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Abstract

The first moment of the spin structure function g1, Γ1, goes through a rapid transition

from the photon limit (Q2 = 0) where it is constrained by the Gerasimov-Drell-

Hearn(GDH) sum rule to the deep inelastic region. The ”EG4” experiment at the

Jefferson Lab (E-03-006) which took place in early 2006 was aimed to measure these

observables and to calculate the GDH sum rule at low Q2 in the resonance region.

The experiment used a longitudinally polarized electron beam and longitudinally

polarized ND3 and NH3 ammonia targets. The CEBAF Large Acceptance Spectrom-

eter (CLAS) was used to accumulate the scattering events. In this thesis, we present

results for the virtual photon asymmetry A1(x) and will talk about future analysis

on the longitudinal spin structure function for the deuteron gd1(x,Q2) as well as the

first moment Γd1. The extracted results complement the existing data for deuteron

spin structure in the resonance region. These results are important in the study of

Q2 evolution of nucleon structure from the hadronic to partonic degrees of freedom.
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Introduction

One of the first experiments to probe the hadronic structure of the proton and deu-

terium targets were carried out at the Stanford Linear Accelerator Center (SLAC)

in the 1960s, in which high energy electrons were scattered, at large momentum

transfer and large energy loss(Deep Inelastic Scattering (DIS)), from protons. This

observation suggested that the proton consisted of discrete scattering centers. Later

experiments at SLAC and CERN confirmed these observation, and it became widely

accepted that the proton and neutron are not elementary but are made of ’partons’

[1]. The partons were classified in two types: electrically neutral massless vector

particles with spin 1, called gluons, and spin 1
2

fractionally charged fermions called

quarks. There are six known flavors of quarks, which are listed in Table 1, with their

Q T T3 S
u 2/3 1/2 1/2 0
d -1/3 1/2 -1/2 0
s -1/3 0 0 -1
c 2/3 0 0 0
s 2/3 0 0 0
s -1/3 0 0 0

Table 1: Quark Quantum Numbers

1
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electrical charges, Q, strangeness quantum number, S, and isospin (T, T3) [1].

The three light quarks u,d and s are identified with the three states in the funda-

mental representation of the flavor SU(3). hadrons are constructed as flavor SU(3)

states and the total symmetry group of the Hadrons is SU(3)× SU(2) when the spin

of the quarks is taken into account.

When the momentum scale changes, what appeared to be a quark reveals an

additional quark-antiquark pair. Quantum Chromodynamics (QCD) is a theory that

predicts such evolution with Q2, momentum transfer squared. As nucleon structure

is resolved to smaller and smaller distances, more partons are revealed, each with a

progressively smaller fraction of initial quark momentum.

The interactions between quarks and antiquarks are mediated by gluons. The

gluons as well as quarks and antiquarks carry a color charge. The three types of

color charge are called red R, blue B and green G, with the corresponding anticolors

R, B. G. The color is not observable, and all colors appear with equal probability.

Only ’colorless’ quark systems are observed in nature. Color confinement is one of

the key features of QCD. It can be explained by the increasing of the color force with

the increasing separation. As the separation decreases, the force becomes weaker, so

that at very small distances (large momenta), the quarks no longer interact with each

other. This phenomenon is called asymptotic freedom.

The strong coupling is defined as a power series. Its first order approximation can

be written as:

αs(Q
2) =

12π

33− 2nf

1

ln(Q2/Λ2)
(0.0.1)

where nf is the number of active quark flavors, Q2 is the absolute value of the four
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momentum squared, and the parameter Λ is determined experimentally.

Lepton-nucleon scattering is a well known method used to probe the nucleons’

structure. During the scattering, the electron emits a virtual photon which is ab-

sorbed by the nucleon. High energy photons can be absorbed in a process known as

the Deep Inelastic Scattering (DIS), while the relatively low energy photons probe

the excited states of the nucleon. Richard Feynman in 1969 proposed the parton

model [1, 2], as a way to analyze high-energy hadron collisions. Later, with the ex-

perimental observation of Bjorken scaling, the validation of the quark model, and

the confirmation of asymptotic freedom in quantum chromodynamics, partons were

matched to quarks and gluons. The Naive Parton Model (NPM) predicted that 100%

of the nucleon spin is carried by the quarks [1].

The spin-dependent structure functions, g1 and g2, contain information on the

spin carried by the quarks in the nucleon. During the last two decades much progress

has been made in polarized beam and target technologies, thus making it possible to

experimentally measure these structure variables of the nucleon. In the leading order

QCD, using the SU(3) flavor decomposition, the first moment of the spin related

structure function of proton, gp1, is expressed as

Γp1 =

∫ 1

0

gp1(x) dx =
1

12
[a3 +

1

3
a8 +

4

3
a0] (0.0.2)

where a0, a3 and a8 are the nucleon axial charges.

Several sum rules predict the value of this integral, in particular, the Ellis-Jaffe

sum rule [3]. The Ellis-Jaffe sum rule gives the following numeric prediction for the

value of the proton and neutron integrals:
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Γp1 =

∫ 1

0

gp1(x) dx =
3

36
a3 +

1

36
a8 +

4

36
a0 = 0.186± 0.004, (0.0.3)

Γn1 =

∫ 1

0

gn1 (x) dx = − 3

36
a3 +

1

36
a8 +

4

36
a0 = −0.025± 0.004, (0.0.4)

Experiments dedicated to measurements of g1 have been carried out for more than

3 decades. The Ellis-Jaffe sum rule has been shown to be strongly violated. The

first result was obtained by the European Muon Collaboration (EMC) in 1988 [4, 5].

Γp1 was found to be much smaller than the predicted value according to the Ellis-

Jaffe sum rule. This result had interesting implications for the composition of the

proton spin. Contrary to the NPM predictions [2], the EMC results showed that only

12± 17% [5] of the proton spin is carried by quarks, and that the strange quark sea

was probably polarized.

The Bjorken sum rule [6] is considered a fundamental sum rule based only on cur-

rent algebra as well as predicting QCD. The Bjorken sum rule predicts the difference

between the proton and neutron first moments:

Γp1 − Γn1 =
1

6
[4µ−4d] =

1

6

gA
gV

(0.0.5)

where gA and gV are the axial and vector weak coupling constants of the nucleon beta

decay.

The Bjoken sum rule proved to be a crucial test of QCD. Existing results at the

deep inelastic region has verified the Bjorken sum rule and suggest that only about

31± 10% of the nucleon spin is carried by the quarks, the rest of the spin must reside

either in gluons or in the orbital angular momentum of its constituents.



5

At the real photon point(Q2 = 0), the Gerasimov-Drell-Hearn(GDH) sum rule

[7] relates the difference of total cross section of the polarized photons on polarized

nucleons with the anomalous magnetic moment of the nucleon κ:

−κ
2

4
=

M

8π2α

∫ ∞

νth

σ
1/2
T − σ

3/2
T

ν
dν (0.0.6)

where νth is the one pion production threshold. The GDH sum rule is derived in

the real photon limit. Assuming that the cross section of the real photon connects

smoothly with the cross section of the virtual photon, the GDH sum rule can be

generalized for Q2 → 0 and used to predict the first moment of the spin-related

structure function Γ1:

Q2 → 0 :

Γ1 ⇒ −
Q2κ2

8M2
(0.0.7)

We can conclude from this equation that Γ1 approaches zero with a negative slope.

Since it is positive at the large Q2 range, Γ1 should rapidly change sign somewhere

in the resonance region 0 < Q2 < 1GeV .

The EG4 experiment took place at the Jefferson Lab in early 2006. Its purpose was

to measure the helicity-dependent inclusive cross section difference and calculate the

first moment of g1 and determine the generalized GDH sum rule at low Q2. During the

experiment, longitudinally polarized electrons were scattered from polarized proton

and deuteron targets at Q2 = 0.001 ∼ 0.5GeV 2 over a large W range. The modified

CLAS detector was used to detect the scattered electrons. In this thesis, I will present
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an analysis of the data and a calculation of the longitudinal spin asymmetry for the

deuteron Ad1 and compare the result to existing model. The extracted asymmetry at

this point is still preliminary, and we have adopted a simplified error analysis.



