 5) and the Bjorken sum rule for the
proton—neutron difference [74], which is a cooperative effort with the JLab
Hall B CLAS collaboration [197, 82]. The work covered in this thesis inves-
tigates the spin structure function moments of *He, and in principle could
be extended to extract all of the above quantities in the nuclear context.

We now review the major results presented in the previous chapters.
I'57(Q?) satisfies the Burkhardt-Cottingham sum rule due to a subtle can-
cellation of inelastic and quasielastic contributions. The 3He elastic portion
of the integral is found to be mostly insignificant, in contrast to ref. [194]
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where the interplay of neutron elastic and inelastic contributions directly
leads to the vanishing of the integral. Our result would benefit by a more
sophisticated treatment of the DIS contribution to the integral, either by
model prediction or direct measurement of go(z). In addition, the E94-010
tests of the 3He and neutron B.C. sum rule improve significantly on the
precision of previous world data.

We observe that the g; structure function exhibits indications of Bloom—
Gilman duality. This behaviour, along with the QQ?>-evolution of the first
moment, qualitatively points to relatively small higher twist effects in the
kinematic region of £94-010 contrary to expectation. An analysis following
the approach of ref. [24] but in the nuclear context, would be beneficial
to quantitatively determine the size of the higher twist contributions to
FiHe(QQ), and to examine how the color polarizabilities are modified in a
nuclear medium. Measurement of the g; structure function of tritium in the
same kinematic range as E94-010 would allow a high precision test of the
A = 3 Bjorken sum rule, free from nuclear effects.

The 3He GDH integral is dominated by a positive quasielastic contri-
bution which largely outweighs the negative contribution of the resonances.
It is interesting to note that the quasielastic spectra consistently grows in
significance as Q? decreases. We expect this trend to reverse at some finite
value of Q% due to the vanishing of this reaction channel for real photon
scattering. The 3He GDH sum points to some interesting behaviour below
0.1 GeV?. The sum trends to large positive values as Q? is decreased, while
the sum rule prediction at the real photon point calls for a negative result.
If we assume the continuity of 0% as Q% — 0, as in the nucleonic case [198],
our results indicate the necessity of a dramatic turnover in I4(Q?). The
range 0.01 < Q% < 0.5 GeV? has been investigated in an extension [192] of
E94-010. Analysis is underway and we eagerly await the first results. Our
olp data shows some indication of a large negative contribution from the
threshold region as Q2 approaches zero. This region would be well served by
a high precision investigation to reduce the related uncertainty and precisely
determine the electrodisintegration contribution to the sum.

We have tested the limits of a full three-body Faddeev calculation against
both polarized and unpolarized cross section data. A corresponding PWIA
calculation performs well at large momentum transfer for the unpolarized
data but meets with varying degrees of success when compared to the E94-
010 spin-dependent cross sections. The phenomenological model MAID pro-
vides quite good characterization of the structure function moments, despite
the fact that we have virtually ignored nuclear corrections.

In conclusion, the Elxx collaborations [185, 186, 187, 111, 72] at SLAC,
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the EMC [199] and SMC [200] collaborations at CERN and the HERMES
collaboration [201] at DESY have measured the spin structure of the nucle-
ons in deep inelastic scattering, mostly above 1 GeV?, while E94-010 and
other JLab experiments have covered ( or will soon cover ) the momentum
transfer range of 0.01 < Q? < 2 GeV2. This wealth of experimental data will
approach a nearly complete determination of the spin structure functions in
the near future. We expect that this will contribute to a better understand-
ing of the dynamics of non—perturbative QCD and help to stimulate a full
understanding of the confinement region.
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APPENDIX A

NEUTRON RESULTS

E94-010 published results on both the extended GDH sum [195], and the
spin-dependent structure function moments [194] of the neutron. We have
performed an independent analysis of this data in order to check the previous
results and to increase confidence in our own 3He results presented in chap-
ters 9 and 10. We first consider the technique used to extract the neutron
from our experimental *He data, then we present the parallel analysis.

A.1 Neutron Extraction from *He

When 3He is described in terms of a pure symmetric S state wave function
the proton contribution to the spin-dependent properties vanishes due to
the Pauli pairing of the two proton spins. In this sense, *He represents an
ideal free neutron target. This simplistic picture is complicated by three
main obstacles:

1. Any realistic *He wavefunction must contain admixtures of other con-
tributing states, namely the S’ and D states.

2. The neutron is not free but subject to the binding within the nucleus.

3. The neutron is undergoing Fermi motion within the nucleus which
significantly dampens the resonance peaks. This is also sometimes
referred to as Doppler broadening.

We will now look at three possible methods [202, 83], in order of in-
creasing complexity, to address the nuclear corrections to the measured 3He
structure functions with the goal of accessing the corresponding neutron
quantities.

A.1.1 Nuclear Effects: Naive Approach

We define P;—L(n) as the probability to have a proton or neutron with spin

aligned with the 3He spin. In the absence of any nuclear effects, i.e. if
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3He was a perfect polarized neutron target, we would make the following
observations:

Pf =1
Py =0
Pf = 1/2
Py = 1/2 (A1)

For the structure functions and measured asymmetry we would find:

Feoy@) = iy @) (A.2)
A¥(z) = fr- A" (A.3)

where f,,) represents the proton(neutron) dilution:

;o B
P 2R (o) + F (@)

A.1.2 Nuclear Effects: Effective Polarization Approach

The next step of sophistication involves using a realistic *He wavefunction
with S’ and D components due to the proton polarization. However, at this
stage, we still ignore the Fermi motion and binding effects. If we define Pg:
and Pp as the percentage of S’ and D waves in the complete wavefunction,
then we obtain:

Pf = 1-A

P; = A

+

Pf o= 1/2-A

Py o= 1/24 A (A.4)

with A = }[Ps + 2Pp] and A’ = }[Pp — 2Ps/]. We can then define the
effective nucleon polarizations*® as:
pp = Py — B, =-0.028 +0.004 (A.5)
pn = P —P; =0.86+0.02 (A.6)

*The numerical values of Friar et al. [203] were used for A, A’ in evaluating the effective
polarizations.
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Figure A.1: T; : Comparison of effective polarization approach (solid line)
to full convolution calculation (open symbols).

In this approach we obtain the following approximation:

93(2)(56) = 2pp911’(2)($)+pn9?(2)($) (A.7)
A(z) = 2fpppA"(w) + frpnA”(z) (A-8)

We will examine in the next section how good of an approximation this is.

A.1.3 Nuclear Effects: Convolution Approach

In the most sophisticated approach that we will consider, the Fermi motion
and binding effects are included by convoluting the relevant proton and neu-
tron structure functions gzljg)) to obtain a realistic nuclear structure function
gf@). The general convolution integral for scattering from a spin-1/2 tar-
get in the impulse approximation is quite involved and we will not reprint
it here. We state only the surprising conclusion of ref. [202] that the g

structure function depends only on g} ™) while the g4 structure function has
contributions from both gf(") and gg(").
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Figure A.2: Ty: Comparison of effective polarization approach (solid line)
to full convolution calculation (open symbols).

Using a model for the nucleon spin structure functions, the convolution
can be evaluated to obtain the nuclear spin structure functions gi and g#' in
the quasielastic, inelastic and DIS regions. With regard to the use of equa-
tion A.7 to extract the neutron from 3He, Ciofi Degli Atti and Scopetta [83]
conclude the following:

1. In DIS, equation A.7 provides excellent agreement with the full con-
volution approach.

2. In the resonance region, using equation A.7 would lead to very unreli-
able results. This is due to the significant broadening of the resonance
peaks due to Fermi motion and binding effects.

3. In both the resonance and DIS regions, integrating equation A.7 leads
to:

Q%) = 2p,°(Q%) + prl™(Q?) (A.9)

where I3(Q?) can represent the GDH sum or any of the structure
function moments. The authors conclude that equation A.9 is accurate

181



0.008

—— Proton
—— Neutron
—— *He

0.006

0.004 -
S
=
0.002 ~
3
0
-0.002 ! ! !
0 0.5 1 1.5 2
Q (GeV?)

Figure A.3: do : Comparison of effective polarization approach (solid line)
to full convolution calculation (open symbols).

to better than 5% down to Q? = 0.5 GeV?. Below 0.5 GeV?, the error
raises to about of 10% at 0.1 GeVZ.

The results of a similar study performed by W. Melnitchouk [204, 205]
which support these conclusions are shown in figures A.1 to A.3 for T'y, Ty,
and dy. The structure functions used in this study are from the MAID [40]
model. It is clear that equation A.9 is in excellent agreement with the full
calculation for the integrated neutron quantities at all Q? considered.

A.2 Parallel results

In the following plots, we compare our results ( labeled ‘Slifer’ ) to the
published results ( labeled ‘Choi’ ) of refs [195, 194]. Quantities labeled
3He refer to the measured data starting from the pion production threshold
to an upper limit of W = 2 GeV'. Notice that these data points do not
include any contribution from the quasielastic or *He disintegration region,

fRegion II in figure 4.1
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and should not be confused with the full *He results presented in chapter 9.

To extract the neutron from our polarized *He data, we followed the
prescription of Ciofi degli Atti and Scopetta [202, 83], which assumes that
equation A.9 is a good approximation for quantities involving integrals of
the structure functions. These extracted neutron results are labeled ‘reso-
nanance’. An estimate of the DIS contribution to T'y and 74(Q?) was added
to our measured neutron results using the Regge parametrization of world
data provided in ref. [188]. For I'; and do we used the leading twist part of
go as given by the Wandzura-Wilchek relation?. The systematic error of the
measured data is shown on the horizontal axis with the light grey band. An
estimate of the uncertainty of the DIS contributions is shown with a dark
grey band.

The primary goal of this exercise is to cross check the two independent
analyses, so we present no interpretation of the results. The curious reader
is directed to refs. [195] and [194] for a full discussion. We note that the DIS
estimate of ref. [188] seems to be implemented differently in the two anal-
yses. This discrepency should be resolved but has no impact on the actual
measured neutron data of E94-010. A clear difference is found between the
two analyses in the Q? = 0.26 GeV d, data point. This discrepency has
not been resolved as yet. For all data points the results of the two analyses
agree well within the quoted error.

tSee equation E.2.
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Figure A.4: T'; : Comparison of published results to parallel analysis.
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Figure A.5: 'y : Comparison of published results to parallel analysis.
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APPENDIX B

GDH SUM RULE DERIVATION

The GDH Sum rule relies on a few very general assumptions.

1. Lorentz & Gauge Invariance in the form of the low energy theorem of
Low [50], Gell-mann & Goldberger [51].

2. Unitarity in the form of the Optical Theorem.

3. Causality in the form of an unsubtracted Dispersion relation. The
exact form of the dispersion relation used assumes crossing symmetry.

We will now briefly examine each of these inputs before synthesizing them
to form the desired sum rule.

B.1 Low Energy Theorem

The nucleon forward Compton amplitude T(v) for real photon scattering
from a spin 1/2 target can be written as [206]:

T(v) =€ - & u(v) +i(€ x ) - 3 v(v) (B.1)

where u(v) is the spin-independent and v(v) is the spin-dependent part
of the amplitude. €& and €; refer to the incident and scattered transverse
polarization of the photon respectively, and & is the nucleon polarization.
As v — 0 the Low Energy Theorem [50, 51] expresses the real and imaginary
parts as an expansion in powers of v:

2

) = —p—+(@+ B+ 00
62:%2
v(v) = ~Semz” + w3 + 0@%) (B.2)

Here «(f) is the electric (magnetic) polarizability of the nucleon, x is the
anomalous magnetic moment, and v is the forward polarizability. Notice
that the leading term % is simply the classical Thomson scattering result.

The Low Energy Theorem predictions are independent of the detailed

dynamics of the bound state under consideration [66].
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B.2 Optical Theorem

The Optical theorem follows directly from Unitarity. It makes the connec-
tion between the imaginary part of the amplitudes and the photon-nucleon
absorption cross sections.

1%
Im u(v) = 5(01/2 + 03/2)
14
Imo(v) = 5(01/2 - 03/2) (B.3)

Here the subscripts 1/2 & 3/2 refer to the total spin projection of the
composite system.

B.3 Dispersion Relations

Kronig and Kramers introduced the use of dispersion relations [207] into
physics in their treatment of optics. Broadly speaking, any set of equations
that give the real part of a complex function in terms of an integral of the
imaginary part (and vice versa) is classified as a dispersion relation.

Given a function f, such that:

f(@o) = u(zo) + iv(wo)
where f(z) is analytic in the upper half plane and on the real axis and

lim f(z) =0

|z] =00
Then, starting from the Cauchy integral formula, it can be shown that:

u(zg) = 1/+OO de

TJeo T— X0

1 ftoo
~ofa) = | @) g, (BA)
where the principal value of all complex arguments is implied. Using Cross-
ing Symmetry, ( i.e. f(—z) = f*(z) ) we can rewrite the above integrals
as:

2 [ zv(x)
u(zg) = ;/0 $2_$(2)d:c
2 [ xou(x
ofw) = 2 /0 - _(w)%dx (B.5)
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B.3.1 Causality and the Dispersion Relations

Causality in simplest form states that effect can not precede cause in any
physical process. The connection between causality and the dispersion rela-
tions is provided by the Titchmarsh theorem [208]. This theorem states that
for any square integrable real function f(w) ( and its fourier transform f(t)
), that if any one of the following three statements is true, then the other
two are also necessarily true:

1. f(t) is zero for t < 0.
2. f(z) is analytic and square integrable in the complex plane

3. The real and imaginary parts of f(z) are Hilbert transforms of each
other. That is they satisfy relations of the form shown in Egs. B.4

B.4 Synthesis

Having all the pieces we need, we now follow through on the derivation. The
starting point is equation B.5

o0 !
—o(v) = gy/ &d,/
T Jth P2 (1 _ 52)

where we start the integral from the lowest lying inelastic channel since the
cross section vanishes at lower incident photon energies.
Taking the limit as ¥ — 0 and inserting Eq. B.3 we get:

1 % V(0379 — 01/2)
'U(V) = ml/k/th Tdy’
1 © (03/9 — 01/2)
v(v) = 4:7r21//m " dv (B.6)

Comparing Eq. B.6 to Eq. B.2 we can finally form the sum rule:

B e k2 _ i/oo (0372 — 01/2)d’/,

872 m2 ar i V!

_627m2 _ /°° (03/2 - 01/2)dyl

2m?2 th V!
or

00 — 2
/ (o3 —0vpp) 5 2 (ﬁ) (B.7)
th v m
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This result is for a spin-1/2 half target. If we wish to consider a target
of arbitrary spin S, equation B.7 is modified slightly [62] to

00 _ 2
/ (032 —01p2) - _ _4Wza.5(£> (B.5)
t

h v m
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APPENDIX C

RADIATIVE CORRECTIONS

The theoretical analysis of cross sections typically assumes that the inter-
action can be described in terms of the leading-order process shown in fig-
ure 2.1. The inconvenient reality is that scattering as depicted in figure 2.1
does not occur in nature. There are are higher order (in «) loop corrections
to figure 2.1, as well as bremsstrahlung and ionization effects that must be
considered. The goal of the “radiative corrections” is to account for all these
effects. The corrections fall into four categories:

e Jonization, otherwise known as Landau straggling.
e Virtual photon one loop diagrams.

e Internal and External Bremsstrahlung.

We will now treat each of these contributions in turn.

C.1 Ionization

During passage through the target and surrounding materials the electron
loses energy due to ionization through Mgller scattering. This effect con-
tributes a few MeV loss per g/cm? of material and is almost independent
of the incident energy. It is roughly proportional to the thickness of the
material t (in radiation lengths). For an electron of energy €, Landau [209]
showed that the most probable energy loss due to ionization is:

t
A=t zn% +1-0.5772 (C.1)
where:
2rNa? Z Z
o= —_— 0.154MeVZ (C.2)

and zg is the unit radiation length in g/cm?. Collisional energy loss of the
incoming and scattered electrons was determined using the ESTAR pro-
gram for stopping power [210] and the known thicknesses of the target and
spectrometer materials. It was found to be a small correction about 1-2
MeV.
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Figure C.1: Next to leading order internal radiative corrections.
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Figure C.2: Left: Kinematic region that contributes to the radiative cor-
rections. Right: External and Internal radiation.
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C.2 Virtual Photon One Loop Diagrams

Figure C.1 shows the next to leading order Feynman diagrams. Graphs
(C) and (D) represent the ‘self energy’ terms and contribute to the electron
mass renormalization. These two graphs reflect the influence of the vacuum
fluctuations on the ground state energy of the electron. Graph (E) is known
as the ‘vacuum polarization’ and represents the spontaneous production of
an e ,e’ pair, which results in a partial screening of the charge. Finally,
the ‘vertex correction’ in graph (F) leads to a small deviation of the electron
magnetic moment from the value predicted for a Dirac particle. That is,
this diagram is the lowest order contribution to the anomalous part of the
electron magnetic moment. Since these four diagrams contribute to the
cross section at O(a*) they are relatively small corrections compared to the
bremsstrahlung. Diagrams of even higher order are generally ignored.

C.3 Bremsstrahlung

Electron scattering involves the acceleration of charged particles and as such
we can expect bremsstrahlung to be produced during the collision.* In fact,
the Bloch-Nordsieck [211] theorem states that it is impossible for an elec-
tron to scatter from a charged particle without emitting an infinite number
of soft photons. However, the most likely scenario involves a single photon
taking up most of the radiated energy with the remainder spread amongst
the infinity of soft photons. Graphs (A) and (B) of figure C.1 illustrate
the emission of real photons during the interaction with the nucleus. These
graphs are known as the internal bremsstrahlung. There will also be external
radiation produced as the particle passes through the materials surrounding
the target. The second panel of figure C.2 illustrates the internal/external
distinction. An incident electron of energy E; loses some fraction of its en-
ergy as it passes through the materials before and after the target nucleus
(external radiation), as well as during the interaction itself (internal radia-
tion), before being detected in the spectrometer. Hence, the actual incident
energy E} will be less than E;, and the actual scattered electron energy E;,
will be greater than the detected energy of E,. The physically accessible
kinematic region is the quasi-triangular area bounded by elastic scattering
in the left panel of fig. C.2. A state with lighter invariant mass W can effect
the states at larger invariant mass, but not vice versa. The elastic peak has

*The radiation of the target system is suppressed by the much larger mass and is
ignored here.
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the lowest possible invariant mass and can therefore effect the entire spectra.
The radiated tail from elastic scattering must therefore be subtracted from
all other spectra first.

The external bremsstrahlung and ionization are sometimes collectively
known as the straggling and are spin-independent. However, there can be a
spin-flip when the incident electron interacts with the target nucleus, so the
internal corrections to the polarized cross sections necessarily take polariza-
tion effects into account.

For the unpolarized cross section, we sum over all polarization states and
evaluate the internal corrections with the Method of Equivalent Radiators;
the internal bremsstrahlung is approximated by introducing two effective
radiators into the external bremsstrahlung analysis, one before and one after
the scattering, each of thickness:

o= 12 lan—2 - 1] (C.3)

Here, b(z) ~ % and varies only logarithmically with the target charge z.
For the polarized internal radiative corrections, we used the approach
described in [134] and developed in [135] as implemented in the program
POLRAD [136]. It is interesting to note that at our kinematics, the full
spin-dependent approach to the radiative corrections of ref [135] is only
marginally different from the classic approach of Mo and Tsai [131, 132]
which ignores spin-dependent effects. This is demonstrated in figure C.4.