Chapter 1

Physics overview

1.1 Inclusive Lepton Hadron Scattering

In order to probe the internal structure of the hadrons, a small, penetrating particle

is used. Leptons proved to be ideal in such a case. The EG4 experiment at the

Jefferson Lab used polarized electron beams to scatter from polarized proton and

deuteron targets. The main process of the collision is shown by Figure 1.1.

An incident electron scatters inelastically off a nucleon (in this case, a proton

or a deuteron) target. X is the system of hadrons produced through the inelastic

scattering. The analysis in this thesis is an inclusive analysis, which means that the

X hadron states are not observed. Only the electron momentum is measured in the

final states.

During the inelastic scattering, the incoming electron emits a virtual photon of

energy ν, momentum q, which is absorbed by the hadron target. Table 1.1 lists the

basic kinematic variables for this procedure.

For a given X state, the scattering amplitude is defined as:

7
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�
Figure 1.1: Inclusive Inelastic Scattering. k and k′ are incoming and outgoing beam
direction. θ is the scattering angle, q2 represents the virtual photon momentum
squared. In our case of inclusive analysis, φ of the particle of the final states is not
analyzed.

Variable expression definition
M mass of the proton
m mass of the electron
k (E, kx, ky, kz) incoming e 4-momentum
k′ (E ′, k′x, k

′
y, k
′
z) outgoing e 4-momentum

p (M,0,0,0) nucleon 4-momentum
q (ν, qx, qy, qz) virtual photon 4-momentum

Q2 = −q2 2EE ′(1− cos θ) = 4EE ′ sin2 (θ/2) 4-momentum squared
ν E − E ′ = pq

M
energy of the virtual photon

θ scattering angle of e− in the LAB frame
W 2 (p+ q)2 = M2 + 2pq + q2 Mass of the final hadronic state

x Q2

2Mν
Bjorken dimensionless variable

Table 1.1: Kinematic Variables for Inclusive Inelastic Scattering
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iM = (−ie)2(
−igµν
q2

) < k′, s′l|jµl (0)|k, sl >< Xs′X |jνh(0)|p, sn > (1.1.1)

where jµl and jνh are the electron and hadronic electromagnetic currents, sl and s′l

are the polarization of the incoming and outgoing electron and sn and s′X are the

polarization of the initial and final hadron target. This can be chosen to be parallel

or anti-parallel to the incoming electron beam, yielding a value of ±1
2
.

Squaring the scattering amplitude M and multiplying it with phase space factor

gives us the double differential cross section, d2σ
dΩdE′ = α2

2Mq4
E′

E
LµνW

µν , for detecting

the outgoing electron in the solid angle dΩ [8]:

d2σ

dΩdE ′
=

α2

2Mq4

E ′

E
LµνW

µν (1.1.2)

In this equation, α is the fine structure constant characterizing the strength of

electromagnetic interaction, its value being 1
137

( approximately 7.297 × 10−3), and

Lµν and W µν are respectively the leptonic and hadronic tensor which describe the

emission and absorption of the virtual photon.

For a point-like fermion, using properties of the γ matrices the leptonic tensor can

be written as:

Lµν = 2[(k′µkν + k′νkµ)− (k · k′)gµν − iεµνρσqρsσl ] (1.1.3)

where gµν = (1,−1,−1,−1) is the metric tensor, εµνρσ is the Levi-Civita’s antisym-

metric tensor and sσl is the spin 4-vector of the incident electron. This tensor can be

separated into two parts: the symmetric (sm) part and antisymmetric (asm) part:

Lµνsm = (k′µkν + k′νkµ)− (k · k′)gµν (1.1.4)
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Lµνasm = εµνρσqρs
σ
l (1.1.5)

Similarly, the hadronic tensor Wµν can be split into symmetric and antisymmetric

parts[8]:

Wµν(q, p, s) = W sm
µν (q, p, s) + iW asm

µν (q, p, s) (1.1.6)

where

1

2M
W sm
µν (q, p) = (−gµν +

qµqν
q2

)W1(p · q, q2) + [(pµ −
p · q
q2

)(pν −
p · q
q2

qν)]
W2(p · q, q2)

M2

(1.1.7)

1

2M
W asm
µν (q, p, s) = εµναβ[MsβG1(p · q, q2) + ((p · q)sβ− (s · q)pβ)

G2(p · q, q2)

M
] (1.1.8)

Here, the coefficients W1, W2 are the unpolarized structure functions and G1, G2 are

the polarized structure functions.

If we want to extract information about the target spin, both the electron beam

and the nucleon target need to be polarized. The contraction of Lµνsm and W sm
µν gives

the spin independent cross section:

d2σ

dΩdE ′
=

4α2E ′

Q4
[cos2 θ

2
W2 + 2 sin2 θ

2
W1] (1.1.9)

The contraction of Lµνasm and W asm
µν , as well as the difference of both cross sections

where electrons and hadron targets are polarized parallel (σ��) or anti-parallel (σ��)

gives the spin dependent cross section:
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d24σ
dΩdE ′

=
d2σ ��
dΩdE ′

− d2σ ��
dΩdE ′

(1.1.10)

d24σ
dΩdE ′

=
4α2E ′

Q2E
[MG1(E + E ′ cos θ)−Q2G2] (1.1.11)

According to Bjorken, in DIS scattering defined by large ν and Q2 but Q2

ν
finite,

the structure functions would only depend on the ratio Q2

ν
or the so defined Bjorken

variable x = Q2

2Mν
[8]. In the Bjorken limit, the structure functions can be redefined

as:

F1(x) = MW1(ν,Q2)

F2(x) = νW2(ν,Q2)

g1(x) = M2νG1(ν,Q2)

g2(x) = Mν2G2(ν,Q2) (1.1.12)

Now the longitudinally and transversely polarized cross section differences can be

expressed in terms of these variables as functions of x and Q2:

d2σ�� − d2σ��

dΩdE ′
=

4α2E ′

Q2MEν
[(E + E ′ cos θ)g1(x,Q2)− 2xMg2(x,Q2)] (1.1.13)

d2σ�↼ − d2σ�⇀

dΩdE ′
=

4α2E ′2

Q2MEν
sin θ[g1(x,Q2) +

4xME

Q2
g2(x,Q2)] (1.1.14)
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Later on in this thesis, longitudinal and transverse scattering asymmetries will be

constructed from these cross sections:

A‖ =
d2σ�� − d2σ��

d2σ�� + d2σ��
(1.1.15)

A⊥ =
d2σ�↼ − d2σ�⇀

d2σ�↼ + d2σ�⇀
(1.1.16)

1.2 Spin Structure Functions g1

The structure of the hadron we observe, by probing it with leptons, depends on the

Q2 of the virtual photon. In the deep inelastic scattering (DIS) region, Q2 is very

large, thus according to the uncertainty principle, the probing distance is very small

and parton structure can be readily observed.

The naive parton model interprets the structure functions based on the asymptotic

assumption. As Q2 → ∞, the effective coupling constant for the strong interaction

αs → 0. This is called the asymptotic freedom, where quarks do not interact with

each other, they behave like free particles.

At Q2 very large but not approaching infinity, αs can no longer be treated as zero.

The theory of Quantum Chromo Dynamics (QCD) can be taken perturbatively in

this region.

In the parton model frame, the nucleon has a finite momentum. As Figure 1.2

illustrates, in the assumption of asymptotic freedom, the partons (quarks and gluons)

each carry of a fraction x of the nucleon 4-momentum and travels in the same direction

of the parent hadron. In this perspective, the lepton-hadron cross section can be



13

243658789;:=<?>A@B9;38:�CD<6E&CDFHGI9;<�JK2�98J�<6:LFMJ�NO2�9�PQCDN�G RTS
UWV;XZY\[^](_\`aU�Y\[abc[d_eX6[df(gWhiXc](`Mhc`dg�XcXc[dbi](_\j�h�UWV;XZY\[lkm](biXcn�gWf,oAY\UWXZUW_�UWp+XcY\[rqsn�g�bctshdu	vDYA[rh1XZbcnA`wt
o�gWb1XZU�_xY\gWhygzf{g�bcj�[}|~UW|~[a_sXcn\| bc[df(g�XZ]�k�[}XZUzXZYA[�U�_\[�U�V^XcY\[�_\UW_T��]�_sXc[dbcgW`aXc](_\jzo\gWbiXcU�_\hd�
gW_\�H`.gW_H��[�bc[ajegWbc�A[d��g�h�gWh1�m|~oAXcUWXZ]�`.gWf�f���V�bc[d[�uxvDY\](h�o�gWb1XZU�_�gW_\��XZY\[}bc[a|~_�g�_sX�Xwg�bcj�[QX
o�gWb1XZU�_Ah���V�bZgWj�|�[d_eXd�=]�_eXZU�Y\gW�\bcUW_\h~��Y\]�`wY�`.g�_���[}[Q�To�[dbi](|�[d_eXwgWf�f����\[QXZ[a`aXZ[a�,u&vDYA[�XZ]�|~[
hc`dgWf([rUWV=g~Y\gW�\bcUW_\](hcg�XZ]�U�_�o\biUT`a[dhih�](h6f(U�_\jW[db�XZY�gW_�XZY�g�X8UWV4XcY\[O`dUWf(f(]�hc]�U�_�o\bcUm`d[ahchd�,gW_\��`dgW_
��[�_\[aj�f([a`aXZ[a�+](_��\[aXc[dbc|�](_A](_\j�XZY\[rhc`.g�XcXZ[abc]�_\j�`dbiU�hch���hi[d`aXc](U�_�u����\[a[do+](_A[df{g�hiXZ]�`lhc`.g�XcXZ[abc]�_\j
o\biUT`a[dhch�gWh^hc[d[a_�]�_�XcY\[~o\gWbiXcU�_�|�UT�A[df�](hlhiY\U ��_z](_�¡¢]�j�n\bc[ R u¤£Tu~¥�_�XZYA[�V�bcgW|~[¦]�_#��YA](`wY

(1−x)p

 xp+q

e   , k

e   , k’

q

xp

P

¡¢](j�nAbc[ R u¤£T§©¨�¥1ª�](_yXZYA[^o\gWbiXcU�_�|�Um�\[df
XZYA[+_mnA`df([aU�_«|~U�|�[d_eXcn\| ]�h�k�[abi�Lf(gWbcj�[z¬�XcY\[�­Kbc[a]�X�V�bcgW|~[.®�XZYA[+o�gWbiXcU�_x|~gWhch�gW_A�¯g�_s�
|�U�|~[a_eXZn\|°XcbZgW_Ahik�[abchi[8XZUlXZY\[�_sn\`df�[dU�_~�\](bi[d`QXZ](UW_~`dgW_���[�_\[dj�f�[d`QXZ[d��u�vDY\[dbi[aV�U�bi[W�TXcY\[�V�U�n\b1�
|�U�|~[a_eXZn\|±U�V¢XZYA[ro�g�biXZUW_�²©](h�³\´,µ¯¶e³I����Y\[abc[�³�](hDXcY\[l_mnA`df([aU�_�V�UWn\b1�·|~U�|�[d_eXcn\|±gW_A��¶
](h	XcY\[MV�bZgW`QXZ]�U�_yUWV¢XcY\](hD|�U�|�[d_eXZnA|¸`.g�bcbc]�[d���e�yXZY\[lo�g�biXZUW_,u

¥�_�XZYA[O](|�o\n\f�hc[^gWo\o\biU.�A]�|�g�XZ](UW_,�\XZY\[ro\bcU�XZU�_�|~g�Xcbc]��y[df([a|~[a_eX�](_}XZY\[rY�gW�\biU�_\]�`^Xc[d_\hiU�b¹�ºd» `.g�_���[�bc[ao\f{g�`d[d�#�e�#g�hin\|�UWV=qsn�gWbit�|�g�XZbc]¼��[df([a|~[a_eXZhd�I�½[d]�j�YeXZ[d�+��]�XZY+XZY\[�o\gWbiXcU�_

Figure 1.2: Parton Model in the DIS Region

viewed as the sum of all the lepton-parton cross sections. Under the parton model,

the structure functions F1, F2 and g1, g2 can be expressed in term of the parton

distribution functions qi(x), which gives the probability of finding a quark of flavor i

that carries the momentum fraction x, charge ei and spin.

F1(x) =
1

2

∑

i

e2
i qi(x)

F2(x) = x
∑

i

e2
i qi(x) = 2xF1(x)

g1(x) =
1

2

∑

i

e2
i4qi(x)

g2(x) = 0 (1.2.1)

where 4qi = q��i − q��i , q��i is the distribution function with parton helicity parallel
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with that of the nucleon and q��i is the distribution function with parton helicity

anti-parallel with that of the nucleon.

According to the parton model, the structure functions are independent of Q2,

they are only functions of x, the momentum fraction a parton carries of the parent

hadron. However, structure functions have shown a significant Q2 dependence during

various experiments done in the past. Figure 1.3 shows the Q2 dependence of gp1 for

different x.

At finite Q2, the asymptotic freedom is no longer valid and the Bjorken limit is

broken, the parton distribution function starts to show a slow logarithmic dependence

on Q2. Perturbative QCD theory can be used to compute these higher order QCD

terms.

The gluons participate in the following transitions:

q → q + g (1.2.2)

g → q + q̄

q̄ → q̄ + g

g → g + g

As Q2 increases, more partons generate, which results in reduced value of the parton

distribution function, qi(x). Each of these partons carries a momentum that is a

fraction ξ′ smaller than the original momentum, ξ. The evolution of the distribution

functions can be formally described by the Altarelli-Parisi equations [12]. Due to the

gluon emission, the results show a logarithmic Q2 dependence of parton distribution
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However, the resulted PDFs are still consistent with A!0

LL !
0 in the entire pT region, and it suggests a need of more
precise data. Nevertheless, significantly improved con-
straints on the gluon distribution will be discussed basing
on this fit results in Sec. III B.

In order to illustrate the current precision of the structure
function g1 for the proton, the experimental data are com-
pared with the fit results including uncertainty bands in
Fig. 3. Here, only the type-1 results are shown. Experi-
mental measurements are usually listed by the spin asym-
metry A1, so that the gp1 data are calculated by using the
unpolarized PDFs of the GRV98 [26] and the SLAC pa-
rametrization for R with Eq. (1). We notice that the uncer-
tainty bands are still wide at large x ( > 0:5). The smaller x
region (x < 0:007) still remains unmeasured. Although the
kinematical coverage of the experimental data are being
extended, precision data are missing especially in the
large-x and extremely small-x regions, especially when
we compared with the HERA data [34]. Wider kinematical
coverage is essential in extraction of !g through a scaling
violation. Such measurement would be feasible at the
proposed polarized ep-colliders, e-LIC [35], or eRHIC
[36].
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functions.

dqi(x,Q
2)

dlnQ2
=
αs(Q

2)

2π

∫ 1

z

dy

y
[Pqq(

x

y
)qi(y,Q

2) + Pqg(
x

y
)g(y,Q2)] (1.2.3)

dg(x,Q
2)

dlnQ2
=
αs(Q

2)

2π

∫ 1

z

dy

y
[
∑

j

Pgq(
x

y
)qi(y,Q

2) + Pgg(
x

y
)g(y,Q2)] (1.2.4)

The splitting function, Pqq(
x
y
), is the probability for a quark with momentum fraction

y to radiate a gluon, leaving the quark with momentum x.