C.3.1 Formalism

In discussing the radiative corrections it is convenient to introduce three
cross sections following the notation of [132]:

® Ocpp ¢ The experimentally measured cross section.

® 0porn © The Born cross section depicted in the 1%*-order diagram of
fig. 2.1.

e 0, A hypothetical quantity containing only internal radiative effects.

The relationship between these three quantities is shown in fig. C.3. It is
the goal of the radiative corrections to extract oper, from oegp.
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Figure C.3: Schematic of radiative corrections.

The experimentally measured cross section 0.4, is related to the inter-
nally radiated cross section o, by:

dt
erp(ESaEp) = T (C4)
Bs ' Byt ! ! 1 ' [
~dE; dEpI(ES,Es,t)UT(ES,Ep)I(Ep,Ep,t)
Epin E,

where I(FEy, E, t) is the probability of finding an electron that has undergone
bremsstrahlung with energy E at a depth t within a material when the
incident energy of the electron is Eg. The thicknesses satisfy ¢t +t' = T,
where T is the total material thickness. The two dimensional integration
over dE(dE;, covers the triangular region of figure C.2. The integration over
dt is simplified by assuming that the scattering takes place at one half the
target thickness. The error on this approximation is less than 1% if T is less
than 0.1.

Tsai [132] showed that the probability function I(Eg,E,t) can be ex-
pressed as:

- g (52 (e)o(557) o0

where I'(¢) is the gamma function and ¢(v) is the shape of the bremsstrahlung
spectrum and is approximated as ¢(v) =1 —v + %112.

The ‘Energy Peaking Approximation’ takes advantage of the fact that the
integrand of equation C.4 is strongly peaked in the grey region near the axes
in fig. C.2 so that the two dimensional integration can be approximated with
two one dimensional line integrals. We present the peaking approximation
result as formulated in Stein et al. [133]:

o - (RA)”% AN g
wdg,),  ~ \E) \E L= bt + 1)
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P p
where:
5(E85Ep) = F(QQ)Uborn(Es,Ep) (C.7)
and
. 20 [-14 13 Q2
2y _ . il B Il T 2
F(¢°) = (1+0.5772-bT)+ - 9 + D In mQ] (C.8)

a FE all 0
_ 2 (B _[_ 2 _ 2_]
o n (Ep) + - 67‘!’ (cos 2)

The first term on the right hand side of equation C.8 is a normalization
factor that arises in the expression for bremsstrahlung . The second term is
the sum of the vacuum polarization and vertex corrections, while the third
term represents a small correction to the peaking approximation. The final
small term from Schwinger [212] is maximum for § = 7 where it is still less
than a half-percent correction.

A represents the detector resolution and must be chosen small enough
that the spectra does not vary appreciably over this range. In principle, the
final results are independent of A. For this analysis, we used A = 10MeV'.

The integration is bounded by the elastic scattering so

Emar ES
P 1+ % (1 —cos@)
. E
B = r (C.9)

- %(1—0050)
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In the case of unpolarized spectra, the internal radiative corrections are
included in equation C.6 by use of the equivalent radiator t, so that the
thickness before and after scattering t; and t, become:

t, = tp+t,
= t,+t, (C.10)

a

with %, given by equation C.3.
The remaining factors in equation C.6 are:

12
R - Mt + 2E; s%n2(9/2) (C.11)
My — 2E, sin”(6/2)
™m tp + g
= 12
$ 2a (Z +n)In(183/21/3) (C.12)
n = In(1440Z~2/%)/1n(1832~1/3) (C.13)

and the spence function is defined as:

O(z) = /Ow Wdy (C.14)

Regarding the validity of the peaking approximation, we quote Tsai [132]:

“...the tail from the elastic peak is large and long and its effect is
felt all the way to the end of the spectrum, but the tails from the
inelastic events are small and short and its effect is felt only by
their neighbors. From the numerical examples given in MT [131]
all versions of the peaking approximations give excellent results
when the energy loss due to radiation is smaller than 10% of the
electron energy. Hence the peaking approximation can be safely
used when calculating the tail from the inelastic events.”

C.3.2 [Iterative procedure

In equation C.6, the experimentally measured, radiated cross section is given
as a function of the unradiated Born cross sections at all possible values of
E! and E;,. It’s not possible to directly invert this equation or ‘unfold’
the born cross sections but we can use an iterative procedure to access
them. On the first pass, the measured cross sections themselves are used
to create a model for the unfolded born cross sections. This initial model
is inserted into the integrals of equation C.6 and radiated. The result is
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then compared to the actual experimentally measured cross section. Any
difference is subtracted from the initial model and the new model is inserted
in equation C.6. We repeat this up to ten times, but the results converge
after only a few iterations.

199



10

-15

— Ao, (polrad)
— Ao, (polrad)
——- Ao___ (radcor)

para

——- Ao, (radcor)

0 100 200

300 400

v=E-E’ [MeV]

Figure C.4: E; = 862 MeV. Polarized cross section difference for parallel
and perpendicular configuration. Solid lines are result of full treatment of
Akushevich and Shumeiko [135] which explicitly treat spin-dependent effects
as implemented in code POLRAD [136]. Dashed lines are approximate re-
sults based on the approach of Mo and Tsai [131, 132] as implemented in

code RADCOR [164].

200




APPENDIX D

RADIATION LENGTHS

The radiative corrections depend upon the thickness of material before and
after scattering. In this appendix, we list the material thicknesses encoun-
tered by electrons and estimate the uncertainty associated with the inferred
radiation lengths. The location of each material is illustrated in figure D.1.

D.1 Non-Target Material

The electrons first encounter a thin beryllium window* as they exit the
beamline vacuum. The aluminum window at the entrance to the helium
bag has been measured with a micrometer. One mil uncertainty is used
to account for the noticeable distortion of the window. The length of “*He
before and after scattering depends on the radius of the scattering chamber
which is actually ellipsoidal. The quoted uncertainty corresponds to one half
of the chamber wall thickness.

The aluminum exit windows used for E94-010 have been discarded. Ed
Folts recalls using 15 mil aluminum exit windows. Caliper/micrometer mea-
surement of the stock aluminum provided by Ed indicate that it is actually
16 mils. The thickness of air after scattering is determined from the survey
results, the radius of the target can, and the location of the sieve slit within
the collimator box. The latter two each contribute to the uncertainty of 5.5
cm. A caliper was used to measure a sample kapton window. The error
represents the standard deviation. There is a titanium window located after
the magnetic (momentum analyzing) section of the spectrometer. As such,
it should not be included in the radiative corrections!.
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Figure D.1: Schematic of material thicknesses encountered by incoming and
scattered electrons.
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thickness | error Rad. % of Tot.

Material (cm.) (%) Length thickness
Be 15+1.5mil | 0.0381 10 | 10.80x10~* 19.3
Air 140.5in 2.54 50 | 8.349x107° 1.5
Al 15.441mil | 0.0391 6.5 | 4.397x1073 78.4
‘He 25.7 10 | 4.534x107° 0.8
Total 5.5 | 5.606x103 100

Table D.1: All material encountered prior to the target cell. % of Tot.
thickness refers to percentage of total pre-target thickness.

thickness | error Rad. % of Tot.

Material (cm.) (%) Length thickness
‘He 42 6.0 | 7.410x107° 0.7
Al 16+1mil | 0.0406 6.3 | 4.566x1073 44.8
Air 62.6 8.8 | 2.058x1073 20.2
Kapton 7.240.2mil | 0.0183 2.7 | 6.407x10~* 6.3
Total 4.6 | 7.338x1073 100

Table D.2: All material encountered after the target cell. % of Tot. thick-
ness refers to percentage of total post-target thickness.

Target Material | In(um) error R.L.

Don’'t Worry | C1720 | 135.94+ 0.6 | 0.4% | 1.282x107°
Be Happy C1720 | 131.8+ 8.7 | 6.6% | 1.226x103
Armegeddon | GE180 | 130.5+ 8.7 | 6.6% | 1.854x1073
Nepheli C1720 | 133.24+13.2 | 10.0% | 1.256x103
Sysiphos C1720 | 127.6+ 7.6 | 7.6% | 1.203x1073
Jin C1720 | 135.5+ 1.6 | 1.2% | 1.278x1073

Table D.3: Target cell entrance window thickness.
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Target Material | Out(mm) error R.L.

Don’t Worry | C1720 | 0.9774+0.038 | 3.9% | 9.213x107°
Be Happy C1720 | 0.960+£0.1 | 10.4% | 9.053x10°3
Armegeddon | GE180 | 1.2704+0.1 | 7.8% | 18.040x10 3
Nepheli C1720 | 0.956+0.1 | 10.0% | 9.015x10°3
Sysiphos C1720 | 0.97140.020 | 2.1% | 9.156x1073
Jin C1720 | 0.85040.021 | 2.4% | 8.015x1073

Table D.4: Exit window, HRS-L side. The values assume 90° scattering.

D.2 Target Cell Entrance Window

The values in table D.3 are from Jensen’s [123] interferometric measurement.
Only Don’t Worry has records describing which window is upstream and
which is downstream. For the other cells, I have averaged the two windows
together and the difference between average and measured value is taken as
the error. For Nepheli, the windows were unfortunately not measured at all.
An average over the other ten measured windows is used, with twice the
standard deviation as the error.

D.3 Target Cell Exit Window
D.3.1 HRS-L Side

The sidewalls of Don’t Worry, Sysiphos and Jin were measured using optical
interferometry [214]. Each cell was measured at four points along the length
of the glass. The values in table D.4 represents the average and standard
deviation of the measurements.

Deur [215] provided estimates for the cells Be Happy and Armegeddon
from the elastic cross section with an error estimate of £0.1 mm. He also es-
timates a wall thickness of 0.92 mm for Jin which is in reasonable agreement
with the interferometry analysis.

There is no direct measurement of Nepheli. Jensen [214] makes an es-
timate for the thickness by comparing the resizing prediction to the inter-
ferometry results quoting an error of 9%. To be cautious, we increase the

*The thickness of the beryllium window comes from Ed Folts [213]. Prior to the 2003
set of polarized >He experiments, the beryllium window was always 15 mils due to safety
requirements.

tThanks to Todd Averett for pointing this out.
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Target Material | Out(mm) error R.L.

Don’t Worry | C1720 | 1.019+0.010 | 1.0% | 9.609x10~3
Be Happy C1720 | 0.96040.100 | 10.4% | 9.053x10~3
Armegeddon | GE180 | 1.460+0.240 | 16.4% | 20.746x1073
Nepheli C1720 | 0.95640.100 | 10.4% | 9.015x103
Sysiphos C1720 | 1.00140.015 | 1.5% | 9.440x103
Jin C1720 | 0.896+0.021 | 2.4% | 8.449x1073

Table D.5: Exit window, HRS-R side. The values assume 90° scattering.

error to £0.1 mm since it is most likely not more accurate than the elastic
analysis estimate.

D.3.2 HRS-R Side

The value for the HRS-R exit thickness of Armegeddon is estimated by
Deur [216] to be 15% thicker than the HRS-L. This estimate has unknown
error. The physical limit for the window thickness is 1.7 mm [215] so we use
this upper limit to establish an error of +0.24mm. For all other cells see the
discussion in section D.3.1

D.4 3He Contribution

The contribution of the *He gas within the target cell to the total radiation
length is listed in tables D.6 and D.7. The values shown in table D.6 are
deduced from the cell diagrams in the GDH logbook [217] and the cell den-
sities. A conservative 1 ¢cm. uncertainty on the cell length leads to the 5%
€rror.

The values shown in table D.7 for the *He contribution after scattering
were determined by averaging the four or five outer diameter measurements
(also from the GDH logbook [217] ) to determine a radius and subtracting
the glass thickness. The values determined in this way have a standard
deviation corresponding to 11 to 12% uncertainty.

D.5 Summary

All contributions to the total radiation length before scattering are summa-
rized in table D.8. The total radiation lengths for scattering to HRS-L are
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Target cm | error R.L.

Don’t Worry | 19.3 | 5.0% | 4.501x10~*
Be Happy 20.0 | 5.0% | 4.390x10~*
Armegeddon | 19.7 | 5.0% | 4.621x10~*

Nepheli 18.4 | 5.0% | 5.190x10~*
Sysiphos 19.8 | 5.0% | 3.746x10~*
Jin 19.75 | 5.0% | 3.846x10~*

Table D.6: The thickness of the *He gas before scattering.

Target cm | error R.L.

Don’t Worry | 0.84 | 12% | 1.960x10~°
Be Happy 0.83 | 12% | 1.820x107°
Armegeddon | 0.94 | 11% | 1.979x107°

Nepheli 0.85 | 12% | 2.228x107°
Sysiphos 0.89 | 11% | 1.684x107°
Jin 0.85 | 12% | 1.655x10°°

Table D.7: The thickness of the 3He gas after scattering.

listed in table D.9. The total radiation lengths for scattering to HRS-R are
listed in table D.10.

D.6 Conclusion

The thicknesses before scattering are known to about 5%. The thicknesses
after scattering are known to better than 10%.

We have found significant differences from the radiation lengths used in
the previous analysis [218]. In particular, we were using incorrect thick-
nesses for beamline beryllium and aluminum windows, and the target exit
aluminum windows. Also, we were incorrectly including the spectrometer ti-
tanium window, which in fact does not affect the momentum determination.
Tables D.11 to D.13 quantify the change.

Finally, we note here that the analysis of the HRS-R inelastic cross sec-
tions indicate that the new Armegeddon values are not quite right.
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Pre err Glass err 3He err Total err
Target (%) before (%) before % Rad. L. %
D.W. 1.282x1073 | 04 | 4.501x10~* | 5 | 7.338x1072 | 4.2
B.H. ) .| 1.226x107% | 6.6 | 4.390x107* | 5 | 7.271x1073 | 44
Arm. | 5.606x103 | 5.5 | 1.854x1073 | 6.6 | 4.621x10~* | 5 | 7.922x10°3 | 4.2
Nep. 1.256x1073 | 10.0 | 5.190x10™* | 5 | 7.381x1073 | 4.5
Sys. 1.203x1073 | 7.6 | 3.746x10™* | 5 | 7.184x1073 | 4.5
Jin 1.278x1073 | 1.2 | 3.846x107* | 5 | 7.269%x1072 | 4.3
Table D.8: Total thickness before scattering.
3He err Glass err Post err Total err
After (%) after (%) Target (%) Rad. L. (%)
D.W. | 1.960x107° | 12 | 9.213x1073 | 3.9 4.189%x10~2 | 3.3
B.H. | 1.822x107° | 12 | 9.053x10°3 | 104 ) .| 4.128x1072% | 8.6
Arm. | 2.205x107° | 11 | 18.04x1073 | 7.8 | 7.338x1073 | 4.6 | 7.492x1072 | 7.0
Nep. |2.228x10°% | 12 | 9.015x10°3 | 9.0 4.116x10°2 | 7.4
Sys. | 1.684x107% | 11 | 9.156x1073 | 2.1 4.166x1072 | 1.9
Jin 1.655%107° | 12 | 8.015x1073 | 24 3.739x1072 | 2.1
Table D.9: Total thickness after scattering ( HRS-L side ). 3He and glass
thicknesses assume 90° scattering. Total assumes 15.5° scattering.
3He err Glass err Post err Total err
After (%) after (%) Target (%) Rad. L. (%)
D.W. | 1.960x10° | 12 | 9.609x1073 | 0.9 4337x10°2 | 1.1
B.H. | 1.822x1075 | 12 | 9.053x1073 | 10.4 ) .| 4.128x1072 | 8.6
Arm. | 2.205%x107° | 11 | 20.75x1072 | 10.0 | 7.338x1073 | 4.6 | 8.505x102 | 9.1
Nep. | 2.228x107° | 12 | 9.015x1072 | 9.0 4.116x1072 | 7.4
Sys. | 1.684x107% | 11 | 9.440x1073 | 1.5 4.273x1072 | 1.5
Jin | 1.655%x107° | 12 | 8.449x1073 | 2.4 3.902x1072 | 2.1

Table D.10: Total thickness after scattering (HRS-R side ). 3He and glass
thicknesses assume 90° scattering. Total assumes 15.5° scattering.
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Old New Diff(%)
BH | 5.370x1073 | 7.271x1073 | +35.4
AR | 6.021x1073 | 7.922x1073 | +31.6
NE | 5.455x1072 | 7.381x1073 | +35.3
SY | 5.309x1073 | 7.184x1073 | +35.3
IJN | 5.415x1073 | 7.269%x1073 | +34.2

Table D.11: Comparison to previous analysis. Thickness before scattering.

0old New Diff(%)
BH | 4.389x102 | 4.128x10~2 | -5.9
AR | 7.611x1072 | 7.492x1072 | -1.6
NE | 4.390x1072 | 4.116x102 -6.3
SY | 4.389x1072 | 4.166x1072 | -5.1
JN | 3.965x1072 | 3.739x1072 | -5.7

Table D.12: Comparison to previous analysis.

scattering.

(HRS-L) Thickness after

old New Diff(%)
BH | 4.389x102 | 4.128x10~2 | -5.9
AR | 7.611x1072 | 8.505x1072 | -11.7
NE | 4.390x1072 | 4.116x102 -6.3
SY | 4.389x1072 | 4.273x1072 | -2.7
JN | 3.965x1072 | 3.902x1072 | -1.6

Table D.13: Comparison to previous analysis.

scattering.
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APPENDIX E

INTEGRAL RELATIONS

E.1 Integral properties of g) "

We consider here some properties under integration of g5’ V. In general, we
will be interested in integrals of the type [219]:

/Osvo gy W (z)dx (E.1)

We can evaluate this integral with a partial integration to obtain a very
useful general relation:

/woxn W (1)d n /xo ngy (z) +
z)dr = — z"g(z
0 92 n+1Jo 91

n+1
To

1
n+1Jg, vy

Some specific applications of equation E.2 will be useful when we evaluate
the unmeasured DIS contributions to the moments of go.

n=20:
xo 1
[ @ya = [ 2Py (5.3)
0 Zo Yy
Xy — 1
! n WW d n 1 n d E.4
| g @de = 2 [ o @)da (.4
rzg=1n=0
1
gV (z)dz =0 (E.5)
Tg=1,n=
WWw 1 !
/ 20y (@)do = 5 | wgi(w)dz (E.6)
0
zo=1,n=
1 2 1
/ 22V (0)de = —5 [ a%g1(o)da (E.7)
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E.2 Elastic Contribution to the Moments

The elastic contribution to the spin structure moments at £ = 1 can be
evaluated with the following two relations [220]:

N 2
g (=, Q%) = %GM(QQ)GE(Q )1++ TGM(Q J otz — 1)
g5 (z,Q%) = ZGM(Q2)GE(Q2) — GM(QQ)(S(:I: -1) (E.8)
2 147
So we have:
2 2
re(Q?) = %GM(QQ)GE(Q )1++TTGM(Q )
2y _ 2
re(Q?) = %GM(QQ)GE(Q i+fM(Q ) (E.9)

All higher moments of the structure functions will have identical elastic
contributions since the delta function picks out only the contribution at
z =1 From Eq. 4.8 we can see that the elastic contribution to the extended
GDH sum is:

1672 1
H@) = S5 @) - e
1672 G3,
= M E.10
and finally, the elastic contribution to the do matrix element is
d'(@Q%) = 2r{(Q*) +3rs(Q?) (B.11)

E.2.1 Estimate of Q.E. Contribution

We can make a first order estimate of the >He quasielastic reaction portion
of the moments using the impulse approximation. We assume that the
quasielastic contribution is the incoherent sum of elastic contributions of
the proton and neutron as given in section E.2. These elastic portions are
then combined using the effective polarization formulae of equation A.9.
Although admittedly crude, this method reproduces the trend of our data
surprisingly well. See for example figure E.1.