In the low Q2 region, there are other corrections to the Q2 dependence of the

structure functions so called ”higher twist effects”due to the fact that the quarks

also possess a momentum component perpendicular to that of the virtual photons.

These corrections produce a term proportional to 1
Q2 , and can be calculated using the

Operator Product Expansion [13].

1.3 First momentum of g1 and the GDH Sum Rule

In the parton model as mentioned earlier, g1 can be expressed in terms of parton

distribution functions:

g1(x,Q2) =
1

2

∑

i

e2
i [q
↑
i (x,Q

2)− q↓i (x,Q2)] =
1

2

∑

i

e2
i [4qi(x) +4q̄i(x)] (1.3.1)

The first moment of the g1 is generally given by the Operator Product Expansion,

in terms of hadronic matrix element multiplied by calculable coefficient functions. In

the assumption of free quark fields, the result simplifies to:
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Γ1 =

∫ 1

0

dxg1(x) =
1

2

∫ 1

0

∑

i

e2
14qi(x)dx (1.3.2)

The first moment Γ1 can be expressed in terms of the SU(3)f nucleon axial charges

aj, which are defined as follows:

MajSµ = 〈P, S|J j5µ|P, S〉; J j5µ = Ψ̄γµγ5
λj
2
ψ (1.3.3)

Ma0Sµ = 〈P, S|J0
5µ|P, S〉; J0

5µ = Ψ̄γµγ5ψ (1.3.4)

Here, J j5µ and J0
5µ are respectively the octet of quark SU(3)f axial-vector currents

and the flavor singlet axial current. λj are the Gell-Mann matrices and Sµ(λ) is the

proton’s spin vector corresponding to a helicity state λ.

Using the parton distribution functions, we can write the nucleon axial charges in

terms of the polarized parton distributions. After applying the SU(3) flavor decom-

position, the first moment can be expressed as:

Γ1 =

∫ 1

0

dxg1(x) =
1

12
[a3 +

1

3
a8 +

4

3
a0] (1.3.5)

Various sum rules predict the value of this integral. The Ellis-Jaffe sum rule predicts

the numeric values of the proton and neutron first moment:
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Γp1 =

∫ 1

0

dxgp1(x) =
3

36
a3 +

1

36
a8 +

4

36
a0 = 0.186± 0.004 (1.3.6)

Γn1 =

∫ 1

0

dxgn1 (x) = − 3

36
a3 +

1

36
a8 +

4

36
a0 = −0.025± 0.004 (1.3.7)

under the assumption of SU(3) symmetry an the approximation of massless quarks.

The Bjorken sum rule has been confirmed by experiments over years, however,

it is not the case with the Ellis-Jaffe sum rule. The European Muon Collaboration

(EMC) in 1988 measured a unexpected low value of Γ1. At Q2 = 10.7GeV 2, the

average value of Γp1 obtained by the EMC experiment is 0.128 ± 0.013 ± 0.019. The

result is considerably smaller than the value predicted by the Ellis-Jaffe sum rule.

Further more, from the value of Γ1, we can obtain the matrix element of the flavor

singlet:

a0 =
3

4
[12Γp1 − a3 −

1

3
a8] = 0.06± 0.12± 0.17 (1.3.8)

while in the framework of the parton model, a0 is expected to be closer to 1.

How much we can trust the theoretical predictions based on the naive parton

model becomes a challenging question. In particular, there are experimental accep-

tance limitations that prevent a single experiment from measuring full x range at

a fixed Q2 for the first moment integral calculation. Theoretical extrapolations are

therefore necessary in order to include the full range of x. The large x region is fairly

well understood, g1 approaches 0 as x approaches 1. But there hardly is any clear

guidance of the x dependence expected in the low x region.
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In QCD, there are two sources of Q2 dependence, one is the QCD radiated cor-

rections that is due to the hard gluons and the other is the higher twist corrections

that takes care of the interactions between the active quark and the rest of the target.

After applying the perturbative corrections on the extrapolation of Γ1, such results

were obtained [14]:

Γp1(Q2) =
1

12
[ENS(Q2)(a3 +

1

3
a8) + Es(Q

2)
4

3
a0]

ENS(Q2) = 1− (
αs
π

)− 3.58(
αs
π

)2 − 20.22(
αs
π

)3

ES(Q2) = 1− 0.333(
α

π
)− 1.10(

αs
π

)2 (1.3.9)

The corrected value of Γp1 is approximately 0.186, which is still too high for the EMC

measurement (Γp1 = 0.128± 0.013± 0.019 at Q2 = 10.7 GeV) [8]. Thus we know that

the QCD improved corrections do not solve the conflict between the EMC measured

first moment and the naive parton model predicted value.

At low 4-momentum transfer (Q2 ≤ 1) region, due to the relatively low energy,

the incoming lepton does not view the hadron target as simply independent partons,

but probes the target at a hadronic level as well. Nucleon resonances and multi-

pion states occur as this transition between partonic and hadronic scale takes place.

Therefore, the low Q2 region has been known as the resonance region.

The nucleon resonances can be expressed in terms of the photon helicity ampli-

tudes [15]. Transverse virtual photons have helicity λ = ±1 and correspond to right

or left-handed circular polarization, while longitudinal photons have λ = 0. The

polarization vectors are εµ± for the transverse photons and εµ0 for the longitudinally
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polarized virtual photons.

The corresponding components of the electromagnetic current Jµν are:

J± = εµ±Jµν = ± 1√
2

(Jx + iJy)

J0 = εµ0Jµν =
Q

ν
Jz (1.3.10)

The helicity amplitudes connect a nucleon N 1
2
,ms

with a spin projection ms with any

nucleon resonance N∗j,mj of spin j and projection mj. The three basic helicity-related

amplitudes can therefore be constructed for a nucleon of mass M and spin 1
2

[15]:

A 1
2

=
e

2M

√
M

W 2 −M2
〈N∗

j,+ 1
2
|J+|N 1

2
,− 1

2
〉

A 3
2

=
e

2M

√
M

W 2 −M2
〈N∗

j,+ 3
2
|J+|N 1

2
,− 1

2
〉

S 1
2

=
e

2M

√
M

W 2 −M2
〈N∗

j,+ 1
2
|J0|N 1

2
,− 1

2
〉 (1.3.11)

The total cross section can thus be constructed with the helicity amplitudes. T stands

for transverse, L stands for longitudinal and LT stands for interference cross section:

σT (νR, Q
2) =

2M

ΓRMR

[|A 1
2
|2 + |A 3

2
|2]

σL(νR, Q
2) =

4M

ΓRMR

[|S 1
2
|2]

σLT (νR, Q
2) =

2M

ΓRMR

[|A 1
2
|2 + |S 3

2
|2] (1.3.12)
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where νR =
M2
R−M2+Q2

2M
and MR is the invariant mass of the resonance, ΓR is the decay

width.

The same cross sections can be written in terms of the structure functions g1 and

F1. The transverse and interference cross sections are:

σ
1/2
T (νR, Q

2) =
4π2α

MK
(F1 + g1 −

2Mx

ν
g2)

σ
3/2
T (νR, Q

2) =
4π2α

MK
(F1 − g1 +

2Mx

ν
g2)

σLT (νR, Q
2) =

4π2α

MK

Q

ν
(g1 + g2) (1.3.13)

where K is the photon flux.

Combining the above equations, we can express the structure function g1 in terms

of the two transverse cross sections and the interference cross section:

g1 =
MK

8π2α(1 + Q2

ν2
)
[σ

1
2
T − σ

3
2
T +

2Q

ν
σLT ] (1.3.14)

The GDH (Gerasimov-Drell-Hearn) Sum Rule relates the difference of the two trans-

verse cross sections to the anomalous magnetic moment of the nucleon κ[7]:

−κ
2

4
=

M

8π2α

∫ ∞

νth

σ
1/2
T − σ

3/2
T

ν
dν, (1.3.15)

νth is the one pion photoproduction threshold.

The GDH sum rule is derived in the real photon limit, Q2 = 0. Assuming the cross

sections at the real photon limit connects smoothly with virtual photon cross sections
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where Q2 is very small, we can obtain the generalized GDH sum rule as follows:

I1(Q2) = 2M2

Q2

∫ x0
0
g1(x,Q2)dx

=
M2

8π2α

∫ ∞

νth

1−Q2/2mν

1 +Q2/ν2
(σ1/2(ν,Q2)− σ3/2(ν,Q2) +

2Q

ν
σLT (ν,Q2))dν/ν (1.3.16)

As Q2 → 0,

lim
Q2→0

I1(Q2)⇒ M2

8π2α

∫ ∞

νth

(σ1/2(ν,Q2)− σ3/2(ν,Q2))
dν

ν

Γ1 =
Q2

2M2
I1(Q2)⇒ Q2

16π2α
(−2π2ακ2

M2
)⇒ −Q

2κ2

8M2
(1.3.17)

We can see from this expression of Γ1 that the first moment of the spin related

structure function, g1, approaches zero with a negative slope while obviously being

positive in the high Q2 region. This negative slope is called the GDH slope. One of

the goals of our EG4 experiment is to measure the GDH slope at very low Q2 under

the real photon approximation for the deuteron target.

There are several phenomenological models that describe the GDH slope in the

resonance region. We will discuss two of them now.

1.4 Burkert and Ioffe model

The strong variation of Γp1 with Q2 in the resonance region is caused by the tran-

sition from by the resonance-driven coherent scattering to the incoherent scattering
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of the constituent quarks. The evolution of the sum rule was originally described

by Anselmino et al [16] through the parameterizations based on the vector meson

dominance model. The model was later refined by Burkert and Ioffe [17] by treating

explicitly the contributions of individual resonances. The contribution from reso-

nance production has a strong Q2 dependence for small Q2 and decreases rapidly

as Q2 increases. At Q2 = 0, approximately 80% of the GDH sum rule comes from

the contribution of the ∆ resonance, P33(1232). The ∆(1232) resonance is a spin

3/2 isobar of the nucleon, and is given by the strength of the A3/2 amplitude. This

amplitude requires a change of helicity and a flip of the quark spin.

The model by Burkert and Ioffe[18] measures the resonance and non-resonance

contributions to the quantity I1(Q2) separately.

2M2

Q2
Γ1(Q2) = IGDH(Q2) = Ires(Q2) + I ′(Q2) (1.4.1)

where Γres(Q2) is the resonance contribution which is modeled up to W = 1.8GeV

using meson electroproduction data and the non-resonant part of I1(Q2) is parame-

terized by a smooth function which is a sum of monopole and dipole term [18].

I ′(Q2) = 2M2Γas[
1

Q2 + µ2
− cµ2

(Q2 + µ2)2
] (1.4.2)

where Γas is the asymptotic value of Γp(Q
2) at large Q2, µ is the mass parameter char-

acterizing the model, which is set to µ = mp here. The variable c can be determined

by the GDH sum rule at the real photon limit:

I0 = Ires1 (0) + I ′1(0) = −1

4
κ2 (1.4.3)
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which gives

c = 1 +
1

2

µ2

M2
N

1

Γas
[
1

4
κ2 + Ires(0)] (1.4.4)

The model predicts a change of sign for Γ1
p(Q

2) at Q2 ∼ 0.8GeV 2. The sign change is

generated by the contribution of the ∆(1232) resonance, which gives a large negative

value at small Q2. We will show the comparison between the experimental data for

Γ1
p and prediction by the Burkert and Ioffe model in Figure 1.4.

1.5 Soffer and Teryaev model

Soffer and Teryaev[19] predicts the Γ1 value by incorporating Γ2, the first moment of

the second spin structure function g2 into the picture. According to the Burkhardt-

Cottingham sum rule, as Q2 →∞,

∫ 1

0

g2(x)dx = 0 (1.5.1)

While at Q2 = 0 I1+2 can be calculated using the GDH sum rule,

I1+2(0) =
eκ

4
(1.5.2)

where e is the nucleon charge in elementary units. Parametrization in the intermediate

Q2 region was made for the total first moment Γ1+2 and Γ1 can be deduced from
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there. For the proton case, the simplest parametrization was used to interpolate I1+2

between Q2 = 0 and large Q2 [19]:

I1+2(Q2) = θ(Q2
0 −Q2)[

eκp
4
− 2m2

pQ
2

Q2
0

∫ 1

0

g1(x)dx] + θ(Q2 −Q2
0)

2m2
p

Q2

∫ 1

0

g1(x)dx

(1.5.3)

The resulting crossing point for Γ1
p is at Q2 ∼ 0.2GeV 2, which is below the reso-

nance region.

Figure 1.4 shows the comparison of the experimental data and Γd1 predictions

according to the two phenomenological models.
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tor meson (Fig. 19a and 19b). However it is important to point outthat the 
onstants in equation (97) have not been 
al
ulated using the VDM. Thepredi
tions for �1 by Burkert and Io�e is shown for the deuteron in Fig. 20.
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Chapter 2

Experimental Setup

2.1 Electron Beam at TJNAF

The Thomas Jefferson National Acceleration Facility (JLab) operates a continuous

wave polarized electron accelerator producing a high luminosity continuous electron

beam with energies ranging from 800 MeV to almost 6 GeV. Electrons accelerated

by klystrons are propagated through wave guides to superconducting RF accelerating

cavities.

The electric field induced in the superconducting RF cavity is parallel to the beam

axis. Its maximum value lies on the axis and decays radially to zero at the walls. The

CEBAF accelerator consists of a 45 MeV injector capable of producing three beams,

two superconducting linac segments connected by re-circulation arcs, a beam switch

yard and three experimental halls: A, B and C.

The injector generates a beam with a nominal energy of 45 MeV and a 1.497 GHz

bunch structure. The orientation of the electron spin can be selected at the injector

by using a Wien filter [20] consisting of perpendicular electric and magnetic fields

transverse to the electron momentum. The Wien filter can rotate the polarization

27
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of the beam without disturbing the momentum. The electric field is adjusted for a

desired spin rotation and the magnetic field is used to counterbalance the Lorentz

force on the electron.

The main accelerating structure consists of two superconducting linacs about 240

meters long, connected by the recirculating arcs. Each linac segment contains 25 cry-

omodules, each with 8 superconducting RF cavities. The cryomodules are separated

from each other by a room temperature section which consists of focusing quadrupole

magnets, dipole steering magnets, beam diagnostics and vacuum equipment. The

dipole steering magnets and focusing quadrupole magnets serve to confine and guide

the beam through the accelerator. The linacs are connected by transport lines, com-

posed of sections called ”spreaders”, recirculating arcs and ”recombiners”. [21] The

electron beams are bent vertically by the spreaders though an angle α which is in-

versely proportional to the beam energy. Recombiners are magnets that bend each

individual beam by an angle -α. The recirculation regions were designed to minimize

the synchrotron radiation effects by incorporating sufficiently large bending radii and

strong focusing. The energy spread in the beam is ∼ ∆E/E ∼ 10−4, with the beam

current ranging from 100pA to 100µA. Figure 2.1 shows the components of the CE-

BAF accelerator.