The MAID model calculates only nucleon response in the resonance re-
gion. In order to compare this phenomenological model directly to our *He
data, we have added an estimate of the quasielastic region following the
above procedure.
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Figure E.1: I‘lHe for W < My . Curve is the incoherent sum of the nucleonic
elastic contributions to I';.
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APPENDIX F

ADDITIONAL PROCESSING OF CROSS
SECTIONS

Several of the raw cross section spectra required extra individual treatment
to address difficulties encountered during the experimental run. We list the
difficulties and extra processing steps here.

1. The 862 MeV data contains three spectrometer settings at large energy
loss (v > 450 MeV) for which the HRS-L dipole momentum was not
matched to the quadrupoles’ magnetic setting. The NMR probe that is
normally used to monitor the dipole magnetic field failed at these low
field settings and the dipole gaussmeter was used instead. Later, using
a combination of the recorded dipole magnet currents and the energy
measurement capabilities of the HRS-L calorimeter, it was found that
there was a sizable offset in the gaussmeter readout which lead to the
mismatch. For full details, see [153].

To limit the effect of the mismatch, we cut aggressively on the central
acceptance region in order to minimize the need for the focusing that is
normally provided by the quadrupoles. Although apparently effective,
this method is admittedly crude and casts doubt on the validity of
these three kinematics. One of the recovered kinematics overlaps with
a normal kinematic and the data disagrees by 8% (See fig. F.1). The
highest two kinematics (in v) however seem to match up reasonably
with the normal data. Therefore the overlapping data was discarded
and no renormalization was applied to the remaining data.

The special circumstances associated with these tail kinematics casts
doubt on their accuracy. Accordingly, the unfolding was performed
both including these kinematics and excluding them to gauge their
effect on the radiative corrections. It was found that even excluding
all the E; = 862 MeV data above v = 200 MeV had negligible effect
on the radiative corrections to the higher energy spectra. They were
therefore retained in the final analysis.

2. We observed unexpected rapidly rising tails (see, for example, fig 8.18)
for the two lowest E94-010 incident energies which can not be explained
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Figure F.1: HRS-L raw cross section for E; = 862 MeV. Black: normal
data. Red: Spectrometer dipole and quadrupoles mismatched.

in terms of elastic 3He or Ny tails. The problem has been studied
in detail by A. Deur [160] who concluded this was due to multiple
scattering that did not originate in the target gas. Since these must

originate from unpolarized material they are expected to have no effect
on the polarized cross sections.

3. Replay of the data for Ey = 862 MeV indicates a blockage of the accep-
tance for HRS-R. See figure F.2. This casts doubt on the validity of the
HRS-R cross section data for this entire energy setting. Attempts at
isolating and removing the problem data with cuts were unsuccessful.

. The 4.2 GeV data contains contributions from two target cells: Nepheli
and Sysiphos ( See fig. 8.10 ). The kinematic coverage overlaps in
the quasielastic region, but the Nepheli data is systematically lower
than the Sysiphos data by 5% even though they agree within error.

Accordingly, we normalize both sets of data to the average and leave
the total error unmodified.

5. The 5.1 GeV data covers the range 1950 MeV < v < 3050 MeV.
Data at lower v is needed for the radiative corrections. nQFS [162],
normalized to the data, is used to generate the needed spectra.

As shown in figure F.1, there is a significant gap in the energy loss
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Figure F.2: Target variables for HRS-R. Eg = 862 MeV, run 2749. Notice
obstruction for upstream z-target.

coverage at around v = 250 MeV for the Ey = 862 MeV data set. We
were forced to interpolate over this region which represents the onset
of the A excitation region.
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APPENDIX G

CROSS SECTION TABLES

The quantities listed in the table below are all defined in chapter 8.

Table G.1: E94-010 Unpolarized >He cross sections. Energies

given in MeV, cross sections in pb/MeV-sr. © = 15.5°

Eo v Oexp Oborn dostat dUsyst
862.0 15.5 0.2168E+05 | 0.1873E+06 | 0.6582E+04 | 0.3537E+05
862.0 16.5 | 0.5123E+05 | 0.2457E+06 | 0.7646E+04 | 0.3676E4-05
862.0 17.5 0.6840E+05 | 0.2779E+06 | 0.8115E+04 | 0.3721E405
862.0 18.5 | 0.1295E+06 | 0.2898E+06 | 0.8135E+04 | 0.3678E+-05
862.0 19.5 0.1580E+06 | 0.2896E+06 | 0.8029E+04 | 0.3584E+405
862.0 20.5 | 0.1776E406 | 0.3178E+406 | 0.8547TE+04 | 0.3718E405
862.0 21.5 0.1817E+06 | 0.3432E+06 | 0.9049E+04 | 0.3842E405
862.0 22.5 | 0.1836E406 | 0.3507E+06 | 0.9095E+404 | 0.3848E+-05
862.0 23.5 0.2040E+06 | 0.3951E+06 | 0.1004E+05 | 0.4125E405
862.0 24.5 | 0.2168E+406 | 0.4250E+406 | 0.1046E+405 | 0.4308E+05
862.0 25.5 | 0.2234E+06 | 0.4272E+06 | 0.1043E+405 | 0.4304E+405
862.0 26.5 0.2548E+06 | 0.4407E+06 | 0.1056E+05 | 0.4368E405
862.0 27.5 | 0.2692E406 | 0.4722E+406 | 0.1118E+405 | 0.4550E+4-05
862.0 28.5 0.2715E4+06 | 0.4862E+06 | 0.1134E+05 | 0.4611E405
862.0 29.5 | 0.2850E406 | 0.5010E+406 | 0.1152E4-05 | 0.4692E4-05
862.0 30.5 | 0.3064E4-06 | 0.5078E4-06 | 0.1158E4-05 | 0.4725E4-05
862.0 31.5 | 0.3155E406 | 0.5208E+406 | 0.1192E4-05 | 0.4796E405
862.0 32.5 | 0.3271E406 | 0.5163E406 | 0.1175E405 | 0.4732E405
862.0 33.5 | 0.3329E4-06 | 0.5009E+4-06 | 0.1134E4-05 | 0.4607E405
862.0 34.5 0.3431E+06 | 0.4883E+06 | 0.1107E+05 | 0.4492E+05
862.0 35.5 | 0.3395E+06 | 0.5004E+06 | 0.1149E+405 | 0.4545E405
862.0 36.5 | 0.3320E406 | 0.4753E+406 | 0.1093E+405 | 0.4335E405
862.0 37.5 | 0.3291E406 | 0.4698E406 | 0.1088E4-05 | 0.4274E4-05
862.0 38.5 | 0.3382E+406 | 0.4518E+406 | 0.1042E405 | 0.4125E4-05
862.0 39.5 0.3220E+06 | 0.4466E+06 | 0.1037E+05 | 0.4064E+05
862.0 40.5 | 0.3238E4-06 | 0.4412E+06 | 0.1032E+405 | 0.4008E+05
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
862.0 41.5 0.3130E+06 | 0.4166E+06 | 0.9717E+04 | 0.3808E+405
862.0 42.5 | 0.3149E+406 | 0.3971E+06 | 0.9238E+04 | 0.3629E+05
862.0 43.5 0.3112E+06 | 0.3707E+06 | 0.8622E+04 | 0.3428E4-05
862.0 44.5 | 0.2975E406 | 0.3876E+06 | 0.9150E+04 | 0.3531E+05
862.0 45.5 | 0.2875E+06 | 0.3585E+06 | 0.8504E+04 | 0.3302E+05
862.0 46.5 0.2755E4+06 | 0.3210E4+06 | 0.7720E+04 | 0.3035E405
862.0 47.5 | 0.2891E406 | 0.2899E+06 | 0.6571E+04 | 0.2812E+05
862.0 48.5 0.2658E+06 | 0.2939E+06 | 0.6642E+04 | 0.2818E405
862.0 49.5 | 0.2460E+06 | 0.2727E+06 | 0.6179E+04 | 0.2663E+05
862.0 50.5 0.2303E+06 | 0.2488E+06 | 0.5544E+04 | 0.2484E405
862.0 51.5 | 0.2357E406 | 0.2580E+06 | 0.5808E+04 | 0.2516E+405
862.0 52.5 0.2191E+06 | 0.2351E+06 | 0.5276E+04 | 0.2354E405
862.0 53.5 | 0.2094E+06 | 0.2050E+406 | 0.4614E4-04 | 0.2147TE+405
862.0 54.5 0.2161E+06 | 0.1992E+406 | 0.4525E+04 | 0.2097E4-05
862.0 595.95 0.1977E+06 | 0.1905E4+06 | 0.4377E+04 | 0.2025E405
862.0 56.5 | 0.1823E406 | 0.1904E+406 | 0.4420E+404 | 0.2008E+4-05
862.0 57.5 0.1805E+06 | 0.1688E+06 | 0.3906E+04 | 0.1848E405
862.0 58.5 | 0.1754E406 | 0.1707E+406 | 0.4008E+404 | 0.1849E4-05
862.0 59.5 0.1748E+06 | 0.1592E+06 | 0.3743E+04 | 0.1757E+405
862.0 60.5 | 0.1605E406 | 0.1449E406 | 0.3419E4-04 | 0.1648E405
862.0 61.5 0.1638E+06 | 0.1199E+06 | 0.2861E+04 | 0.1474E+05
862.0 62.5 | 0.1536E+406 | 0.1149E4-06 | 0.2779E404 | 0.1434E4-05
862.0 63.5 0.1443E+06 | 0.1046E+06 | 0.2531E+04 | 0.1347E+405
862.0 64.5 | 0.1284E406 | 0.1047E406 | 0.2589E+404 | 0.1335E405
862.0 65.5 0.1268E+06 | 0.9083E+05 | 0.2243E+04 | 0.1231E+05
862.0 66.5 | 0.1191E406 | 0.9967E405 | 0.2472E4-04 | 0.1273E4-05
862.0 67.5 | 0.1191E406 | 0.8496E+405 | 0.21056E404 | 0.1167E+405
862.0 68.5 | 0.1097E+06 | 0.8338E+405 | 0.2093E+404 | 0.1141E4-05
862.0 69.5 | 0.1158E+406 | 0.8118E+405 | 0.2047E+404 | 0.1113E4-05
862.0 70.5 0.1034E+06 | 0.7309E+05 | 0.1839E+04 | 0.1045E405
862.0 71.5 | 0.1047E+06 | 0.7068E405 | 0.1796E404 | 0.1016E4-05
862.0 72.5 0.1009E+06 | 0.6595E+05 | 0.1670E+04 | 0.9730E+04
862.0 73.5 | 0.9567E405 | 0.6517TE4+05 | 0.1658E+04 | 0.9534E+04
862.0 74.5 0.9361E+05 | 0.5823E+05 | 0.1492E+04 | 0.8959E+04
862.0 75.5 | 0.8973E+405 | 0.5231E4-05 | 0.1342E+04 | 0.8450E+04
862.0 76.5 | 0.8850E405 | 0.4270E405 | 0.1111E4+04 | 0.7774E+04
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
862.0 77.5 0.8267TE+05 | 0.4780E+05 | 0.1253E+04 | 0.7915E+04
862.0 78.5 | 0.7820E+05 | 0.4608E+405 | 0.1218E+04 | 0.7687E+04
862.0 79.5 0.7202E+05 | 0.4778E4+05 | 0.1268E+04 | 0.7646E+04
862.0 80.5 | 0.7558E+05 | 0.4036E405 | 0.1068E+04 | 0.7132E+04
862.0 81.5 | 0.7277TE+05 | 0.4374E+405 | 0.1169E+04 | 0.7177E404
862.0 82.5 0.7333E+05 | 0.4340E405 | 0.1156E+04 | 0.7033E+04
862.0 83.5 | 0.6748E+405 | 0.3946E+405 | 0.1047TE+04 | 0.6716E+04
862.0 84.5 0.7031E+05 | 0.4222E+05 | 0.1130E+04 | 0.6729E+04
862.0 85.5 | 0.6801E+05 | 0.3931E+405 | 0.1050E+04 | 0.6473E+04
862.0 86.5 0.6560E+05 | 0.4131E405 | 0.1118E+04 | 0.6445E+04
862.0 87.5 | 0.6671E+405 | 0.4216E405 | 0.9804E+03 | 0.6384E+04
862.0 88.5 0.6382E+05 | 0.4086E+05 | 0.7293E+03 | 0.6236E+04
862.0 89.5 | 0.6516E+405 | 0.4562E+405 | 0.7830E+03 | 0.6324E+04
862.0 90.5 | 0.6432E+405 | 0.4280E+405 | 0.7425E+03 | 0.6073E+04
862.0 91.5 0.6349E+05 | 0.3947E+05 | 0.6829E+03 | 0.5822E+04
862.0 92.5 | 0.6590E+05 | 0.3387E+05 | 0.5854E+03 | 0.5500E+04
862.0 93.5 0.6257E+05 | 0.3823E+05 | 0.6675E+03 | 0.5580E+04
862.0 94.5 | 0.6006E+05 | 0.3303E+405 | 0.5707TE+03 | 0.5285E+04
862.0 95.5 0.5651E+05 | 0.4044E+05 | 0.6998E+03 | 0.5497E+04
862.0 96.5 | 0.5897E+05 | 0.3687E+05 | 0.6351E+03 | 0.5264E+04
862.0 97.5 0.5487E+05 | 0.3186E+05 | 0.5492E+03 | 0.4995E+04
862.0 98.5 | 0.6012E+05 | 0.3451E+405 | 0.5988E+03 | 0.5016E404
862.0 99.5 0.5543E+05 | 0.3394E+05 | 0.5884E+03 | 0.4922E+04
862.0 | 100.5 | 0.5316E+05 | 0.3236E+05 | 0.5622E+03 | 0.4801E+404
862.0 101.5 | 0.5458E+405 | 0.3010E+05 | 0.5246E+403 | 0.4663E+04
862.0 | 102.5 | 0.5334E+05 | 0.2852E+05 | 0.4963E+03 | 0.4550E+04
862.0 | 103.5 | 0.5210E+05 | 0.3032E+405 | 0.5304E+03 | 0.4538E+404
862.0 | 104.5 | 0.5018E+05 | 0.3136E+05 | 0.5495E+03 | 0.4509E+404
862.0 | 105.5 | 0.4915E+05 | 0.2831E+405 | 0.4956E+03 | 0.4368E+404
862.0 106.5 | 0.5017E405 | 0.2621E405 | 0.4615E403 | 0.4257E+04
862.0 | 107.5 | 0.5004E+05 | 0.2962E+405 | 0.5188E+03 | 0.4290E+404
862.0 108.5 | 0.4753E405 | 0.3112E405 | 0.5614E4-03 | 0.4278E+04
862.0 | 109.5 | 0.4647E+05 | 0.2632E+05 | 0.4892E+03 | 0.4107E+404
862.0 110.5 | 0.4862E+405 | 0.2387E+05 | 0.4403E+03 | 0.4001E+04
862.0 | 111.5 | 0.4843E+05 | 0.2910E+05 | 0.5292E+03 | 0.4081E+04
862.0 | 112.5 | 0.4475E+05 | 0.2433E+05 | 0.4337E+03 | 0.3924E+04
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
862.0 113.5 | 0.4400E+405 | 0.2577E+05 | 0.4556E+403 | 0.3904E+04
862.0 | 114.5 | 0.4676E+05 | 0.2366E+05 | 0.4176E+03 | 0.3825E404
862.0 115.5 | 0.4272E405 | 0.2270E+05 | 0.4008E+03 | 0.3761E+04
862.0 | 116.5 | 0.4416E+05 | 0.2400E+405 | 0.4220E+03 | 0.3745E+404
862.0 | 117.5 | 0.4180E+405 | 0.2583E+405 | 0.4565E+03 | 0.3748E+04
862.0 118.5 | 0.4153E+405 | 0.2473E+05 | 0.4412E+403 | 0.3687E+04
862.0 | 119.5 | 0.4217E+405 | 0.2507E405 | 0.4455E+03 | 0.3660E+04
862.0 120.5 | 0.4293E405 | 0.2593E+05 | 0.4605E+403 | 0.3642E+04
862.0 | 121.5 | 0.4176E+05 | 0.2188E+05 | 0.3934E+03 | 0.3531E+404
862.0 122.5 | 0.4213E405 | 0.2325E+05 | 0.4282E+403 | 0.3518E+04
862.0 | 123.5 | 0.4189E+05 | 0.1940E+405 | 0.3644E+03 | 0.3435E+404
862.0 124.5 | 0.3913E405 | 0.1950E+05 | 0.3699E+03 | 0.3399E+04
862.0 | 125.5 | 0.4002E+05 | 0.2071E+405 | 0.3946E+03 | 0.3383E+04
862.0 | 126.5 | 0.3685E+05 | 0.1877E+05 | 0.3599E+03 | 0.3326E+404
862.0 127.5 | 0.3750E+405 | 0.2095E+05 | 0.4035E+403 | 0.3329E+04
862.0 | 128.5 | 0.3753E+05 | 0.1964E+405 | 0.3729E+03 | 0.3286E+04
862.0 129.5 | 0.3622E+405 | 0.1843E+05 | 0.3509E+03 | 0.3241E+04
862.0 | 130.5 | 0.3762E+05 | 0.2008E+05 | 0.3811E+03 | 0.3235E+404
862.0 131.5 | 0.3605E+405 | 0.1848E+05 | 0.3479E+03 | 0.3191E+04
862.0 | 132.5 | 0.3556E+05 | 0.1904E+405 | 0.3606E+03 | 0.3169E+404
862.0 133.5 | 0.3630E+05 | 0.1755E+05 | 0.3332E+03 | 0.3123E+04
862.0 134.5 | 0.3494E+05 | 0.2113E+05 | 0.4023E+03 | 0.3155E+04
862.0 135.5 | 0.3520E+405 | 0.1953E+05 | 0.3771E+403 | 0.3099E+04
862.0 | 136.5 | 0.3411E405 | 0.1673E4+05 | 0.3316E+03 | 0.3040E+04
862.0 137.5 | 0.3650E4-05 | 0.1711E405 | 0.3468E403 | 0.3028E+04
862.0 | 138.5 | 0.3433E+05 | 0.1821E+05 | 0.3698E+03 | 0.3018E+04
862.0 | 139.5 | 0.3281E+05 | 0.1717E+05 | 0.3508E+03 | 0.2988E+04
862.0 | 140.5 | 0.3314E+05 | 0.1646E+05 | 0.3368E+03 | 0.2961E+04
862.0 | 141.5 | 0.3346E+05 | 0.1827E+4+05 | 0.3726E+03 | 0.2959E404
862.0 142.5 | 0.3248E4-05 | 0.1502E4-05 | 0.3054E403 | 0.2903E+04
862.0 | 143.5 | 0.3222E+4-05 | 0.1637TE4+05 | 0.3338E+03 | 0.2906E+04
862.0 144.5 | 0.3289E+405 | 0.1766E+05 | 0.3493E+403 | 0.2904E+04
862.0 | 145.5 | 0.3047E+05 | 0.1821E+405 | 0.3464E+03 | 0.2894E+404
862.0 146.5 | 0.3190E+405 | 0.1883E+05 | 0.3456E+403 | 0.2891E+04
862.0 | 147.5 | 0.3217TE+05 | 0.1954E+405 | 0.3438E+03 | 0.2888E+404
862.0 | 148.5 | 0.3243E+05 | 0.1956E+405 | 0.3418E+03 | 0.2871E+404
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
862.0 149.5 | 0.3270E+405 | 0.1825E+05 | 0.3184E+403 | 0.2825E+04
862.0 | 150.5 | 0.3297E+05 | 0.1614E+405 | 0.2820E+03 | 0.2773E+04
862.0 151.5 | 0.3265E4-05 | 0.1751E4-05 | 0.3084E4-03 | 0.2779E+04
862.0 | 152.5 | 0.3145E+405 | 0.1569E+405 | 0.2765E+03 | 0.2731E+04
862.0 | 153.5 | 0.3026E+405 | 0.1838E+405 | 0.3206E+03 | 0.2771E+04
862.0 154.5 | 0.3099E+405 | 0.1727E+05 | 0.2982E+403 | 0.2727E+04
862.0 | 155.5 | 0.2965E+05 | 0.1743E+05 | 0.3012E+03 | 0.2716E+04
862.0 156.5 | 0.3157TE405 | 0.1922E405 | 0.3352E4-03 | 0.2746E+04
862.0 | 157.5 | 0.3012E+05 | 0.1795E+405 | 0.3105E+03 | 0.2706E+04
862.0 158.5 | 0.3066E+405 | 0.1860E+05 | 0.3214E+403 | 0.2705E+04
862.0 | 159.5 | 0.3141E+05 | 0.1543E+405 | 0.2682E+03 | 0.2633E+04
862.0 160.5 | 0.3044E405 | 0.1731E405 | 0.3009E403 | 0.2661E+04
862.0 | 161.5 | 0.3068E+05 | 0.1862E+05 | 0.3250E+03 | 0.2672E+04
862.0 | 162.5 | 0.2846E+05 | 0.1727E+05 | 0.3010E+03 | 0.2627E+404
862.0 163.5 | 0.3027TE405 | 0.1784E4-05 | 0.3144E403 | 0.2632E+04
862.0 | 164.5 | 0.3033E+05 | 0.1851E+405 | 0.3240E+03 | 0.2640E+404
862.0 165.5 | 0.2940E+405 | 0.2055E+05 | 0.3654E+403 | 0.2686E+04
862.0 | 166.5 | 0.2991E+05 | 0.1782E+05 | 0.3311E+03 | 0.2602E+404
862.0 167.5 | 0.3031E405 | 0.1862E405 | 0.3510E403 | 0.2611E+04
862.0 | 168.5 | 0.3125E+05 | 0.1684E+05 | 0.3067E+03 | 0.2552E404
862.0 169.5 | 0.2923E405 | 0.1612E405 | 0.2863E+03 | 0.2530E+04
862.0 | 170.5 | 0.2995E+05 | 0.1847E+05 | 0.3257E+03 | 0.2592E+04
862.0 171.5 | 0.2822E405 | 0.1618E+05 | 0.2815E403 | 0.2515E+04
862.0 | 172.5 | 0.2824E+05 | 0.1644E+05 | 0.2835E+03 | 0.2505E+04
862.0 173.5 | 0.2947E+405 | 0.1968E+05 | 0.3400E+03 | 0.2596E+04
862.0 | 174.5 | 0.2760E+05 | 0.2002E+05 | 0.3457E+03 | 0.2553E+04
862.0 | 175.5 | 0.2842E+05 | 0.1902E+405 | 0.3301E+03 | 0.2547E+04
862.0 | 176.5 | 0.3025E+05 | 0.1949E+05 | 0.3355E+03 | 0.2564E+04
862.0 | 177.5 | 0.2998E+05 | 0.1978E+05 | 0.3466E+03 | 0.2565E404
862.0 178.5 | 0.2941E405 | 0.1775E+05 | 0.3182E+403 | 0.2488E+04
862.0 | 179.5 | 0.2977E+05 | 0.1844E+05 | 0.3389E+03 | 0.2500E+04
862.0 180.5 | 0.2960E+405 | 0.1807E+05 | 0.3370E+03 | 0.2485E+04
862.0 | 181.5 | 0.2814E+05 | 0.1933E+405 | 0.3637E+03 | 0.2519E404
862.0 182.5 | 0.2874E+405 | 0.2087E+05 | 0.3917E+403 | 0.2566E+04
862.0 | 183.5 | 0.2832E+05 | 0.1864E+05 | 0.3462E+03 | 0.2487E+04
862.0 | 184.5 | 0.2941E+05 | 0.1892E+05 | 0.3509E+03 | 0.2489E+04
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
862.0 185.5 | 0.2992E+405 | 0.2117E+05 | 0.3907E+03 | 0.2564E+04
862.0 | 186.5 | 0.2830E+05 | 0.1918E+405 | 0.3519E+03 | 0.2487E+04
862.0 187.5 | 0.2902E+405 | 0.2110E+05 | 0.3849E+03 | 0.2551E+04
862.0 | 188.5 | 0.3005E+05 | 0.2026E+05 | 0.3672E+03 | 0.2488E+04
862.0 | 189.5 | 0.2861E+05 | 0.2211E+05 | 0.4029E+03 | 0.2578E+04
862.0 190.5 | 0.3003E+405 | 0.2198E+05 | 0.4079E+403 | 0.2573E+04
862.0 | 191.5 | 0.2918E+405 | 0.1993E+405 | 0.3776E+03 | 0.2489E+04
862.0 192.5 | 0.3074E405 | 0.2228E+05 | 0.4297E+03 | 0.2577E+04
862.0 | 193.5 | 0.3002E+05 | 0.2083E+05 | 0.4062E+03 | 0.2511E404
862.0 194.5 | 0.2906E+405 | 0.2300E+05 | 0.4495E+403 | 0.2598E+04
862.0 | 195.5 | 0.3052E+05 | 0.2287E+05 | 0.4453E+03 | 0.2588E404
862.0 196.5 | 0.2931E405 | 0.2187E+05 | 0.4212E+403 | 0.2543E+04
862.0 | 197.5 | 0.3113E+05 | 0.2215E+405 | 0.4239E+03 | 0.2551E+404
862.0 | 198.5 | 0.3039E+05 | 0.2263E+05 | 0.4312E+03 | 0.2566E+404
862.0 199.5 | 0.2992E405 | 0.2298E+05 | 0.4359E+403 | 0.2580E+04
862.0 | 200.5 | 0.3020E+05 | 0.2343E+405 | 0.4426E+03 | 0.2596E+404
862.0 201.5 | 0.3041E+05 | 0.2388E+405 | 0.4492E+03 | 0.2613E404
862.0 | 202.5 | 0.3062E+05 | 0.2407E+05 | 0.4509E+03 | 0.2623E+404
862.0 203.5 | 0.3083E+05 | 0.2455E+405 | 0.4580E+03 | 0.2642E4-04
862.0 | 204.5 | 0.3104E+05 | 0.2487E+05 | 0.4622E+03 | 0.2655E+04
862.0 205.5 | 0.3125E+05 | 0.2528E+405 | 0.4677TE+03 | 0.2672E404
862.0 | 206.5 | 0.3146E+05 | 0.2561E405 | 0.4721E+03 | 0.2687E+404
862.0 207.5 | 0.3167E+05 | 0.2591E+05 | 0.4755E+03 | 0.2700E+04
862.0 208.5 | 0.3188E+05 | 0.2634E+405 | 0.4816E+03 | 0.2719E4-04