The three beams are separated at the switch yard and delivered to Hall A, B and

C with the separation between bunches being 2.04 ns. The three experimental halls

are equipped with a variety of spectrometers for different programs. The two spec-

trometers in Hall A are designed for high resolution experiments with ∆p/p ∼ 10−4,

solid angle(10msr) and large momentum acceptance (10− 15%). Hall B is equipped

with the CEBAF Large Acceptance Spectrometer (CLAS) which was designed for
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41CHAPTER 3EXPERIMENTAL SETUPThe EG1 experiment took pla
e at the Thomas Je�erson National A

elerator Fa
il-ity (TJNAF), where the Continuous Ele
tron Beam A

elerator Fa
ility (CEBAF)delivers beam to three experimental halls. The EG1 experiment took pla
e in exper-imental Hall B, whi
h houses the CEBAF Large A

eptan
e Spe
trometer (CLAS).The experiment was designed to probe the spin stru
ture of the nu
leons, the pro-ton and the neutron, at low to moderate Q2 values. Therefore in addition to theCLAS, a polarized target was also required. In this 
hapter, a brief overview of allthe equipments used in the experiment will be dis
ussed.3.1 THE ACCELERATOR AND THE POLARIZED BEAM
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s up to�ve times before delivery to the three experimental halls. The a
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Figure 2.1: CEBAF Accelerator. One of the cryomodules is shown in the upper left
corner. A vertical cross section of a cryomodule is shown in the lower right corner.
A cross section of the five recirculation arcs is shown in the upper right corner.

photonuclear and electronuclear studies with low luminosity (1034cm−2sec−1). CLAS

allows multi particle detection and identification within ∼ 80% of 4π and 0.1 to 6

GeV/c in momentum. Hall C contains two magnetic spectrometers of medium mo-

mentum resolution (∼ 10 MeV). These are the High Momentum Spectrometer (HMS)

with a maximum momentum of 7 GeV/c and the Short Orbit Spectrometer (SOS).

The polarized electrons are produced by inducing bandgap photoemission from

a strained GaAs cathode. Layers of various GaAs substrates with different lattice

spacing together form the cathode. Pure GaAs grows on top of GaAs0.72P0.28. The

small lattice spacing of GaAs0.72P0.28 creates strain on the spacing of GaAs, thus

slightly shifts the electron energy levels and breaks the degeneracy [22] as shown in
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Figure 2.2, resulting a gap in the P3/2 energy levels. In principle, one can achieve

a beam polarization of 50% from pure GaAs. If the cathode is illuminated with

circularly polarized laser light with the right range of energy, the electrons from the

energy level P3/2,mj = 3/2 excite into the conduction band and subsequently escape

into the surrounding vacuum. However, because of the energy gap, the electrons from

the energy level P3/2,mj = 1/2 are not excited by the laser light. Electrons excited to

the conduction band are bound to the surface of the material by ∼ 4eV and cannot

escape. For this reason the surface of GaAs is treated with the monolayer of cesium

and fluorine to lower the work function so that the electrons can escape. The sign of

electron polarization is flipped at frequency of 1 Hz by reversing the laser polarization

with a pseudo-random sequence.
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Figure 2.2: The difference in energy levels of GaAs and strained GaAs.

The polarization of the beam is measured initially at the injector using a 5 MeV

Mott Polarimeter [23]. The beam polarization is measured again in Hall B by a Moller

Polarimeter located upstream of the polarized target. The Hall B Moller polarimeter
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target is a 25 µm thick magnetized iron foil where a fraction of electrons are polarized.

The often scattering electrons are guided by two sets of quadrupole magnets to the two

fiber scintillators where they are detected in coincidence. The kinematics of Moller

scattering provides a correlation between the energy and the scattering angle of the

electron [24]. By measuring the asymmetry in the number of electrons scattered with

the beam polarized parallel and anti-parallel to its momentum, with the knowledge of

the Moller target polarization, we can thus derive the beam polarization. The typical

beam polarization during the Eg4 experiments was ∼80%.

Continuous monitoring of the beam delivered to Hall B is done by three beam

position monitoring devices (BPM) and three beam current monitors (BCM). These

BPMs and BCMs are positioned upstream of the polarized target cells provide the

position and intensity of the beam and are read at the rate of 1Hz. The Faraday

cup enables precise measurements of the integrated beam charge. A combination

of the BCMs and the Faraday cup readings gated to the beam helicity gives us a

measurement of the beam charge asymmetry, which arises when there is more current

in one helicity state than in another.

2.2 Polarized Target

The theory and technology of producing solid polarized targets consisting of solid dia-

magnetic materials doped with paramagnetic radicals have been developed over the

past 50 years. Solid polarized targets offer some advantages over gas and liquid tar-

gets, such as high density and high construction flexibility [25]. The Eg4 experiment

in Hall B used solid ammonia targets that were doped with paramagnetic radicals
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and polarized via the method of Dynamic Nuclear Polarization (DNP) [26].

Because the nucleon has a much smaller magnetic momentum than that of an

electron, it is easier to reach high electron polarization than nucleon polarization.

Thus the basic idea behind this polarization method is to produce high electron

polarization in the sample and then transfer that to the nuclear spins. The dipole-

dipole interaction between the electron and the nuclear spin then functions as the

media to transfer the polarization from the electron spin to the nuclear spin. Free

electrons, lattice holes or free radicals can serve as paramagnetic centers (NH2·) in

the target material. As for the target material used in the Eg4 experiment, the

paramagnetic centers are introduced by irradiating the ammonia target beads with a

low energy electron beam.

For spin 1/2 particles with magnetic moment µJ in a magnetic field B, the Boltz-

mann factor e
µJB

KT determines the particle population at a specific temperature T. For

particles of spin 1/2 the polarization can be expressed as:

P1/2 = tanh
µB

KT
(2.2.1)

Given the small value of the proton’s gyromagnetic ratio, the value of B/T must

be at least on the order of ∼ 103 Tesla/Kelvin in order to create a significant nuclear

thermal equilibrium polarization [27]. On the other hand, a field of 1 T at the

temperature of 1 K is sufficient to polarize free electrons to a value over 30% [?].

After the electrons doped in as paramagnetic centers are polarized, Dynamic Nuclear

Polarization is then used to transfer the high electron polarization to the nuclear

polarization.

The method of DNP is based on the Solid State Effect discovered in 1958, and is
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observed at low temperature and high magnetic field in a solid that contains atomic

nuclei and unpaired atomic electrons [28]. The state of lower Zeeman energy has the

electron spin anti-aligned with the magnetic field. Figure 2.3 shows the energy levels

in a magnetic field.
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Figure 2.3: Energy levels of e-p spin system placed in a magnetic field. hωe represents
the transition between electron spin states, while hωp represents the transition be-
tween the proton spin states. The system is described by 4 pure eigenstates without
the perturbing Hamiltonian.

The only transitions allowed when the system is irradiated by an rf field are the

ones with ∆Sz = ±1 or ∆Iz = ±1. When the frequency ω is near the electron Larmor

frequency ωs = gsµs
B~ , the corresponding transitions will have ∆Sz = ±1. Moreover,

there is a dipole-dipole interaction between the proton and electron magnetic moments

given by the following Hamiltonian:



34

Hdip =
1

r3
[µ1 · µ2 −

3

r
(µ1 · r)(µ2 · r)] =

gµBµp/I

r3
[I · S − 3r−2(I · r)(S · r)] (2.2.2)

where µ1 and µ2 are the magnetic moment of the proton and electron and r is the

vector joining the positions of the nucleus and the free electron.

This interaction arises from a magnetic field BS at the nucleus due to the dipole

moment of the electron:

BS =
gµB
r3

(2.2.3)

The field BS is much smaller than the Zeeman field, but it results in mixing of the

”pure” electron states. A modified diagram of the electron proton system is shown

in Figure 2.5. The dipole-dipole interaction induces simultaneous spin flips of an

electron and a nucleus (ψ� → ψ�), which is otherwise forbidden. The probability of

this transition is labeled V. Although the value of V is much smaller than the allowed

transitions, it nonetheless is considerable and it gives rise to the ”Solid State Effect”.