862.0 209.5 | 0.3209E+05 | 0.2673E+405 | 0.4869E+03 | 0.2736E+404
862.0 | 210.5 | 0.3229E+05 | 0.2711E+05 | 0.4918E+03 | 0.2754E+04
862.0 | 211.5 | 0.3250E+05 | 0.2741E+405 | 0.4953E+03 | 0.2767E+04
862.0 | 212.5 | 0.3271E+05 | 0.2787E+05 | 0.5016E+03 | 0.2789E+404
862.0 | 213.5 | 0.3292E+05 | 0.2824E+05 | 0.5064E+03 | 0.2806E+04
862.0 214.5 | 0.3313E+05 | 0.2846E4-05 | 0.5085E+03 | 0.2816E+4-04
862.0 | 215.5 | 0.3334E+405 | 0.2888E+405 | 0.5140E+03 | 0.2837E+04
862.0 216.5 | 0.3355E+05 | 0.2916E+405 | 0.5170E+03 | 0.2849E4-04
862.0 | 217.5 | 0.3376E+05 | 0.2939E+05 | 0.5193E+03 | 0.2860E+04
862.0 218.5 | 0.3397E+05 | 0.2974E+05 | 0.5236E+03 | 0.2877E+04
862.0 | 219.5 | 0.3418E+05 | 0.2998E+05 | 0.5260E+03 | 0.2889E+04
862.0 | 220.5 | 0.3439E+05 | 0.3028E+405 | 0.5293E+03 | 0.2903E+404
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
862.0 221.5 | 0.3460E+05 | 0.3065E+405 | 0.5339E+03 | 0.2921E4-04
862.0 | 222.5 | 0.3481E+405 | 0.3095E+405 | 0.5372E+03 | 0.2935E+04
862.0 223.5 | 0.3501E+05 | 0.3134E+05 | 0.5419E+03 | 0.2955E+04
862.0 | 224.5 | 0.3522E+05 | 0.3168E+05 | 0.5461E+03 | 0.2972E404
862.0 | 225.5 | 0.3543E+05 | 0.3195E+405 | 0.5487E+03 | 0.2984E4-04
862.0 226.5 | 0.3564E+05 | 0.3228E4-05 | 0.5525E+03 | 0.3001E4-04
862.0 | 227.5 | 0.3585E+05 | 0.3251E+405 | 0.5547E+03 | 0.3012E4-04
862.0 228.5 | 0.3606E+05 | 0.3276E+405 | 0.5570E+03 | 0.3023E+404
862.0 | 229.5 | 0.3627E+05 | 0.3310E+4+05 | 0.5610E+03 | 0.3040E+404
862.0 230.5 | 0.3648E+05 | 0.3337E+05 | 0.5637TE+03 | 0.3053E+404
862.0 | 231.5 | 0.3669E+05 | 0.3362E+05 | 0.5660E+03 | 0.3064E+404
862.0 232.5 | 0.3690E+05 | 0.3399E+405 | 0.5703E+03 | 0.3083E404
862.0 | 233.5 | 0.3711E+05 | 0.3431E+405 | 0.5739E+03 | 0.3099E+04
862.0 | 234.5 | 0.3732E+05 | 0.3461E+405 | 0.5771E+03 | 0.3114E+404
862.0 235.5 | 0.3753E+05 | 0.3495E405 | 0.5809E+03 | 0.3132E+4-04
862.0 | 236.5 | 0.3773E+05 | 0.3525E+05 | 0.5840E+03 | 0.3146E+404
862.0 237.5 | 0.3794E+05 | 0.3550E+405 | 0.5863E+03 | 0.3158E+4-04
862.0 | 238.5 | 0.3815E+405 | 0.3583E+405 | 0.5901E+03 | 0.3175E+04
862.0 239.5 | 0.3836E+05 | 0.3614E+05 | 0.5932E+03 | 0.3190E+04
862.0 | 240.5 | 0.3857TE+05 | 0.3644E+05 | 0.5964E+03 | 0.3205E+404
862.0 241.5 | 0.3878E+05 | 0.3672E+05 | 0.5992E+03 | 0.3219E+04
862.0 | 242.5 | 0.3899E+405 | 0.3699E+405 | 0.6018E+03 | 0.3232E+04
862.0 243.5 | 0.3920E+05 | 0.3729E405 | 0.6048E+03 | 0.3247E+404
862.0 | 244.5 | 0.3941E+05 | 0.3748E+05 | 0.6061E+03 | 0.3255E404
862.0 245.5 | 0.3962E+05 | 0.3772E+05 | 0.6082E+03 | 0.3265E+04
862.0 | 246.5 | 0.3983E+05 | 0.3801E+05 | 0.6112E+03 | 0.3280E+04
862.0 | 247.5 | 0.4004E+05 | 0.3828E+05 | 0.6137E+03 | 0.3293E+404
862.0 | 248.5 | 0.4025E+405 | 0.3855E+405 | 0.6162E+03 | 0.3305E+04
862.0 | 249.5 | 0.4045E+05 | 0.3885E+405 | 0.6193E+03 | 0.3321E+404
862.0 250.5 | 0.4066E+05 | 0.3914E+05 | 0.6222E+03 | 0.3335E+04
862.0 | 251.5 | 0.4087E+05 | 0.3940E+05 | 0.6246E+03 | 0.3347E+404
862.0 252.5 | 0.4108E+05 | 0.3969E405 | 0.6272E+03 | 0.3361E404
862.0 | 253.5 | 0.4129E+405 | 0.3987E+05 | 0.6292E+03 | 0.3369E+04
862.0 254.5 | 0.4150E+05 | 0.4062E+05 | 0.6324E+03 | 0.3410E+04
862.0 | 255.5 | 0.4171E+05 | 0.3919E+405 | 0.6095E+03 | 0.3328E+404
862.0 | 256.5 | 0.4192E+05 | 0.4038E+05 | 0.6337TE+03 | 0.3393E+04
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
862.0 257.5 | 0.4228E+05 | 0.3807E+405 | 0.5852E+03 | 0.3263E+404
862.0 | 258.5 | 0.4142E+05 | 0.4131E+405 | 0.6326E+03 | 0.3444E+404
862.0 259.5 | 0.4227E+05 | 0.3950E+405 | 0.5972E+03 | 0.3339E+404
862.0 | 260.5 | 0.4082E+405 | 0.4000E+405 | 0.6046E+03 | 0.3365E+04
862.0 | 261.5 | 0.4330E+05 | 0.4026E+405 | 0.6078E+03 | 0.3378E+404
862.0 262.5 | 0.4157TE+05 | 0.4087E405 | 0.6177E+03 | 0.3411E4-04
862.0 | 263.5 | 0.4254E+405 | 0.4007TE405 | 0.6140E+03 | 0.3365E+04
862.0 264.5 | 0.4248E+05 | 0.4191E+05 | 0.6364E+03 | 0.3468E+04
862.0 | 265.5 | 0.4294E+05 | 0.4258E+05 | 0.6491E+03 | 0.3505E404
862.0 266.5 | 0.4247TE+05 | 0.4210E+405 | 0.6386E+03 | 0.3478E+4-04
862.0 | 267.5 | 0.4393E+05 | 0.4142E+405 | 0.6292E+03 | 0.3437E+04
862.0 268.5 | 0.4404E+05 | 0.4591E+05 | 0.7450E+03 | 0.3696E+04
862.0 | 269.5 | 0.4369E+05 | 0.4391E+405 | 0.7422E+03 | 0.3579E+04
862.0 | 270.5 | 0.4370E+05 | 0.4572E+405 | 0.7439E+03 | 0.3682E+404
862.0 271.5 | 0.4661E+05 | 0.4126E+405 | 0.6412E+03 | 0.3426E+404
862.0 | 272.5 | 0.4487E+05 | 0.4401E+05 | 0.6694E+03 | 0.3581E+404
862.0 273.5 | 0.4627TE+05 | 0.4375E405 | 0.6581E+03 | 0.3566E404
862.0 | 274.5 | 0.4307TE+05 | 0.4292E+05 | 0.6353E+03 | 0.3516E+404
862.0 275.5 | 0.4575E+05 | 0.4465E405 | 0.6631E+03 | 0.3613E404
862.0 | 276.5 | 0.4472E+05 | 0.4648E+05 | 0.6914E+03 | 0.3724E+04
862.0 277.5 | 0.4479E+05 | 0.4727E405 | 0.7049E+03 | 0.3769E+404
862.0 | 278.5 | 0.4607E+05 | 0.4637TE4+05 | 0.7128E+03 | 0.3713E+04
862.0 279.5 | 0.4714E+05 | 0.4480E405 | 0.7126E+03 | 0.3621E404
862.0 | 280.5 | 0.4756E+405 | 0.4559E405 | 0.7583E+03 | 0.3666E+04
862.0 281.5 | 0.4689E+05 | 0.4603E+405 | 0.7719E+03 | 0.3690E+04
862.0 | 282.5 | 0.4606E+05 | 0.4504E+05 | 0.7544E+03 | 0.3630E+04
862.0 | 283.5 | 0.4682E+05 | 0.4787E+05 | 0.7984E+03 | 0.3796E+04
862.0 284.5 | 0.4686E405 | 0.4823E+405 | 0.7948E+403 | 0.3814E+4-04
862.0 | 285.5 | 0.4657E+05 | 0.4989E+405 | 0.8244E+03 | 0.3910E+04
862.0 286.5 | 0.4855E+05 | 0.4836E405 | 0.7874E+03 | 0.3817E+404
862.0 | 287.5 | 0.4863E+05 | 0.4651E+405 | 0.7477E+03 | 0.3709E+404
862.0 288.5 | 0.4986E+05 | 0.4786E405 | 0.7807TE+03 | 0.3786E+404
862.0 | 289.5 | 0.4845E+05 | 0.5040E+05 | 0.8411E+03 | 0.3938E+404
862.0 290.5 | 0.4767TE+05 | 0.4817E+405 | 0.8290E+03 | 0.3807E+04
862.0 | 291.5 | 0.4894E+05 | 0.4875E+05 | 0.8523E+03 | 0.3840E+404
862.0 | 292.5 | 0.5028E+05 | 0.4959E+05 | 0.8897TE+03 | 0.3887E+04
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
862.0 293.5 | 0.4862E+05 | 0.4955E+405 | 0.8893E+03 | 0.3884E+4-04
862.0 | 294.5 | 0.4950E+05 | 0.5123E+405 | 0.9073E+03 | 0.3981E+04
862.0 295.5 | 0.4988E+05 | 0.5137E+405 | 0.8989E+03 | 0.3989E+04
862.0 | 296.5 | 0.5003E+05 | 0.5077E+05 | 0.8511E+03 | 0.3936E+404
862.0 | 297.5 | 0.5126E+405 | 0.5030E4-05 | 0.8019E+03 | 0.3886E+04
862.0 298.5 | 0.5109E+05 | 0.4935E405 | 0.7408E+03 | 0.3801E404
862.0 | 299.5 | 0.5080E+05 | 0.5270E+05 | 0.7954E+03 | 0.4050E+404
862.0 300.5 | 0.5050E+05 | 0.5340E+405 | 0.8007TE+03 | 0.4106E+404
862.0 | 301.5 | 0.5021E+05 | 0.4981E+05 | 0.7354E+03 | 0.3890E+04
862.0 302.5 | 0.5275E+05 | 0.5176E+405 | 0.7827TE+03 | 0.4007E+404
862.0 | 303.5 | 0.5235E+05 | 0.5352E+05 | 0.7897E+03 | 0.4108E+404
862.0 304.5 | 0.5028E+05 | 0.5052E+05 | 0.7285E+03 | 0.3931E+04
862.0 | 305.5 | 0.5232E+05 | 0.5205E+405 | 0.7514E+03 | 0.4018E+404
862.0 | 306.5 | 0.5287E+05 | 0.5240E+05 | 0.7593E+03 | 0.4038E+04
862.0 307.5 | 0.5100E+05 | 0.5363E405 | 0.7791E+03 | 0.4109E+404
862.0 | 308.5 | 0.5255E+05 | 0.5015E+405 | 0.7181E+03 | 0.3905E+404
862.0 309.5 | 0.5256E+05 | 0.5362E+05 | 0.7821E+03 | 0.4104E+04
862.0 | 310.5 | 0.5326E+05 | 0.5136E+05 | 0.7436E+03 | 0.3972E+404
862.0 311.5 | 0.5112E+05 | 0.5097E+05 | 0.7457TE+03 | 0.3947E+404
862.0 | 312.5 | 0.5392E+05 | 0.5518E+405 | 0.8116E+03 | 0.4192E+404
862.0 313.5 | 0.5163E+05 | 0.5694E+05 | 0.8694E+03 | 0.4293E+04
862.0 314.5 | 0.5244E405 | 0.5446E+405 | 0.8927E+403 | 0.4148E+4-04
862.0 315.5 | 0.5528E+05 | 0.5357E+405 | 0.8475E+03 | 0.4096E+404
862.0 | 316.5 | 0.5592E+05 | 0.5197E+05 | 0.7771E+03 | 0.4005E404
862.0 317.5 | 0.5410E+05 | 0.5301E+05 | 0.7692E+03 | 0.4065E+04
862.0 | 318.5 | 0.5370E+05 | 0.5234E+05 | 0.7430E+03 | 0.4028E+04
862.0 | 319.5 | 0.5289E+05 | 0.5544E+05 | 0.7912E+03 | 0.4206E+04
862.0 | 320.5 | 0.5370E+05 | 0.5691E+05 | 0.8181E+03 | 0.4291E+404
862.0 | 321.5 | 0.5323E+05 | 0.5654E+405 | 0.8128E+03 | 0.4267E404
862.0 322.5 | 0.5579E+05 | 0.5680E+405 | 0.8243E+03 | 0.4284E4-04
862.0 | 323.5 | 0.5626E+405 | 0.5370E4+05 | 0.8197E+03 | 0.4102E+04
862.0 324.5 | 0.5626E+05 | 0.5493E405 | 0.8866E+03 | 0.4172E404
862.0 | 325.5 | 0.5606E+05 | 0.5487E+05 | 0.8973E+03 | 0.4169E+404
862.0 326.5 | 0.5418E+05 | 0.5678E+405 | 0.9279E+03 | 0.4278E+404
862.0 | 327.5 | 0.5546E+05 | 0.5517E+05 | 0.9011E+03 | 0.4183E+404
862.0 | 328.5 | 0.5525E+05 | 0.5553E+405 | 0.8958E+03 | 0.4203E+404
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
862.0 329.5 | 0.5669E+05 | 0.5823E405 | 0.9459E+03 | 0.4359E+404
862.0 | 330.5 | 0.5534E+05 | 0.5848E+05 | 0.9370E+03 | 0.4375E+404
862.0 331.5 | 0.5627E+05 | 0.5683E+405 | 0.9069E+03 | 0.4276E+404
862.0 | 332.5 | 0.5800E+05 | 0.6063E4+05 | 0.9860E+03 | 0.4503E+04
862.0 | 333.5 | 0.5769E+05 | 0.5741E4+05 | 0.9636E+03 | 0.4310E404
862.0 334.5 | 0.57T11E+05 | 0.5861E+05 | 0.1022E+04 | 0.4376E+04
862.0 | 335.5 | 0.5954E+405 | 0.5797TE4+05 | 0.1028E+04 | 0.4354E+04
862.0 336.5 | 0.5705E+05 | 0.5750E405 | 0.1020E+04 | 0.4331E+404
862.0 | 337.5 | 0.5859E+05 | 0.5821E+05 | 0.1024E+04 | 0.4371E+404
862.0 338.5 | 0.5770E+05 | 0.5773E+05 | 0.1012E+04 | 0.4342E+4-04
862.0 | 339.5 | 0.5778E+05 | 0.5799E+05 | 0.9842E+03 | 0.4355E+04
862.0 340.5 | 0.5817E+05 | 0.5860E+05 | 0.9546E+03 | 0.4390E404
862.0 | 341.5 | 0.5792E+05 | 0.5921E+405 | 0.9279E+03 | 0.4424E+404
862.0 | 342.5 | 0.5831E+05 | 0.5932E+05 | 0.8878E+03 | 0.4429E+404
862.0 343.5 | 0.5871E+05 | 0.6173E405 | 0.9230E+03 | 0.4550E404
862.0 | 344.5 | 0.5911E+05 | 0.5964E+05 | 0.8759E+03 | 0.4424E+404
862.0 345.5 | 0.5950E+05 | 0.5982E+05 | 0.8957E+03 | 0.4437E+04
862.0 | 346.5 | 0.6110E+405 | 0.5838E+05 | 0.8512E+03 | 0.4351E+04
862.0 347.5 | 0.5937TE+05 | 0.5906E+405 | 0.8429E+03 | 0.4392E4-04
862.0 | 348.5 | 0.5976E+405 | 0.5853E+405 | 0.8355E+03 | 0.4359E+04
862.0 349.5 | 0.5879E+05 | 0.6100E+405 | 0.8686E+03 | 0.4504E404
862.0 | 350.5 | 0.5947E+05 | 0.6159E405 | 0.8679E+03 | 0.4538E404
862.0 351.5 | 0.5922E+05 | 0.5804E+05 | 0.8297E+03 | 0.4331E+04
862.0 | 352.5 | 0.6113E+05 | 0.6249E+05 | 0.9040E+03 | 0.4588E+04
862.0 353.5 | 0.6080E+05 | 0.5978E+405 | 0.8716E+03 | 0.4428E4-04
862.0 | 354.5 | 0.5910E+05 | 0.5975E+05 | 0.8681E+03 | 0.4423E+404
862.0 | 355.5 | 0.6236E+405 | 0.6708E4+05 | 0.1012E+04 | 0.4855E+04
862.0 | 356.5 | 0.5965E+05 | 0.6147E+05 | 0.1015E+04 | 0.4526E+04
862.0 | 357.5 | 0.6113E+05 | 0.6105E405 | 0.9749E+03 | 0.4497E+404
862.0 358.5 | 0.6534E+05 | 0.5925E405 | 0.8897E+03 | 0.4396E+404
862.0 | 359.5 | 0.6070E+405 | 0.5886E+05 | 0.8396E+03 | 0.4373E+04
862.0 360.5 | 0.6159E+05 | 0.6021E+05 | 0.8505E+03 | 0.4446E+04
862.0 | 361.5 | 0.5980E+05 | 0.6085E+05 | 0.8479E+03 | 0.4481E+04
862.0 362.5 | 0.6025E+05 | 0.6307E+405 | 0.8917TE+03 | 0.4612E+4-04
862.0 | 363.5 | 0.6104E+05 | 0.6381E+05 | 0.9183E+03 | 0.4654E+404
862.0 | 364.5 | 0.6164E+05 | 0.6062E+05 | 0.8840E+03 | 0.4468E+04
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
862.0 365.5 | 0.6318E+05 | 0.6013E405 | 0.9526E+03 | 0.4443E4-04
862.0 | 366.5 | 0.6325E+05 | 0.6049E+05 | 0.1010E+04 | 0.4458E+04
862.0 367.5 | 0.6121E+05 | 0.5983E+405 | 0.1002E+04 | 0.4420E404
862.0 | 368.5 | 0.6127E+05 | 0.6423E+05 | 0.1074E+04 | 0.4675E+04
862.0 | 369.5 | 0.6146E+405 | 0.6295E405 | 0.1037E+04 | 0.4596E+04
862.0 370.5 | 0.6135E+05 | 0.5891E+05 | 0.9452E+03 | 0.4368E+04
862.0 | 371.5 | 0.6447TE+05 | 0.6274E+05 | 0.1008E+04 | 0.4586E404
862.0 372.5 | 0.6279E+05 | 0.5952E+05 | 0.9517E+03 | 0.4400E+04
862.0 | 373.5 | 0.6094E+05 | 0.6628E+05 | 0.1096E+04 | 0.4791E+404
862.0 374.5 | 0.6351E+05 | 0.6151E+05 | 0.1064E+04 | 0.4514E+04
862.0 | 375.5 | 0.6129E+405 | 0.6508E+405 | 0.1178E+04 | 0.4723E+04
862.0 376.5 | 0.6618E+05 | 0.6280E+405 | 0.1153E+04 | 0.4594E4-04
862.0 | 377.5 | 0.6214E+05 | 0.6344E+05 | 0.1153E+04 | 0.4629E404
862.0 | 378.5 | 0.6560E+05 | 0.6260E+05 | 0.1128E+04 | 0.4576E+404
862.0 379.5 | 0.6307TE+05 | 0.6307E+405 | 0.1093E+04 | 0.4600E+404
862.0 | 380.5 | 0.6440E+05 | 0.6434E+05 | 0.1065E+04 | 0.4673E+04
862.0 381.5 | 0.6332E+05 | 0.6539E+405 | 0.1034E+04 | 0.4732E+404
862.0 | 382.5 | 0.6415E+405 | 0.6650E405 | 0.1004E+04 | 0.4795E+04
862.0 383.5 | 0.6498E+05 | 0.6758E+405 | 0.9695E+03 | 0.4855E4-04
862.0 | 384.5 | 0.6580E+05 | 0.6812E+05 | 0.9651E+03 | 0.4889E+04
862.0 385.5 | 0.6663E+05 | 0.6608E+05 | 0.9383E+03 | 0.4767E+04
862.0 | 386.5 | 0.6746E+05 | 0.6459E405 | 0.8989E+03 | 0.4681E+404
862.0 387.5 | 0.67T4TE+05 | 0.6750E405 | 0.9254E+03 | 0.4848E4-04
862.0 | 388.5 | 0.6604E+405 | 0.6666E4+05 | 0.9091E+03 | 0.4798E+04
862.0 389.5 | 0.6563E+05 | 0.6737E4+05 | 0.9165E+03 | 0.4840E+404
862.0 | 390.5 | 0.6771E+05 | 0.6910E+405 | 0.9441E+03 | 0.4937E+04
862.0 | 391.5 | 0.6690E+05 | 0.6493E+05 | 0.8873E+03 | 0.4700E+04
862.0 | 392.5 | 0.6774E+05 | 0.6813E+05 | 0.9417E+03 | 0.4881E+404
862.0 | 393.5 | 0.6850E+05 | 0.6731E4+05 | 0.9413E+03 | 0.4832E+404
862.0 394.5 | 0.6580E+05 | 0.6754E+05 | 0.9217E+03 | 0.4847E+04
862.0 | 395.5 | 0.6879E+05 | 0.7114E+05 | 0.1117E+04 | 0.5054E+04
862.0 396.5 | 0.6740E+05 | 0.6934E+05 | 0.1058E+04 | 0.4947E+04
862.0 | 397.5 | 0.6833E+05 | 0.6794E+05 | 0.9774E+03 | 0.4864E+404
862.0 398.5 | 0.7062E+05 | 0.6820E+405 | 0.9380E+03 | 0.4878E+404
862.0 | 399.5 | 0.6883E+05 | 0.6680E+05 | 0.8984E+03 | 0.4803E+04
862.0 | 400.5 | 0.6862E+05 | 0.7043E+405 | 0.9557TE+03 | 0.5008E+404