The Hamiltonian of a system of free electrons and a spin 1/2 nucleon placed in a

magnetic field can be expressed as:

H = H0 −−→µe ·
−→
B −−→µN ·

−→
B +Hss (2.2.4)

The term H0 is the free Hamiltonian for the electrons and the nucleons. The second

term describes the interaction between the electron and the magnetic field while the

third term describes the interaction between the nucleon and the magnetic field. The

final term arises due to dipole-dipole interaction between the electron and the nucleon.
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The effects of Hss on the free Hamiltonian is relatively small compared to the second

the third term. Therefore the eigenstates of H can first be calculated by treating

−−→µe ·
−→
B − −→µN ·

−→
B as a perturbation to the free Hamiltonian. Figure 2.4 shows the

splitting of energy levels, known as the Zeeman effect, due to this perturbation. Four

states are resulted shown in figure 2.5.
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Figure 2.4: The energy level diagram of a spin 1/2 nucleon electron system that is
placed in a magnetic field.

When an rf field with the appropriate frequency ωe±ωp is applied to the e-p spin

system, it results in a change in both the nuclear and electron spin directions. But

because the coupling between the electron spins and the lattice is much stronger than

that of the nuclear spins, the electron spin goes quickly back to its lower magnetic

energy level, ready to be excited again, while the nuclear spin, with a longer relaxation

time, stays in the new state. The spin polarization is thus passed from the free
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Figure 2.5: Allowed transitions in e-p spin system. The dipole interaction mixes
eigenstates, and the transitions where both particles change their state are possible.

electrons to the nucleons. The nuclear polarization is created in the vicinity of the

free electrons first, then gradually transmitted to the remote nucleons.

In the case of the deuteron target, the Zeeman splitting of a spin-1 system in

a magnetic field has three evenly spaced quantized energy levels. However, in the

ND3 target, as in many other materials which do not have cubic symmetry, there are

local electric field gradients that couple to the quadrupole moments of the deuterons

causing an asymmetric splitting of the energy levels into two overlapping absorption

lines. The quadrupole tensor Q of the deuteron couples to the gradient of the electric

field ∇E [29] arising from the atomic electrons in the bonds. The energy levels of

such a spin-1 system are written as [28] [30] [31]:
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Em = −~ωdm+ ~ωq3 cos2(θ)− 1 + η sin2(θ) cos(2φ)(3m2 − 2) (2.2.5)

where θ is the polar angle between the axis given by the N-D or O-D bond and the

magnetic field ⇀ H0, and m = −1, 0, 1 is the spin magnetic quantum number. The

azimuthal angle φ and parameter η are necessary for describing bonds where the

electric field gradient is not symmetric about the bond axis. Specific definitions of

φ and η can be found in References [32] and [28]. The electric field gradient has

different values for the two types of bonds, while the quadrupole moment is the same.

For a given value of θ, there are two resonant frequencies in this system which

correspond to the positive E0 → E1 transition with energy ∆E+ = E0 − E1 and the

negative E−1 → E0 transition with energy ∆E− = E−1−E0. The corresponding two

resonant frequencies are no longer equal as in the case of pure Zeeman splitting, thus

resulting in the double peak lineshape of the NMR signal for the deuteron target.

The target material used in the Eg4 experiments were polarized 15NH3 and 15ND3

ammonia beads. The target material is produced by slowly freezing the ammonia gas

at 77K in liquid nitrogen, and crushing the frozen ammonia solid into small pieces,

approximately 1-3 mm in diameter. Paramagnetic centers in the form of free radicals

are introduced into the target beads with an electron beam.

During a scattering experiment, the target material continues to accumulate para-

magnetic centers. While the pre-experimental doping takes place at relatively high

temperatures, 80 − 90K, these centers are created and will be stable at 1 K. These

low temperature stable atoms can have a g factor different than 2, which would cause

their Larmor frequency to be different from the frequency of the polarizing microwave

field. As a result of this, the newly created centers do not participate in the DNP
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process, but they still contribute to the relaxation process via dipolar coupling to the

nuclear spins [33]. As the number of new centers increases, the nuclear polarization

deteriorates. During the experiment, the beam was rastered in a spiral pattern to

avoid overheating local regions in the target. This was done using 2 magnets located

upstream of the target. In order to make sure only the electrons scattered from the

polarized target, as opposed to the ones scattered from other materials in the beam

path are selected, a raster calibration will be performed and a cut on the vertex

distribution will be made. Raster calibration will be discussed in detail in a later

chapter.

The radiation damage can be repaired by a process called ”annealing”, which

involves heating the target material up to ∼ 80 − 90K or higher. Figure 2.6 is a

picture of the polarized ammonia target beads in the cell, the purple color is evidence

of paramagnetic centers.

The polarization of the NH3 target reached ∼ 90% during the Eg4 experiment

while the ND3 polarization reached > 45%. The target had to be annealed every 2-3

weeks. The beads change their color after exposure to electron beam, the edge has a

lighter color due to less beam exposure.

Figure 2.7 shows the diagram of the target in the Hall B detector. The target

includes a superconducting magnet that generates a magnetic field of ∼ 5T , a helium

evaporation refrigerator that can cool the target banjo temperature down to ∼ 1K,

microwave and a Nuclear Magnetic Resonance (NMR) system for monitoring the

polarization and an insert housing the target cells.

Figure 2.8 is a detailed diagram of the target insert that houses different target
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Figure 2.6: A photo of the target cell after beam exposure.

materials. The upper end of the insert is connected with NMR cables and microwave

input. The insert used in Eg4 experiment houses targets cells for a NH3 target, a

ND3 target, a Carbon target and an empty cell for background correction.

The NMR system [34] was used to monitor the target polarization during the Eg4

experiment. In the NMR technique an oscillating magnetic field B1 of frequency ω

perpendicular to the static field B is appiled. This causes the nucleons to have a spin

precession along the field of B1 at a frequency ω1 = γ|−→B1|. At the Larmor frequency

ω = ω0 and the vicinity area, the system absorbs the energy applied by the signal

and flips the spin of the nucleons, resulting in a change of the susceptibility of the
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Figure 2.7: Diagram of the target in Hall B.

material:

χ(ω) = χ′(ω)− iχ′′(ω) (2.2.6)

For a given spin type, the absorptive part, χ′′(ω) of the susceptibility is sensitive

to the target polarization [34]:

P =

∫ ∞

0

χ′′(ω)dω (2.2.7)

The NMR system shown in Figure 2.9 was designed to apply the oscillating mag-

netic field and to measure the susceptibility of the target material, thereby obtain the

target polarization. The oscillating magnetic field B1 was generated by a wire coil

around the target. The coil also functions as an inductor in an alternating current

LRC circuit. The inductance of the coil depends on the susceptibility of the target
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Figure 2.8: Diagram of target insert

material:

L(ω) = L0(1 + 4πηχ(ω)) (2.2.8)

where L0 is the inductance of the coil when the target material is completely unpo-

larized and the filling factor η describes the coupling of the material to the coil. The

RF frequency is swept through a range of frequencies above and below the Larmor

frequency in order to obtain the NMR signal. The calculation of target polarization

of deuteron from NMR signals will be discussed in the latter chapters.
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Figure 2.9: Diagram of the NMR circuit

2.3 CLAS

Hall B CLAS has a toroidal magnetic field produced by six superconducting coils

which separate the detector into six wedge shaped sectors, each of which covers ap-

proximately 60o degree the scattering sphere. Each sector contains Drift Chamber

(DC) for tracking charged particles, Cerenkov Counter (CC) to separate electrons

from pions, Scintillation Counters (SC) for determining particle flight time and Elec-

tromagnetic Calorimeters (EC) to identify electrons and neutral particles. The CLAS

has a large acceptance coverage that ranges from 8◦ to 140◦ in the polar angle. Figure

2.10 illustrates the overall layout of the detector. For the inclusive analysis during