225

continued on next page




Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
862.0 401.5 | 0.6869E+05 | 0.7351E+05 | 0.1007E+04 | 0.5189E+04
862.0 | 402.5 | 0.6790E+05 | 0.6979E+05 | 0.9594E+03 | 0.4971E+04
862.0 403.5 | 0.7101E405 | 0.6910E+05 | 0.1019E+404 | 0.4927E+04
862.0 | 404.5 | 0.7218E+05 | 0.6874E+05 | 0.1063E+04 | 0.4908E+404
862.0 | 405.5 | 0.6968E+405 | 0.6972E4+05 | 0.1122E+04 | 0.4962E+04
862.0 406.5 | 0.6979E4-05 | 0.7558E+05 | 0.1209E404 | 0.5307E+04
862.0 | 407.5 | 0.6948E+05 | 0.7234E+05 | 0.1129E+04 | 0.5113E404
862.0 408.5 | 0.7098E+05 | 0.7214E+05 | 0.1118E+04 | 0.5100E+04
862.0 | 409.5 | 0.7445E+05 | 0.7082E+05 | 0.1088E+04 | 0.5025E404
862.0 410.5 | 0.7170E4-05 | 0.7360E+05 | 0.1121E404 | 0.5188E+04
862.0 | 411.5 | 0.7221E+405 | 0.7538E+405 | 0.1182E+04 | 0.5288E+04
862.0 412.5 | 0.7133E405 | 0.6919E+05 | 0.1146E+404 | 0.4931E+04
862.0 | 413.5 | 0.7383E+05 | 0.7469E+05 | 0.1282E+04 | 0.5252E404
862.0 | 414.5 | 0.7395E+05 | 0.7473E+05 | 0.1291E+04 | 0.5248E+04
862.0 415.5 | 0.7036E4-05 | 0.7723E+05 | 0.1328E+4-04 | 0.5393E+04
862.0 | 416.5 | 0.7489E+05 | 0.7527E+05 | 0.1270E+04 | 0.5278E+04
862.0 417.5 | 0.7420E+05 | 0.8292E+05 | 0.1438E+04 | 0.5728E+04
1716.9 | 50.0 | 0.1767E+04 | 0.6065E+04 | 0.1094E+03 | 0.4851E+03
1716.9 | 55.0 | 0.3209E+404 | 0.1061E+05 | 0.1573E4+03 | 0.7177TE+03
1716.9 | 60.0 | 0.5179E+04 | 0.1421E+05 | 0.1878E+03 | 0.9163E+03
1716.9 | 65.0 | 0.6930E404 | 0.1713E+05 | 0.2123E403 | 0.1073E+04
1716.9 70.0 0.8595E+04 | 0.2088E+05 | 0.2402E+03 | 0.1267E+04
1716.9 | 75.0 | 0.1089E+05 | 0.2626E+05 | 0.2876E+03 | 0.1563E+04
1716.9 80.0 0.1377E+05 | 0.3068E+05 | 0.3250E+03 | 0.1809E+04
1716.9 | 85.0 | 0.1626E+05 | 0.3685E+05 | 0.3805E+03 | 0.2137E+04
1716.9 90.0 0.1979E+05 | 0.4261E405 | 0.4290E+03 | 0.2447E+04
1716.9 | 95.0 | 0.2310E4-05 | 0.5052E+05 | 0.5087E+03 | 0.2876E+04
1716.9 | 100.0 | 0.2746E405 | 0.5477E+05 | 0.5579E403 | 0.3086E+04
1716.9 | 105.0 | 0.2975E+05 | 0.5665E+05 | 0.5575E+03 | 0.3180E+04
1716.9 | 110.0 | 0.3149E+05 | 0.5656E+05 | 0.5369E+03 | 0.3151E+04
1716.9 | 115.0 | 0.3256E+05 | 0.5890E+05 | 0.5663E+03 | 0.3267E+04
1716.9 | 120.0 | 0.3458E+05 | 0.5640E+05 | 0.5413E+403 | 0.3106E+04
1716.9 | 125.0 | 0.3359E+05 | 0.5056E+05 | 0.4937E+03 | 0.2762E+04
1716.9 | 130.0 | 0.3176E405 | 0.4471E+05 | 0.4539E403 | 0.2427E+04
1716.9 | 135.0 | 0.2984E+-05 | 0.3960E+05 | 0.4107E+03 | 0.2141E+04
1716.9 | 140.0 | 0.2808E+05 | 0.3558E+05 | 0.3723E+03 | 0.1915E+04
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
1716.9 | 145.0 | 0.2631E+05 | 0.2936E+05 | 0.3066E+03 | 0.1576E+04
1716.9 | 150.0 | 0.2344E405 | 0.2531E+05 | 0.2692E+03 | 0.1357E+04
1716.9 | 155.0 | 0.2178E+05 | 0.2128E+05 | 0.2321E+03 | 0.1143E+04
1716.9 | 160.0 | 0.1960E+405 | 0.1767TE+05 | 0.2043E403 | 0.9588E+03
1716.9 | 165.0 | 0.1787E+05 | 0.1581E+05 | 0.1799E+03 | 0.8637E+03
1716.9 | 170.0 | 0.1669E+05 | 0.1303E+05 | 0.1910E+03 | 0.7246E+03
1716.9 | 175.0 | 0.1494E+05 | 0.1085E+05 | 0.1720E+03 | 0.6190E+03
1716.9 | 180.0 | 0.1375E+05 | 0.9793E+04 | 0.1202E+03 | 0.5676E+03
1716.9 | 185.0 | 0.1291E+405 | 0.8474E+04 | 0.8366E+02 | 0.5073E+03
1716.9 | 190.0 | 0.1186E+05 | 0.6990E+04 | 0.6748E+02 | 0.4430E+03
1716.9 | 195.0 | 0.1088E+405 | 0.6266E+04 | 0.6136E+02 | 0.4106E+03
1716.9 | 200.0 | 0.1030E+05 | 0.5792E4+04 | 0.5677E+02 | 0.3863E403
1716.9 | 205.0 | 0.9717E+404 | 0.4937TE+04 | 0.4879E+02 | 0.3521E+03
1716.9 | 210.0 | 0.9028E+04 | 0.4465E+04 | 0.4465E+02 | 0.3312E+03
1716.9 | 215.0 | 0.8594E+04 | 0.4211E4+04 | 0.4213E+02 | 0.3169E+03
1716.9 | 220.0 | 0.8228E+404 | 0.4159E+04 | 0.4447E+02 | 0.3069E+03
1716.9 | 225.0 | 0.7964E+04 | 0.3848E+04 | 0.4209E+02 | 0.2919E+03
1716.9 | 230.0 | 0.7569E+404 | 0.3471E+04 | 0.3604E+02 | 0.2764E+03
1716.9 | 235.0 | 0.7222E+04 | 0.3252E4+04 | 0.3289E+02 | 0.2651E403
1716.9 | 240.0 | 0.6986E+404 | 0.3561E+04 | 0.3623E+402 | 0.2663E+03
1716.9 | 245.0 | 0.6978E+04 | 0.3625E+04 | 0.3804E+02 | 0.2622E+03
1716.9 | 250.0 | 0.6785E+04 | 0.3354E+04 | 0.3790E+02 | 0.2508E+03
1716.9 | 255.0 | 0.6548E+04 | 0.3546E+04 | 0.4207E+02 | 0.2520E+03
1716.9 | 260.0 | 0.6550E+04 | 0.3590E+04 | 0.4228E+02 | 0.2498E+03
1716.9 | 265.0 | 0.6419E+04 | 0.3626E+04 | 0.4185E+02 | 0.2478E+03
1716.9 | 270.0 | 0.6375E+04 | 0.4050E+04 | 0.4665E+402 | 0.2600E+03
1716.9 | 275.0 | 0.6488E+404 | 0.4276E+04 | 0.5125E+4+02 | 0.2664E+03
1716.9 | 280.0 | 0.6483E+04 | 0.4494E+04 | 0.5916E+02 | 0.2738E+03
1716.9 | 285.0 | 0.6525E+04 | 0.4586E+04 | 0.5010E+02 | 0.2768E+03
1716.9 | 290.0 | 0.6532E+04 | 0.5191E4+04 | 0.9778E+02 | 0.3011E+03
1716.9 | 295.0 | 0.6830E+04 | 0.5970E+04 | 0.1142E+03 | 0.3359E+03
1716.9 | 300.0 | 0.7116E+04 | 0.6320E+04 | 0.7683E+02 | 0.3531E+03
1716.9 | 305.0 | 0.7182E+404 | 0.5966E+04 | 0.6139E+02 | 0.3362E+03
1716.9 | 310.0 | 0.7009E+04 | 0.5944E+04 | 0.6197E+02 | 0.3364E+03
1716.9 | 315.0 | 0.7110E4-04 | 0.6547E+04 | 0.6602E+02 | 0.3652E+03
1716.9 | 320.0 | 0.7354E+04 | 0.6470E+04 | 0.6460E+02 | 0.3615E+03
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
1716.9 | 325.0 | 0.7303E+04 | 0.7315E+04 | 0.7523E+02 | 0.4037E+03
1716.9 | 330.0 | 0.7747E+4+04 | 0.7355E+04 | 0.7396E+02 | 0.4055E+03
1716.9 | 335.0 | 0.7718E+04 | 0.8287E+04 | 0.8878E+02 | 0.4536E+03
1716.9 | 340.0 | 0.8253E+04 | 0.8388E+04 | 0.9237E+02 | 0.4589E+03
1716.9 | 345.0 | 0.8179E+04 | 0.8209E+04 | 0.8329E+02 | 0.4501E+03
1716.9 | 350.0 | 0.8236E+04 | 0.8805E+04 | 0.8624E+02 | 0.4820E+03
1716.9 | 355.0 | 0.8625E+04 | 0.9655E+04 | 0.9466E+02 | 0.5257TE+03
1716.9 | 360.0 | 0.8986E+04 | 0.9597E+04 | 0.9834E+02 | 0.5219E+03
1716.9 | 365.0 | 0.8930E+04 | 0.9574E+04 | 0.1070E+4+03 | 0.5227E+03
1716.9 | 370.0 | 0.9070E+04 | 0.1006E+05 | 0.1142E+03 | 0.5469E+03
1716.9 | 375.0 | 0.9352E404 | 0.1023E+05 | 0.1135E403 | 0.5551E+03
1716.9 | 380.0 | 0.9461E+04 | 0.1061E405 | 0.1155E+03 | 0.5764E403
1716.9 | 385.0 | 0.9688E+404 | 0.1043E+05 | 0.1131E403 | 0.5660E+03
1716.9 | 390.0 | 0.9633E+404 | 0.1070E+05 | 0.1264E403 | 0.5795E+03
1716.9 | 395.0 | 0.9881E+04 | 0.1078E+05 | 0.1132E+03 | 0.5838E+03
1716.9 | 400.0 | 0.9889E+04 | 0.1043E+05 | 0.1777E4+03 | 0.5650E+03
1716.9 | 405.0 | 0.9802E+04 | 0.1070E+05 | 0.2326E+03 | 0.5787E+03
1716.9 | 410.0 | 0.1009E405 | 0.1164E+05 | 0.1678E+4+03 | 0.6277E+03
1716.9 | 415.0 | 0.1051E+05 | 0.1149E+05 | 0.1327E+03 | 0.6216E+03
1716.9 | 420.0 | 0.1037E+05 | 0.1123E+05 | 0.1321E+403 | 0.6074E+03
1716.9 | 425.0 | 0.1037E+05 | 0.1109E+05 | 0.1278E+03 | 0.5981E+03
1716.9 | 430.0 | 0.1036E+05 | 0.1073E+05 | 0.1245E+03 | 0.5793E+03
1716.9 | 435.0 | 0.1015E+05 | 0.9662E+04 | 0.1069E+03 | 0.5250E+03
1716.9 | 440.0 | 0.9776E+04 | 0.1048E+05 | 0.1286E+03 | 0.5645E+03
1716.9 | 445.0 | 0.1023E+05 | 0.9601E4+04 | 0.1219E+03 | 0.5197E+03
1716.9 | 450.0 | 0.9605E+04 | 0.9148E+04 | 0.1105E+03 | 0.4981E+03
1716.9 | 455.0 | 0.9574E+404 | 0.9163E+04 | 0.1041E+403 | 0.4983E+03
1716.9 | 460.0 | 0.9597E+04 | 0.9645E+04 | 0.1106E403 | 0.5216E+03
1716.9 | 465.0 | 0.9696E+404 | 0.8148E+04 | 0.1033E403 | 0.4486E+03
1716.9 | 470.0 | 0.8928E+04 | 0.8482E+04 | 0.1309E+03 | 0.4639E+03
1716.9 | 475.0 | 0.9307E+404 | 0.8520E+04 | 0.1281E403 | 0.4659E+03
1716.9 | 480.0 | 0.9094E+04 | 0.7898E+04 | 0.1174E+03 | 0.4338E+03
1716.9 | 485.0 | 0.8770E+04 | 0.7091E+04 | 0.1013E+4+03 | 0.3983E+03
1716.9 | 490.0 | 0.8440E+04 | 0.7578E+04 | 0.1272E+03 | 0.4202E+03
1716.9 | 495.0 | 0.8670E+04 | 0.6915E+04 | 0.1029E+403 | 0.3881E+03
1716.9 | 500.0 | 0.8219E+04 | 0.7390E+04 | 0.1839E+403 | 0.4088E+03
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
1716.9 | 505.0 | 0.8570E+04 | 0.7387E+04 | 0.1668E+03 | 0.4073E+03
1716.9 | 510.0 | 0.8315E+404 | 0.6233E+04 | 0.7185E+02 | 0.3545E+03
1716.9 | 515.0 | 0.7771E+04 | 0.5798E+04 | 0.5165E+02 | 0.3352E+03
1716.9 | 520.0 | 0.7645E+04 | 0.5733E+04 | 0.5418E+02 | 0.3313E+03
1716.9 | 525.0 | 0.7538E+04 | 0.5443E+04 | 0.5056E+02 | 0.3179E+03
1716.9 | 530.0 | 0.7298E+04 | 0.5028E+04 | 0.4737E+02 | 0.3001E+03
1716.9 | 535.0 | 0.7104E+04 | 0.5308E+04 | 0.5037E+02 | 0.3109E+03
1716.9 | 540.0 | 0.7228E+04 | 0.5480E+04 | 0.5849E+02 | 0.3172E+03
1716.9 | 545.0 | 0.7153E+404 | 0.4828E+04 | 0.4835E+02 | 0.2903E+03
1716.9 | 550.0 | 0.6776E+04 | 0.4524E4+04 | 0.4197E+02 | 0.2776E+03
1716.9 | 555.0 | 0.6701E+404 | 0.4885E+04 | 0.4557E+02 | 0.2908E+03
1716.9 | 560.0 | 0.6808E+04 | 0.4664E+4+04 | 0.4781E+02 | 0.2804E403
1716.9 | 565.0 | 0.6605E+404 | 0.4688E+04 | 0.5290E+402 | 0.2807E+03
1716.9 | 570.0 | 0.6614E+04 | 0.4567E+04 | 0.5170E+02 | 0.2752E+03
1716.9 | 575.0 | 0.6486E+04 | 0.4433E+04 | 0.4838E+02 | 0.2695E+03
1716.9 | 580.0 | 0.6413E+404 | 0.4314E+04 | 0.4794E+02 | 0.2640E+03
1716.9 | 585.0 | 0.6290E+04 | 0.3929E+04 | 0.4664E+02 | 0.2491E+03
1716.9 | 590.0 | 0.6101E+404 | 0.4099E+04 | 0.4963E+02 | 0.2546E+03
1716.9 | 595.0 | 0.6207E+04 | 0.4621E4+04 | 0.5445E+02 | 0.2752E403
1716.9 | 600.0 | 0.6396E+404 | 0.4756E+04 | 0.5274E+02 | 0.2805E+03
1716.9 | 605.0 | 0.6344E+04 | 0.3980E+04 | 0.3874E+02 | 0.2491E+03
1716.9 | 610.0 | 0.5942E+04 | 0.3738E+04 | 0.3444E+02 | 0.2394E+03
1716.9 | 615.0 | 0.5918E+04 | 0.3860E+04 | 0.3547E+02 | 0.2434E+03
1716.9 | 620.0 | 0.5931E+04 | 0.3883E+04 | 0.3620E+02 | 0.2436E+03
1716.9 | 625.0 | 0.5892E+04 | 0.3919E+04 | 0.3648E+02 | 0.2445E+03
1716.9 | 630.0 | 0.5897E+04 | 0.4178E+04 | 0.4412E+02 | 0.2543E+03
1716.9 | 635.0 | 0.5967E+04 | 0.3719E+04 | 0.3684E+02 | 0.2363E+03
1716.9 | 640.0 | 0.5688E+404 | 0.3540E+04 | 0.3264E402 | 0.2295E+03
1716.9 | 645.0 | 0.5676E+04 | 0.3787E+04 | 0.3453E+02 | 0.2384E+03
1716.9 | 650.0 | 0.5749E+04 | 0.3679E+04 | 0.3837E+02 | 0.2336E+03
1716.9 | 655.0 | 0.5629E+04 | 0.3509E+04 | 0.3895E+02 | 0.2273E+03
1716.9 | 660.0 | 0.5561E+04 | 0.3668E+04 | 0.4052E+02 | 0.2329E+03
1716.9 | 665.0 | 0.5626E+404 | 0.3618E+04 | 0.3755E+02 | 0.2308E+03
1716.9 | 670.0 | 0.5569E+04 | 0.3773E+04 | 0.4767E+02 | 0.2370E+03
1716.9 | 675.0 | 0.5636E+4+04 | 0.3820E+04 | 0.3235E+02 | 0.2384E+03
1716.9 | 680.0 | 0.5648E+04 | 0.4119E+04 | 0.1073E+03 | 0.2508E+03
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
1716.9 | 685.0 | 0.5828E+04 | 0.4276E+04 | 0.8427E+02 | 0.257T9E+03
1716.9 | 690.0 | 0.5812E+404 | 0.3806E+04 | 0.4604E+02 | 0.2386E+03
1716.9 | 695.0 | 0.5586E+04 | 0.3737TE+04 | 0.4347TE+02 | 0.2359E+03
1716.9 | 700.0 | 0.5623E+04 | 0.3705E+04 | 0.4187E+02 | 0.2345E+03
1716.9 | 705.0 | 0.5560E404 | 0.3495E+04 | 0.4147E4+02 | 0.2262E+03
1716.9 | 710.0 | 0.5507E+04 | 0.4041E+04 | 0.4974E+02 | 0.2484E+03
1716.9 | 715.0 | 0.5749E+04 | 0.3757TE+04 | 0.4965E+02 | 0.2378E+03
1716.9 | 720.0 | 0.5504E+04 | 0.3488E+04 | 0.4255E+02 | 0.2265E+03
1716.9 | 725.0 | 0.5494E+404 | 0.4160E+04 | 0.4624E+02 | 0.2535E+03
1716.9 | 730.0 | 0.5770E+04 | 0.3818E+04 | 0.4695E+02 | 0.2398E+03
1716.9 | 735.0 | 0.5550E404 | 0.3884E+04 | 0.5941E+02 | 0.2427E+03
1716.9 | 740.0 | 0.5645E+04 | 0.3787E+04 | 0.5584E+02 | 0.2383E+03
1716.9 | 745.0 | 0.5539E404 | 0.3877E+04 | 0.5359E+02 | 0.2423E+03
1716.9 | 750.0 | 0.5622E+04 | 0.3500E+04 | 0.5990E+02 | 0.2289E+03
1716.9 | 755.0 | 0.5374E+04 | 0.3525E+04 | 0.3772E+02 | 0.2288E+03
1716.9 | 760.0 | 0.5528E+404 | 0.4396E+04 | 0.1667E+03 | 0.2657TE+03
1716.9 | 765.0 | 0.5885E+04 | 0.4193E+04 | 0.9677E+02 | 0.2568E+03
1716.9 | 770.0 | 0.5688E+404 | 0.3775E+04 | 0.3142E+02 | 0.2390E+03
1716.9 | 775.0 | 0.5541E+04 | 0.3649E+04 | 0.3456E+02 | 0.2340E+03
1716.9 | 780.0 | 0.5505E404 | 0.3607E+04 | 0.3329E+02 | 0.2334E+03
1716.9 | 785.0 | 0.5521E+04 | 0.3725E+04 | 0.3392E+02 | 0.2381E+03
1716.9 | 790.0 | 0.5594E+04 | 0.3997E+04 | 0.4143E+02 | 0.2492E+03
1716.9 | 795.0 | 0.5656E+04 | 0.3475E+04 | 0.3396E+02 | 0.2285E+03
1716.9 | 800.0 | 0.5380E+04 | 0.3551E+04 | 0.3221E+02 | 0.2317E+03
1716.9 | 805.0 | 0.5544E+04 | 0.3841E+04 | 0.3834E+02 | 0.2432E+03
1716.9 | 810.0 | 0.5581E+04 | 0.3447E+04 | 0.3873E+02 | 0.2278E+03
1716.9 | 815.0 | 0.5380E+04 | 0.3569E+04 | 0.4094E+02 | 0.2327E+03
1716.9 | 820.0 | 0.5491E+04 | 0.3663E+04 | 0.4090E+02 | 0.2368E+03
1716.9 | 825.0 | 0.5503E+04 | 0.3639E+04 | 0.4409E+02 | 0.2362E+03
1716.9 | 830.0 | 0.5495E+04 | 0.3472E+04 | 0.4422E+02 | 0.2296E+03
1716.9 | 835.0 | 0.5419E+04 | 0.3713E+04 | 0.6347E+02 | 0.2400E+03
1716.9 | 840.0 | 0.5561E+04 | 0.3541E+04 | 0.4550E+02 | 0.2335E+03
1716.9 | 845.0 | 0.5415E+404 | 0.3301E+04 | 0.3355E+02 | 0.2242E+03
1716.9 | 850.0 | 0.5353E+04 | 0.3327E+04 | 0.3441E+02 | 0.2251E+03
1716.9 | 855.0 | 0.5340E+04 | 0.3166E+04 | 0.3299E+02 | 0.2195E+03
1716.9 | 860.0 | 0.5286E+04 | 0.3456E+04 | 0.4089E+02 | 0.2309E+03
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
1716.9 | 865.0 | 0.5401E+04 | 0.2874E+04 | 0.3231E+02 | 0.2096E+03
1716.9 | 870.0 | 0.5076E+04 | 0.3111E+04 | 0.3181E+02 | 0.2184E+03
1716.9 | 875.0 | 0.5288E+04 | 0.3122E4+04 | 0.3578E+02 | 0.2181E+03
1716.9 | 880.0 | 0.5193E+04 | 0.3175E+04 | 0.4299E+02 | 0.2213E+03
1716.9 | 885.0 | 0.5278E+404 | 0.3048E+04 | 0.3900E+402 | 0.2165E+03
1716.9 | 890.0 | 0.5160E+04 | 0.3149E+04 | 0.4608E+02 | 0.2208E+03
1716.9 | 895.0 | 0.5256E404 | 0.2958E+04 | 0.2966E+402 | 0.2149E+03
1716.9 | 900.0 | 0.5102E+04 | 0.2905E+04 | 0.9078E+02 | 0.2122E+03
1716.9 | 905.0 | 0.5152E+404 | 0.3125E+04 | 0.6040E+02 | 0.2202E+03
1716.9 | 910.0 | 0.5214E+04 | 0.3004E4+04 | 0.2656E+02 | 0.2169E+03
1716.9 | 915.0 | 0.5159E+404 | 0.2941E+04 | 0.2786E+02 | 0.2146E+03
1716.9 | 920.0 | 0.5109E+04 | 0.2627E+04 | 0.2384E+02 | 0.2040E+03
1716.9 | 925.0 | 0.4978E+404 | 0.2933E+04 | 0.2948E+402 | 0.2155E+03
1716.9 | 930.0 | 0.5146E+04 | 0.2587E+04 | 0.2581E+02 | 0.2033E+03
1716.9 | 935.0 | 0.4919E+04 | 0.2845E+04 | 0.2559E+02 | 0.2129E+03
1716.9 | 940.0 | 0.5105E+404 | 0.2566E+04 | 0.2569E+02 | 0.2032E+03
1716.9 | 945.0 | 0.4863E+04 | 0.2538E+04 | 0.2896E+02 | 0.2027E+03
1716.9 | 950.0 | 0.4978E+404 | 0.2856E+04 | 0.3208E+02 | 0.2142E+03
1716.9 | 955.0 | 0.5046E+04 | 0.2614E4+04 | 0.2984E+02 | 0.2062E403
1716.9 | 960.0 | 0.4929E+04 | 0.2594E+04 | 0.3480E+02 | 0.2056E+03
2580.5 | 95.0 | 0.4124E+02 | 0.8785E+02 | 0.2455E+01 | 0.1194E+-02
2580.5 | 105.0 | 0.1029E403 | 0.2177E4+03 | 0.5032E401 | 0.1947E4-02
2580.5 | 115.0 | 0.1768E+03 | 0.3408E403 | 0.7301E+01 | 0.2681E4-02
2580.5 | 125.0 | 0.2850E403 | 0.5267E4+03 | 0.9375E401 | 0.3809E4-02
2580.5 | 135.0 | 0.4242E4-03 | 0.7636E+403 | 0.1117E+402 | 0.5261E4-02
2580.5 | 145.0 | 0.6217E4+03 | 0.1109E+404 | 0.1465E+402 | 0.7274E4-02
2580.5 | 155.0 | 0.9066E+03 | 0.1606E+404 | 0.2052E+02 | 0.1009E+03
2580.5 | 165.0 | 0.1295E+404 | 0.2265E+04 | 0.2844E+02 | 0.1375E403
2580.5 | 175.0 | 0.1808E+04 | 0.3163E+04 | 0.3253E+02 | 0.1869E4-03
2580.5 | 185.0 | 0.2515E+4+04 | 0.4327E+04 | 0.3336E+02 | 0.2502E4-03
2580.5 | 195.0 | 0.3330E+404 | 0.5677TE4+04 | 0.4459E+402 | 0.3231E4-03
2580.5 | 205.0 | 0.4325E+04 | 0.7168E+404 | 0.5649E+02 | 0.4030E+03
2580.5 | 215.0 | 0.5161E404 | 0.8225E4+04 | 0.6526E+402 | 0.4587TE4-03
2580.5 | 225.0 | 0.5814E+04 | 0.8952E+04 | 0.6797E+02 | 0.4960E+03
2580.5 | 235.0 | 0.6364E+04 | 0.9566E+404 | 0.7252E+02 | 0.5270E4-03
2580.5 | 245.0 | 0.6721E+04 | 0.9503E+404 | 0.7282E+02 | 0.5213E4-03
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
2580.5 | 255.0 | 0.6355E+04 | 0.8492E+04 | 0.6606E+02 | 0.4644E+03
2580.5 | 265.0 | 0.6107E+04 | 0.7792E+04 | 0.6188E+02 | 0.4255E4-03
2580.5 | 275.0 | 0.5560E+404 | 0.6615E+4+04 | 0.5234E+402 | 0.3617E4-03
2580.5 | 285.0 | 0.4936E+04 | 0.5502E+404 | 0.4376E+02 | 0.3018E4-03
2580.5 | 295.0 | 0.4366E+404 | 0.4564E+404 | 0.3769E+402 | 0.2528E4-03
2580.5 | 305.0 | 0.3833E+04 | 0.3744E+04 | 0.3253E+02 | 0.2117E+4+03
2580.5 | 315.0 | 0.3366E+404 | 0.3082E+404 | 0.2694E+4-02 | 0.1780E403
2580.5 | 325.0 | 0.2985E+04 | 0.2584E+04 | 0.2203E+02 | 0.1526E+03
2580.5 | 335.0 | 0.2682E+04 | 0.2221E404 | 0.1822E+02 | 0.1340E+-03
2580.5 | 345.0 | 0.2447E+04 | 0.1964E+04 | 0.1579E+02 | 0.1205E+403
2580.5 | 355.0 | 0.2268E+04 | 0.1788E+04 | 0.1438E+02 | 0.1110E4-03
2580.5 | 365.0 | 0.2139E+404 | 0.1690E+04 | 0.1360E+402 | 0.1055E4-03
2580.5 | 375.0 | 0.2051E+04 | 0.1620E+404 | 0.1312E+02 | 0.1014E4-03
2580.5 | 385.0 | 0.1986E+04 | 0.1659E+404 | 0.1374E+402 | 0.1029E4-03
2580.5 | 395.0 | 0.2061E404 | 0.1810E+4+04 | 0.1572E+402 | 0.1098E4-03
2580.5 | 405.0 | 0.1993E+04 | 0.1727E+404 | 0.1418E+02 | 0.1051E403
2580.5 | 415.0 | 0.2041E404 | 0.1922E+04 | 0.1525E+02 | 0.1148E+03
2580.5 | 425.0 | 0.2167E+04 | 0.2111E404 | 0.1703E+02 | 0.1244E4-03
2580.5 | 435.0 | 0.2178E+404 | 0.2174E+04 | 0.1848E+02 | 0.1275E+03
2580.5 | 445.0 | 0.2333E+04 | 0.2448E404 | 0.2113E+02 | 0.1417E403
2580.5 | 455.0 | 0.2429E+04 | 0.2594E+04 | 0.2171E4+02 | 0.1492E+03
2580.5 | 465.0 | 0.2559E+4+04 | 0.2811E4+04 | 0.2366E+02 | 0.1604E403
2580.5 | 475.0 | 0.2690E+04 | 0.2981E+04 | 0.2608E+02 | 0.1694E+03
2580.5 | 485.0 | 0.2771E+404 | 0.3075E+04 | 0.2726E+402 | 0.1742E4-03
2580.5 | 495.0 | 0.2866E+4+04 | 0.3210E+404 | 0.2801E+402 | 0.1812E4-03
2580.5 | 505.0 | 0.2978E+04 | 0.3368E+04 | 0.2844E+02 | 0.1894E4-03
2580.5 | 515.0 | 0.3088E+04 | 0.3509E+04 | 0.2853E+02 | 0.1968E+-03
2580.5 | 525.0 | 0.3179E+04 | 0.3600E+04 | 0.2834E+402 | 0.2015E4-03
2580.5 | 535.0 | 0.3232E+04 | 0.3621E+404 | 0.2823E+02 | 0.2023E4-03
2580.5 | 545.0 | 0.3237E+04 | 0.3552E+04 | 0.2763E+02 | 0.1983E+03
2580.5 | 555.0 | 0.3228E+4-04 | 0.3563E+404 | 0.2896E+402 | 0.1987E+03
2580.5 | 565.0 | 0.3297E+404 | 0.3548E+4+04 | 0.3063E+402 | 0.1977E403
2580.5 | 575.0 | 0.3132E+04 | 0.3269E+04 | 0.2561E+02 | 0.1829E4-03
2580.5 | 585.0 | 0.3152E+404 | 0.3295E+404 | 0.2586E+402 | 0.1840E4-03
2580.5 | 595.0 | 0.3059E+04 | 0.3088E+04 | 0.2564E+02 | 0.1732E403
2580.5 | 605.0 | 0.2967E+04 | 0.2963E+04 | 0.2676E+02 | 0.1665E4-03
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
2580.5 | 615.0 | 0.2923E+04 | 0.2861E+04 | 0.2541E+02 | 0.1611E+4+03
2580.5 | 625.0 | 0.2806E+04 | 0.2692E+04 | 0.2399E+02 | 0.1522E4-03
2580.5 | 635.0 | 0.2762E+4+04 | 0.2610E+4+04 | 0.2506E402 | 0.1479E4-03
2580.5 | 645.0 | 0.2648E+04 | 0.2450E404 | 0.2493E+02 | 0.1396E4-03
2580.5 | 655.0 | 0.2624E+04 | 0.2447E+04 | 0.2441E+02 | 0.1394E+03
2580.5 | 665.0 | 0.2579E4+04 | 0.2363E+4+04 | 0.2321E402 | 0.1351E403
2580.5 | 675.0 | 0.2497TE+04 | 0.2229E+4+04 | 0.2154E4+02 | 0.1283E403
2580.5 | 685.0 | 0.2418E+04 | 0.2124E+04 | 0.1984E+02 | 0.1229E+03
2580.5 | 695.0 | 0.2371E+04 | 0.2082E+04 | 0.1932E+02 | 0.1207E403
2580.5 | 705.0 | 0.2352E+04 | 0.2084E+04 | 0.2098E+02 | 0.1208E+03
2580.5 | 715.0 | 0.2335E+04 | 0.2043E+404 | 0.2242E+02 | 0.1188E4-03
2580.5 | 725.0 | 0.2274E+4+04 | 0.1980E+4+04 | 0.2137E+4+02 | 0.1156E4-03
2580.5 | 735.0 | 0.2294E+04 | 0.2035E+04 | 0.1911E+02 | 0.1183E+03
2580.5 | 745.0 | 0.2259E+4+04 | 0.1940E+04 | 0.1990E+02 | 0.1137E+03
2580.5 | 755.0 | 0.2178E+04 | 0.1841E+04 | 0.2287E+02 | 0.1088E+03
2580.5 | 765.0 | 0.2186E+04 | 0.1885E+404 | 0.2265E+02 | 0.1111E403
2580.5 | 775.0 | 0.2188E+404 | 0.1919E+4+04 | 0.2313E+402 | 0.1129E4-03
2580.5 | 785.0 | 0.2228E+04 | 0.1980E+04 | 0.2743E+02 | 0.1159E4-03
2580.5 | 795.0 | 0.2211E+404 | 0.1937E+04 | 0.2804E+402 | 0.1138E4-03
2580.5 | 805.0 | 0.2200E+04 | 0.1933E+404 | 0.2464E+02 | 0.1137E403
2580.5 | 815.0 | 0.2212E+404 | 0.1965E+04 | 0.2005E+02 | 0.1154E403
2580.5 | 825.0 | 0.2234E+04 | 0.2004E+4-04 | 0.1724E4-02 | 0.1175E4-03
2580.5 | 835.0 | 0.2247E4+04 | 0.2006E4+04 | 0.1685E+4+02 | 0.1178E4-03
2580.5 | 845.0 | 0.2236E+-04 | 0.2003E+-04 | 0.1664E402 | 0.1176E403
2580.5 | 855.0 | 0.2288E+404 | 0.2109E+4+04 | 0.1911E402 | 0.1229E4-03
2580.5 | 865.0 | 0.2317E+04 | 0.2096E+04 | 0.2049E+02 | 0.1223E4-03
2580.5 | 875.0 | 0.2273E+04 | 0.2068E+404 | 0.1679E+02 | 0.1211E4-03
2580.5 | 885.0 | 0.2352E+4+04 | 0.2146E+04 | 0.1879E+02 | 0.1250E403
2580.5 | 895.0 | 0.2277E4+04 | 0.2047E+04 | 0.2092E+4+02 | 0.1200E4-03
2580.5 | 905.0 | 0.2353E404 | 0.2156E4+04 | 0.2173E4+02 | 0.1255E4-03
2580.5 | 915.0 | 0.2319E+4+04 | 0.2101E+4+04 | 0.2139E+4+02 | 0.1227E403
2580.5 | 925.0 | 0.2361E+04 | 0.2154E+04 | 0.2486E+02 | 0.1254E+03
2580.5 | 935.0 | 0.2329E+04 | 0.2073E+04 | 0.2415E+02 | 0.1213E4-03
2580.5 | 945.0 | 0.2301E404 | 0.2030E+04 | 0.2143E+402 | 0.1191E4-03
2580.5 | 955.0 | 0.2293E+04 | 0.2020E404 | 0.1845E+02 | 0.1186E+03
2580.5 | 965.0 | 0.2274E+404 | 0.1972E+4+04 | 0.1630E+02 | 0.1163E4-03
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Table G.1: Unpolarized cross sections continued

14

Texp

Tborn

dostat

dosyst

2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5

975.0

985.0

995.0

1005.0
1015.0
1025.0
1035.0
1045.0
1055.0
1065.0
1075.0
1085.0
1095.0
1105.0
1115.0
1125.0
1135.0
1145.0
1155.0
1165.0
1175.0
1185.0
1195.0
1205.0
1215.0
1225.0
1235.0
1245.0
1255.0
1265.0
1275.0
1285.0
1295.0
1305.0
1315.0
1325.0

0.2234E+04
0.2227E+-04
0.2241E+04
0.2183E+-04
0.2222E4-04
0.2144E+04
0.2155E4-04
0.2147E4-04
0.2109E+-04
0.2158E4-04
0.2156E4-04
0.2115E4-04
0.2079E+-04
0.2036E+-04
0.2071E+04
0.2053E+-04
0.2079E4-04
0.2040E+-04
0.2068E4-04
0.2012E4-04
0.2019E4-04
0.2054E+04
0.2042E+04
0.1977TE+-04
0.1926E4-04
0.2022E+04
0.1953E+-04
0.1954E+04
0.1912E4-04
0.1901E+04
0.1880E+-04
0.1885E4-04
0.1872E+-04
0.1844E+04
0.1823E+-04
0.1826E+-04

0.1913E+04
0.1930E+04
0.1917E4-04
0.1857E+-04
0.1895E+-04
0.1772E+04
0.1818E+04
0.1779E404
0.1752E+04
0.1843E4-04
0.1805E+04
0.1732E+04
0.1664E4-04
0.1636E+04
0.1692E+04
0.1676E+04
0.1696E+04
0.1650E+-04
0.1672E+04
0.1583E+04
0.1628E+-04
0.1678E+-04
0.1623E4-04
0.1489E4-04
0.1495E4-04
0.1619E+04
0.1492E4-04
0.1496E+-04
0.1432E4-04
0.1422E+04
0.1402E+04
0.1414E+04
0.1386E+04
0.1340E4-04
0.1322E+04
0.1342E+04

0.1549E+02
0.1691E+02
0.1812E+02
0.1509E+-02
0.1645E+02
0.1820E+02
0.1816E+02
0.1828E+02
0.2080E+-02
0.2144E+02
0.1827E4-02
0.1520E+02
0.1387E4-02
0.1477E+02
0.1663E+02
0.1419E4-02
0.1522E+02
0.1813E4-02
0.1796E+02
0.1813E4-02
0.2133E+02
0.2036E4-02
0.1617E+02
0.1254E+02
0.1346E+02
0.1627E+02
0.1370E+-02
0.1308E+-02
0.1354E+02
0.1261E+02
0.1346E+02
0.1437E+02
0.1348E4-02
0.1188E+02
0.1111E+02
0.1250E+02

0.1133E+03
0.1140E+03
0.1135E+03
0.1105E+03
0.1124E+03
0.1064E+03
0.1086E+03
0.1066E+03
0.1053E+03
0.1098E+03
0.1079E+03
0.1044E+03
0.1011E+03
0.9959E+02
0.1023E+03
0.1016E+03
0.1026E+03
0.1003E+03
0.1014E+03
0.9715E+02
0.9933E+02
0.1017E+03
0.9908E+02
0.9271E+02
0.9302E+02
0.9893E+02
0.9286E+02
0.9305E+02
0.9019E+02
0.9029E+02
0.8913E+02
0.8910E+02
0.8767E+02
0.8569E+02
0.8500E+02
0.8591E+02
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Table G.1: Unpolarized cross sections continued

14

Texp

Tborn

dostat

dosyst

2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5

1335.0
1345.0
1355.0
1365.0
1375.0
1385.0
1395.0
1405.0
1415.0
1425.0
1435.0
1445.0
1455.0
1465.0
1475.0
1485.0
1495.0
1505.0
1515.0
1525.0
1535.0
1545.0
1555.0
1565.0
1575.0
1585.0
1595.0
1605.0
1615.0
1625.0
1635.0
1645.0
1655.0
1665.0
1675.0
1685.0

0.1834E+04
0.1809E+-04
0.1789E4-04
0.1794E+04
0.1791E4-04
0.1778E4-04
0.1740E4-04
0.1702E+04
0.1704E4-04
0.1731E+04
0.1675E4-04
0.1737E4-04
0.1740E+-04
0.1719E4-04
0.1689E4-04
0.1659E+-04
0.1645E4-04
0.1659E+-04
0.1688E4-04
0.1663E+-04
0.1682E+04
0.1680E4-04
0.1642E+04
0.1597E+-04
0.1566E4-04
0.1568E4-04
0.1595E+-04
0.1588E+-04
0.1605E4-04
0.1612E+04
0.1612E+04
0.1587E4-04
0.1563E+-04
0.1577E4-04
0.1620E+-04
0.1583E4-04

0.1345E4-04
0.1297E+-04
0.1282E+04
0.1298E+-04
0.1289E+-04
0.1256E4-04
0.1191E+04
0.1148E4-04
0.1190E+04
0.1198E+04
0.1141E4-04
0.1251E+04
0.1225E+-04
0.1176E+04
0.1127E4-04
0.1085E+04
0.1078E+04
0.1124E4-04
0.1143E+-04
0.1102E+-04
0.1137E+4-04
0.1111E+04
0.1033E+04
0.9612E+03
0.9269E+03
0.9478E+03
0.9817E4-03
0.9743E4-03
0.9976E4-03
0.1001E+04
0.9817E+03
0.9302E+03
0.9023E4-03
0.9494E+-03
0.9806E4-03
0.9015E+03

0.1304E+02
0.1079E4-02
0.1143E+02
0.1081E+02
0.1114E+02
0.1136E+02
0.1014E+02
0.9120E+01
0.1019E4-02
0.1105E+02
0.9489E+-01
0.1038E+02
0.1014E+02
0.9217E+01
0.8148E+01
0.7473E401
0.7852E+01
0.9914E+01
0.1067E+02
0.8836E+01
0.9642E+01
0.8905E+-01
0.8513E+01
0.7706 E+4-01
0.7223E+01
0.7847E+01
0.8643E+01
0.8156E+01
0.8065E+01
0.7945E+01
0.8193E4-01
0.7886E+01
0.8056E+01
0.9902E+01
0.1045E4-02
0.8001E+01

0.8611E+02
0.8394E+02
0.8325E+02
0.8402E+02
0.8369E+02
0.8219E+02
0.7927E+02
0.7734E+02
0.7933E+02
0.7974E+02
0.7722E+02
0.8241E+02
0.8130E+02
0.7917E+02
0.7702E+02
0.7523E+02
0.7505E+02
0.7723E+02
0.7829E+02
0.7659E+02
0.7840E+02
0.7736E+02
0.7402E+02
0.7102E+02
0.6967E+02
0.7079E+02
0.7251E+02
0.7241E+02
0.7375E+02
0.7420E+02
0.7364E+02
0.7161E+02
0.7065E+02
0.7311E+02
0.7494E+02
0.7174E+02
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Table G.1: Unpolarized cross sections continued

14

Texp

Tborn

dostat

dosyst

2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5
2580.5

1695.0
1705.0
1715.0
1725.0
1735.0
1745.0
1755.0
1765.0
1775.0
1785.0
1795.0
1805.0
1815.0
1825.0
1835.0
1845.0
1855.0
1865.0
1875.0
1885.0

0.1586E4-04
0.1607E+04
0.1571E+04
0.1676E+-04
0.1627E4-04
0.1669E4-04
0.1630E4-04
0.1653E4-04
0.1657E+04
0.1664E+04
0.1670E+-04
0.1678E4-04
0.1685E+-04
0.1693E+-04
0.1702E+04
0.1710E+-04
0.1720E4-04
0.1730E+-04
0.1725E4-04
0.1781E4-04

0.9249E+-03
0.9120E4-03
0.9029E+03
0.1020E+-04
0.9337E4-03
0.9737E+03
0.9058E+-03
0.9396E+03
0.9285E4-03
0.9239E+03
0.9195E4-03
0.9198E+03
0.9195E4-03
0.9156E+03
0.9162E+03
0.9136E4-03
0.9195E+03
0.9043E4-03
0.8994E+03
0.9777TE4-03

0.8608E+01
0.9343E401
0.1222E+02
0.1310E+02
0.1218E+02
0.1244E+02
0.1215E+02
0.1213E+02
0.8922E+01
0.9318E+01
0.9172E+01
0.9225E+01
0.9211E+01
0.9136E+01
0.9161E+01
0.9120E4-01
0.9252E+01
0.8827E+01
0.8057E+01
0.9216E+-01

0.7320E+02
0.7313E+02
0.7287E+02
0.7819E+02
0.7573E+02
0.7802E+02
0.7533E+02
0.7786 E+02
0.7878E+02
0.7857E+02
0.7858E+02
0.7874E+02
0.7894E+02
0.7897E+02
0.7918E+02
0.7940E+02
0.7956E+02
0.8044E+02
0.8474E+02
0.8955E+02

3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8

260.0
280.0
300.0
320.0
340.0
360.0
380.0
400.0
420.0
440.0
460.0
480.0
500.0
520.0
540.0
560.0

0.1129E403
0.1766E+403
0.2904E+-03
0.4577E403
0.6980E+-03
0.9257E+403
0.1171E4-04
0.1279E4-04
0.1277E+-04
0.1186E4-04
0.1057E4-04
0.9221E+03
0.7923E403
0.7142E403
0.6764E+03
0.6734E4-03

0.2859E4-03
0.4220E+03
0.6383E4-03
0.9957E+03
0.1445E+-04
0.1821E+04
0.2173E+04
0.2148E+-04
0.1947E+-04
0.1621E+04
0.1295E4-04
0.1005E+04
0.7731E+403
0.6834E+03
0.6671E+03
0.7050E+-03

0.1974E+01
0.2789E+01
0.4043E+01
0.6233E+01
0.9000E+01
0.1095E+02
0.1320E4-02
0.1305E+02
0.1186E4-02
0.9786E4-01
0.8557E+01
0.9055E+01
0.4895E+01
0.4681E+01
0.4461E+01
0.4854E+01

0.1899E+02
0.2893E+02
0.4099E+02
0.6154E+02
0.8671E+02
0.1070E+03
0.1255E+03
0.1224E+03
0.1100E+03
0.9202E+02
0.7390E+02
0.5802E+02
0.4611E+02
0.4163E+02
0.4103E+02
0.4332E+02
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Table G.1: Unpolarized cross sections continued

Eo v Oexp Oborn dostat dosyst
3381.8 | 580.0 | 0.6880E+03 | 0.7612E+03 | 0.5392E+01 | 0.4655E+02
3381.8 | 600.0 | 0.7236E+03 | 0.8508E+403 | 0.5637E+01 | 0.5159E4-02
3381.8 | 620.0 | 0.7747TE4+03 | 0.9566E+4+03 | 0.6692E401 | 0.5734E4-02
3381.8 | 640.0 | 0.8352E+03 | 0.1067E+04 | 0.7711E+401 | 0.6330E4-02
3381.8 | 660.0 | 0.8982E+03 | 0.1164E+404 | 0.8037E+01 | 0.6854E4-02
3381.8 | 680.0 | 0.9461E+03 | 0.1214E+04 | 0.9610E+01 | 0.7090E+02
3381.8 | 700.0 | 0.9769E+03 | 0.1232E404 | 0.1380E+02 | 0.7186E4-02
3381.8 | 720.0 | 0.9930E+403 | 0.1204E+04 | 0.1148E+02 | 0.7010E+02
3381.8 | 740.0 | 0.9637E+03 | 0.1107E+404 | 0.6814E+01 | 0.6397E+02
3381.8 | 760.0 | 0.9609E+03 | 0.1095E+4+04 | 0.7204E+401 | 0.6338E4-02
3381.8 | 780.0 | 0.9365E+03 | 0.1013E+404 | 0.6760E+01 | 0.5884E+-02
3381.8 | 800.0 | 0.9040E403 | 0.9515E4+03 | 0.6399E+401 | 0.5558 E+4-02
3381.8 | 820.0 | 0.9015E+03 | 0.9518E+403 | 0.6278E+01 | 0.5573E4-02
3381.8 | 840.0 | 0.8776E+03 | 0.8924E403 | 0.6637E+01 | 0.5259E+-02
3381.8 | 860.0 | 0.8674E4+03 | 0.8795E4+03 | 0.6511E4+01 | 0.5214E4-02
3381.8 | 880.0 | 0.8577TE+03 | 0.8626E+403 | 0.6408E+01 | 0.5144E4-02
3381.8 | 900.0 | 0.8647E4+03 | 0.8940E+03 | 0.7352E401 | 0.5344E4-02
3381.8 | 920.0 | 0.8842E+03 | 0.9176E+03 | 0.8533E+01 | 0.5513E4-02
3381.8 | 940.0 | 0.8683E+403 | 0.8686E+03 | 0.5300E+401 | 0.5237E4-02
3381.8 | 960.0 | 0.8839E+03 | 0.9191E403 | 0.5887E+01 | 0.5543E4-02
3381.8 | 980.0 | 0.9066E+03 | 0.9435E4+03 | 0.6145E+4+01 | 0.5695E402
3381.8 | 1000.0 | 0.9123E+03 | 0.9487E+403 | 0.6219E+01 | 0.5732E4-02
3381.8 | 1020.0 | 0.9487E4+03 | 0.1007E4+04 | 0.6457TE4+01 | 0.6066E4-02
3381.8 | 1040.0 | 0.9463E+03 | 0.9716E+403 | 0.6964E+01 | 0.5874E4-02
3381.8 | 1060.0 | 0.9703E4+03 | 0.1024E+04 | 0.7054E+01 | 0.6173E+02
3381.8 | 1080.0 | 0.9911E+03 | 0.1036E+04 | 0.8331E+01 | 0.6236E4-02
3381.8 | 1100.0 | 0.9865E+03 | 0.9921E403 | 0.9904E+01 | 0.6001E4-02
3381.8 | 1120.0 | 0.9724E+03 | 0.9572E+403 | 0.5704E+01 | 0.5824E+-02
3381.8 | 1140.0 | 0.9740E+03 | 0.9523E403 | 0.6082E+01 | 0.5809E+-02
3381.8 | 1160.0 | 0.9580E+03 | 0.9092E+03 | 0.5799E+01 | 0.5587E+02
3381.8 | 1180.0 | 0.9603E+03 | 0.9219E4+03 | 0.6097E4+01 | 0.5672E402
3381.8 | 1200.0 | 0.9674E4+03 | 0.9297E4+03 | 0.5959E401 | 0.5723E4-02
3381.8 | 1220.0 | 0.9718E+03 | 0.9266E+403 | 0.6928E+01 | 0.5717E402
3381.8 | 1240.0 | 0.9711E403 | 0.9164E+03 | 0.6462E+01 | 0.5660E+02
3381.8 | 1260.0 | 0.9787E+03 | 0.9346E403 | 0.7809E+01 | 0.5767E402
3381.8 | 1280.0 | 0.9964E+03 | 0.9554E4+03 | 0.9796E+01 | 0.5888E+-02

237

continued on next page




Table G.1: Unpolarized cross sections continued

14

Texp

Tborn

dostat

dosyst

3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8

1300.0
1320.0
1340.0
1360.0
1380.0
1400.0
1420.0
1440.0
1460.0
1480.0
1500.0
1520.0
1540.0
1560.0
1580.0
1600.0
1620.0
1640.0
1660.0
1680.0
1700.0
1720.0
1740.0
1760.0
1780.0
1800.0
1820.0
1840.0
1860.0
1880.0
1900.0
1920.0
1940.0
1960.0
1980.0
2000.0

0.9967E403
0.1017E+-04
0.1006E+-04
0.9988E4-03
0.9978E4-03
0.9957E4-03
0.9875E4-03
0.9621E+403
0.9367E+-03
0.9317E+03
0.9259E4-03
0.9198E+03
0.9069E+-03
0.9096E+-03
0.9203E+-03
0.9075E4-03
0.9040E+-03
0.9008E+-03
0.8978E+03
0.8949E4-03
0.8923E+03
0.8898E4-03
0.9047E4-03
0.8827E4-03
0.8847E403
0.8778E+03
0.8811E+03
0.8900E+-03
0.8780E+-03
0.8771E+403
0.8763E4-03
0.8758E+03
0.8755E4-03
0.8753E403
0.8757E+03
0.8698E+-03

0.9460E+-03
0.9746E4-03
0.9249E+-03
0.9117E+03
0.9057E4-03
0.8945E+03
0.8643E4-03
0.8020E+03
0.7635E4-03
0.7665E+03
0.7551E+03
0.7403E+03
0.7164E+03
0.7357TE+-03
0.7468E+-03
0.7098E+-03
0.7080E+03
0.6993E+-03
0.6920E+03
0.6853E4-03
0.6757E+03
0.6785E4-03
0.6935E+03
0.6350E4-03
0.6486E+03
0.6268E+03
0.6414E+03
0.6469E4-03
0.6136E4-03
0.6155E+03
0.6084E+-03
0.6033E+03
0.5982E+03
0.5939E+03
0.5872E+03
0.5669E+03

0.6173E+01
0.6985E+01
0.6954E+01
0.6375E+01
0.7537E+01
0.7578E+01
0.8790E+01
0.1027E+02
0.4674E+01
0.5345E+01
0.5347E+01
0.4999E+01
0.5889E+01
0.6017E+01
0.6773E+01
0.7075E4-01
0.7317E+01
0.7245E4-01
0.6967E+01
0.6513E+01
0.5908E+01
0.5256E4-01
0.4593E+01
0.4092E+01
0.4545E+01
0.4312E+01
0.5313E+01
0.5707E+01
0.6059E+01
0.6807E+01
0.7416E+01
0.7757E+01
0.7608E+01
0.6787E+01
0.5012E+01
0.3171E+01

0.5830E+02
0.5986E+02
0.5721E+02
0.5653E+02
0.5629E+02
0.5570E+02
0.5445E+02
0.5240E+02
0.4914E+02
0.4934E+02
0.4875E+02
0.4809E+02
0.4691E+02
0.4789E+02
0.4864E+02
0.4760E+02
0.4792E+02
0.4780E+02
0.4760E+02
0.4726E+02
0.4663E+02
0.4623E+02
0.4597E+02
0.4319E+02
0.4403E+02
0.4349E+02
0.4359E+02
0.4410E+02
0.4320E+02
0.4343E+02
0.4314E+02
0.4282E+02
0.4244E+02
0.4208E+02
0.4164E+02
0.4080E+02
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Table G.1: Unpolarized cross sections continued

14

Texp

Tborn

dostat

dosyst

3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8
3381.8

2020.0
2040.0
2060.0
2080.0
2100.0
2120.0
2140.0
2160.0
2180.0
2200.0
2220.0
2240.0
2260.0
2280.0
2300.0
2320.0
2340.0
2360.0
2380.0
2400.0

0.8657E4-03
0.8747TE4-03
0.8728E+03
0.8852E+-03
0.8796E4-03
0.8809E+-03
0.8825E4-03
0.8843E+-03
0.8862E+-03
0.8926E+03
0.8809E+-03
0.8902E+-03
0.9033E4-03
0.8988E+-03
0.9019E4-03
0.9052E+-03
0.9087E+03
0.9167E+-03
0.9230E+-03
0.9103E+4-03

0.5616E+03
0.5739E4-03
0.5645E+03
0.5788E+-03
0.5563E4-03
0.5604E+-03
0.5534E+-03
0.5498E+-03
0.5539E4-03
0.5495E+03
0.5196E4-03
0.5471E+03
0.5507E+-03
0.5253E+03
0.5259E+03
0.5204E+-03
0.5146E+03
0.5188E+03
0.4990E+03
0.4631E+03

0.3553E+01
0.3802E+01
0.4568E+01
0.7464E+01
0.8337E+01
0.8153E+01
0.6960E+-01
0.5481E+01
0.4200E+-01
0.3482E+01
0.3488E+01
0.4224E+01
0.4967E+01
0.5655E+01
0.6397E+01
0.6653E+01
0.6199E+01
0.4805E+01
0.3039E+01
0.3335E+01

0.4065E+02
0.4131E+02
0.4103E+02
0.4197E+02
0.4155E+02
0.4198E+02
0.4181E+02
0.4170E+02
0.4180E+02
0.4149E+02
0.4039E+02
0.4166E+02
0.4242E+02
0.4191E+02
0.4212E+02
0.4203E+02
0.4197E+02
0.4248E+02
0.4212E+02
0.4108E+02

4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6

495.0
525.0
555.0
585.0
615.0
645.0
675.0
705.0
735.0
765.0
795.0
825.0
855.0
885.0
915.0
945.0

0.1116E+403
0.1750E4-03
0.2520E4-03
0.3206E+4-03
0.3394E+-03
0.3355E+03
0.3021E+03
0.2683E+-03
0.2490E+-03
0.2453E4-03
0.2538E+03
0.2721E+03
0.3000E+-03
0.3161E+403
0.3344E+-03
0.3390E+-03

0.2208E4-03
0.3092E+03
0.4158E4-03
0.4957E+03
0.4825E4-03
0.4462E+03
0.3659E+-03
0.3059E+03
0.2783E4-03
0.2766E4-03
0.2936E+03
0.3248E4-03
0.3658E+03
0.3807E+-03
0.4008E+03
0.3943E4-03

0.1838E+01
0.2123E+01
0.2701E+01
0.3299E+01
0.2982E+01
0.2933E+01
0.2726E4-01
0.2330E+01
0.2452E+01
0.2197E4-01
0.1505E+01
0.1707E+01
0.1922E+01
0.1991E+01
0.2085E+01
0.2104E+01

0.1476 E+02
0.1969E+02
0.2585E+02
0.3034E+02
0.2932E+02
0.2717E+02
0.2255E+02
0.1907E+02
0.1759E+02
0.1759E+02
0.1868E+02
0.2055E+02
0.2299E+02
0.2373E+02
0.2490E+02
0.2447E+02
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Table G.1: Unpolarized cross sections continued

14

Texp

Tborn

dostat

dosyst

4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6

975.0
1005.0
1035.0
1065.0
1095.0
1125.0
1155.0
1185.0
1215.0
1245.0
1275.0
1305.0
1335.0
1365.0
1395.0
1425.0
1455.0
1485.0
1515.0
1545.0
1575.0
1605.0
1635.0
1665.0
1695.0
1725.0
1755.0
1785.0
1815.0
1845.0
1875.0
1905.0
1935.0
1965.0
1995.0
2025.0

0.3422E+-03
0.3410E4-03
0.3383E+03
0.3357E+03
0.3369E4-03
0.3506E4-03
0.3573E4-03
0.3776E403
0.3924E+-03
0.4045E4-03
0.4182E+03
0.4211E+03
0.4255E4-03
0.4299E4-03
0.4376E403
0.4433E4-03
0.4505E4-03
0.4552E+-03
0.4600E+-03
0.4632E+-03
0.4663E4-03
0.4614E+03
0.4553E403
0.4625E4-03
0.4587E4-03
0.4661E+03
0.4553E4-03
0.4583E4-03
0.4554E4-03
0.4561E+403
0.4568E4-03
0.4570E4-03
0.4535E4-03
0.4529E4-03
0.4524E4-03
0.4521E+03

0.3914E+03
0.3803E4-03
0.3701E+03
0.3615E+03
0.3632E+03
0.3835E+03
0.3880E+-03
0.4189E+03
0.4320E4-03
0.4434E+03
0.4562E+03
0.4492E+03
0.4502E+03
0.4509E+-03
0.4579E+03
0.4601E+03
0.4656E+03
0.4662E+03
0.4678E+03
0.4665E4-03
0.4651E+03
0.4487E4-03
0.4370E+03
0.4471E+03
0.4349E+-03
0.4441E+03
0.4183E+03
0.4243E+-03
0.4136E4-03
0.4120E+03
0.4084E+-03
0.4035E+03
0.3934E+03
0.3904E+-03
0.3862E+03
0.3825E+03

0.2074E+01
0.2091E+01
0.2256E+01
0.2200E+01
0.2150E4-01
0.2352E+01
0.2347E+01
0.2594E+01
0.2862E+01
0.3082E+01
0.3951E+01
0.2739E+01
0.2780E+01
0.2929E+01
0.2787E+01
0.3214E+01
0.3235E+01
0.3888E+01
0.5689E+01
0.2879E+01
0.3267E+01
0.3146E+01
0.3171E+01
0.3632E+01
0.4198E+01
0.5434E+01
0.2542E+01
0.2960E+01
0.2746E+01
0.3168E+01
0.3365E4-01
0.4765E+01
0.5391E+01
0.5326E+01
0.4748E+-01
0.3926E+01

0.2436E+02
0.2364E+02
0.2190E+02
0.2161E+02
0.2185E+02
0.2318E+02
0.2351E+02
0.2539E+02
0.2621E+02
0.2695E+02
0.2773E+02
0.2745E+02
0.2760E+02
0.2776E+02
0.2821E+02
0.2845E+02
0.2880E+02
0.2890E+02
0.2905E+02
0.2902E+02
0.2902E+02
0.2816E+02
0.2752E+02
0.2816E+02
0.2751E+02
0.2807E+02
0.2668E+02
0.2711E+02
0.2649E+02
0.2647E+02
0.2623E+02
0.2601E+02
0.2556 E+02
0.2528E+02
0.2493E+02
0.2462E+02
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Table G.1: Unpolarized cross sections continued

14

Texp

Tborn

dostat

dosyst

4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6
4238.6

2055.0
2085.0
2115.0
2145.0
2175.0
2205.0
2235.0
2265.0
2295.0
2325.0
2355.0
2385.0
2415.0
2445.0
2475.0
2505.0
2535.0
2565.0
2595.0
2625.0
2655.0
2685.0
2715.0
2745.0
2775.0
2805.0
2835.0
2865.0

0.4518E+03
0.4517E4-03
0.4502E+-03
0.4566E+4-03
0.4521E403
0.4523E4-03
0.4565E4-03
0.4535E403
0.4542E+-03
0.4550E+-03
0.4582E+-03
0.4539E+-03
0.4596E4-03
0.4612E+03
0.4643E4-03
0.4533E4-03
0.4681E+403
0.4648E4-03
0.4635E4-03
0.4698E+-03
0.4719E4-03
0.4741E+03
0.4765E4-03
0.4789E4-03
0.4815E403
0.4772E+03
0.4841E+-03
0.4897E+03

0.3790E+03
0.3751E+03
0.3706E+03
0.3782E+03
0.3642E+-03
0.3644E+03
0.3675E4-03
0.3576E+03
0.3569E4-03
0.3552E+03
0.3559E+-03
0.3447E+03
0.3523E4-03
0.3498E+-03
0.3481E+03
0.3270E4-03
0.3522E+03
0.3355E4-03
0.3309E+03
0.3352E+03
0.3316E+03
0.3297E4-03
0.3278E+03
0.3259E4-03
0.3222E+03
0.3092E+03
0.3165E4-03
0.3181E+03

0.3097E+01
0.2490E+01
0.2328E+01
0.2484E+01
0.2351E+01
0.2882E+01
0.3151E+01
0.3354E+01
0.3639E+-01
0.3877E+01
0.4032E+01
0.3929E+01
0.4070E+01
0.4339E+01
0.2976E+01
0.2090E+01
0.2833E+01
0.4491E+01
0.4669E+01
0.4644E+01
0.4552E+01
0.4441E+01
0.4254E+01
0.3951E+01
0.3487E+01
0.2789E+01
0.2238E+01
0.2359E+01

0.2441E+02
0.2430E+02
0.2436E+02
0.2476E+02
0.2401E+02
0.2406E+02
0.2427E+02
0.2401E+02
0.2403E+02
0.2388E+02
0.2368E+02
0.2313E+02
0.2356E+02
0.2347E+02
0.2339E+02
0.2241E+02
0.2371E+02
0.2290E+02
0.2272E+02
0.2282E+02
0.2268E+02
0.2261E+02
0.2257E+02
0.2256 E+02
0.2254E+02
0.2233E+02
0.2278E+02
0.2302E+02

5058.2
5058.2
5058.2
5058.2
5058.2
5058.2
5058.2
5058.2

1900.0
1950.0
2000.0
2050.0
2100.0
2150.0
2200.0
2250.0

0.2539E4-03
0.2611E+03
0.2664E+4-03
0.2628E4-03
0.2644E4-03
0.2661E+403
0.2747E+03
0.2719E4-03

0.2681E+03
0.2746E4-03
0.2754E+03
0.2623E4-03
0.2620E+03
0.2607E+-03
0.2708E+03
0.2591E+03

0.2644E+01
0.1563E4-01
0.1379E+01
0.2268E+-01
0.2361E+01
0.1936E+-01
0.1973E+01
0.1465E+-01

0.1742E+02
0.1752E+02
0.1766E+02
0.1689E+02
0.1663E+02
0.1676E+02
0.1758E+02
0.1676E+02
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Table G.1: Unpolarized cross sections continued

14

Texp

Tborn

dostat

dosyst

5058.2
5058.2
5058.2
5058.2
5058.2
5058.2
5058.2
5058.2
5058.2
5058.2
5058.2
5058.2
5058.2
5058.2
5058.2
5058.2

2300.0
2350.0
2400.0
2450.0
2500.0
2550.0
2600.0
2650.0
2700.0
2750.0
2800.0
2850.0
2900.0
2950.0
3000.0
3050.0

0.2768E4-03
0.2774E403
0.2786E+03
0.2814E+03
0.2770E4-03
0.2848E4-03
0.2917E+03
0.2945E4-03
0.2994E+-03
0.2967E+403
0.2932E+-03
0.2963E+-03
0.2967E+-03
0.2954E4-03
0.2972E+03
0.2990E+-03

0.2650E+03
0.2602E+-03
0.2590E+03
0.2592E+03
0.2476E4-03
0.2596E+03
0.2644E+03
0.2625E+03
0.2637E4-03
0.2518E+03
0.2429E4-03
0.2449E+-03
0.2398E+-03
0.2336E4-03
0.2328E+03
0.2316E4-03

0.4636E+01
0.3618E+01
0.1594E+01
0.1306E+01
0.2237E4-01
0.3404E+01
0.1957E+01
0.9998E+-00
0.2103E+401
0.2516E+01
0.1734E+01
0.1086E+01
0.3261E+01
0.1806E+01
0.9485E4-00
0.1530E+-01

0.1721E+02
0.1697E+02
0.1682E+02
0.1692E+02
0.1624E+02
0.1679E+02
0.1714E+02
0.1699E+02
0.1706 E+02
0.1651E+02
0.1594E+02
0.1610E+02
0.1583E+02
0.1551E+02
0.1555E+02
0.1553E+02
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