Eg4 experiment, sector 6 was the only sector from which we extracted data.
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46are maximum and the other asymmetry parameters are negligible. Therefore, withthe pre
ise knowledge of the target polarization parameter on the three axes, thepolarization of the beam 
an be extra
ted.The Hall B Moller polarimeter whi
h is shown in Fig. 27, 
onsists of a target
hamber, two quadrupole magnets and two dete
tors. The target, whi
h is a foil, ismagnetized using a 
oil system. The two quadrupoles are used for separating thes
attered ele
trons from the uns
attered beam. The two dete
tors are lo
ated down-stream of the target. The number of 
oin
iden
es from the two dete
tors is re
ordedfor ea
h heli
ity state and is used to 
al
ulate the asymmetry, whi
h subsequently isused to determine the beam polarization.During the EG1 running period the beam polarization was frequently measuredusing the Moller polarimeter and was between 60% and 80%.3.3 THE CLAS

FIG. 28. A 
utaway view of the CLAS. The beam dire
tion is out of the page.The CLAS lo
ated in experimental Hall B, has a toroidal magneti
 �eld produ
edby six super
ondu
ting 
oils. The super
ondu
ting 
oils separate the dete
tor intosix wedge-shaped se
tors, ea
h of whi
h 
overs approximately 60Æ of the sphere. Ea
hFigure 2.10: A cutaway view of the CLAS. Beam direction is out of the page.

2.4 Torus Magnet

The torus magnet has six superconducting coils that generate a main magnetic field in

the φ direction circling the beam line. This structure allows homogeneous geometrical

coverage of charged particles at large angles as well as providing good momentum

and angle resolution and low background from electromagnetic interactions. Particle

momentum can thus be measured by inducing a curvature which depends on the

charge and momentum of the particle on its path. Figure 2.11 shows the diagram of

the coils.

The system is usually described using spherical coordinates, with the z axis along
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Figure 2.11: Diagram of the six coils of the torus magnet.

the beam direction, the x axis along the horizontal plane and the y axis along the

vertical plane normal to the beam. θ is the polar scattering angle and φ is the az-

imuthal angle. Figure 2.12 shows a contour plot of magnetic field for CLAS in the

midplane between two coils. The magnet is approximately 5 meters in the diam-

eter and 5 meters in length. Each of its coils consists of 4 layers of 54 turns of

aluminum-stablilized NDTi-Cu conductors. [35] The coils are cooled to a supercon-

ducting temperature of 4.5K by liquid helium circulating through cooling tubes that

are located at the edge of the windings. The heat load is reduced by a liquid nitrogen

shield and super-insulation.

The beam passes along the axis undeflected as the field is zero.
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47se
tor 
ontains Drift Chambers (DC) for tra
king 
harged parti
les, Cerenkov Coun-ters (CC) to separate ele
trons from pions, S
intillation Counters (SC) for determin-ing parti
le 
ight time and Ele
tromagneti
 Calorimeters (EC) to identify ele
tronsand neutral parti
les. The CLAS is designed to dete
t parti
les in the range 8Æ to140Æ in the polar angle with up to 80% 
overage in the azimuthal angle. Be
auseof its large a

eptan
e CLAS is well suited for experiments that require dete
tionof multi parti
le �nal states and also 
an be used to run several experiments at thesame time. Fig. 28 illustrates the overall layout of the dete
tor. In this se
tion abrief overview of ea
h of these CLAS subsystems will be dis
ussed.3.3.1 The Torus MagnetThe torus magnet 
onsists of six super
ondu
ting 
oils arranged around the ele
tronbeam line. It generates a magneti
 �eld, with main �eld 
omponents in the � di-re
tion, that 
ir
les the beam line. This magneti
 �eld allows one to measure theparti
le's momentum by indu
ing a 
urvature, whi
h depends on the 
harge and themomentum of the parti
le, on its path. In addition to this, the 
ryostat holding the
oils also serves as a support stru
ture to hold the other dete
tor pa
kages aroundthe beam line.

FIG. 29. Constant magneti
 �eld 
ontours for the CLAS torus at a 
urrent settingof 3860 A [41℄.
Figure 2.12: A contour plot of magnetic field for CLAS in the midplane between two
coils.

2.5 Drift Chamber

The Drift Chamber (DC) in each sector is separated into three regions. Region 1 is

the closest to the target and is in a low magnetic field. Region 2 is located in between

the torus magnetic coils. Region 3 is the largest and is situated outside the magnetic

coils. The relative position of the three regions are shown in Figure 2.13.

The chambers contain wires stretched between two endplates which are tilted at

60◦ between each other. It uses the drift time of electrons released by the ionization

process in a gas to determine the spatial position of an ionizing particle. The chamber

is filled with gas and is maintained at an electric field produced by the anode and

cathode wires. The particle crossing the chamber ionizes the gas atoms, releasing elec-

trons which drift to the anode wire. The drifting electrons produce more ionization,

this creates an amplified signal which can be detected.
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483.3.2 Drift ChambersThe drift 
hambers (DC) [42℄ in ea
h se
tor are separated into three regions. Regionone is in a low magneti
 �eld and is the 
losest to the target. Region two is situatedin between the torus magnet 
oils. Region three is the largest and is lo
ated outsidethe magnet 
oils. The relative position of the three regions are shown in Fig. 30.

FIG. 30. Midplane sli
e of the CLAS, showing the region one, two and three DCsand other dete
tors [42℄.Ea
h region has two superlayers. A single superlayer 
onsists of six layers ofdrift 
ells, ex
ept for superlayer one whi
h has only four layers. A 
harged parti
leoriginating from the target would therefore 
ross 34 layers of drift 
ells. Ea
h 
ellhas six �eld (
athode) wires surrounding one sense (anode) wire and has a hexagonalshape. The hexagonal shape has been 
hosen sin
e it provides a good approximationto the 
ir
ular 
ell in whi
h the drift time to drift distan
e 
onversion shows minimaldependen
e on the entran
e angle of a parti
le tra
k. The 
ell size (radius) in
reasesuniformly from region 1 to region 3 and is 0.7 
m in region 1, 1.5 
m in region 2 and2.0 
m in region 3.The three regions are 
onstru
ted of wires that 
onne
t to the endplates, whi
hfa
e ea
h other at a 60Æ angle, in ea
h se
tor as shown in Fig. 31.The drift 
ells were 
onstru
ted from 20 �m gold plated tungsten sense wires and

Figure 2.13: Midplane slice of CLAS, showing DC’s three regions.

The drift cells are constructed from 20µm gold plated tungsten sense wires 140µm

aluminum field wires. All six sectors are filled with 88% argon and 12% carbon dioxide

gas mixtures. The field wires are kept at a negative potential and the sense wires are

kept at a positive potential through a high voltage system.

2.6 Time of Flight Counters

The CLAS Time of Flight (TOF) system provides a high resolution timing measure-

ment that can be used to calculate the speed and thus derive information regarding

the mass of a charged particle. The CLAS TOF counters consist of 57 scintillators per

sector. The last 18 of which are paired into nine logical counters. A photomultiplier
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tube and a light guide connect them at each end as shown in Figure 2.14.

Figure 2.14: Time of Fight counters for one sector.

The scintillators are mounted in 4 panels. The length of the scintillators vary

from 30cm to 450cm. The forward angle counters cover up to 45◦ and are 15cm wide.

The rest of them are large angle scintillators, 22cm in width. Each scintillator, with

a thickness of 5.08cm, is positioned in a way that it is perpendicular to the particle

trajectory. The SC are designed to fit in between the Cerenkov Counters and the

Calorimeter, covering large polar and azimuthal angles.

2.7 Cerenkov Counters

The Cerenkov Counters in CLAS are designed to separate electrons from pions. When

a particle travels through the dielectric medium at a speed higher than light speed in
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that medium the Cerenkov light is emitted. The atoms in the vicinity of the charged

particle trajectory become polarized and emit photons at a fixed angle θ determined

by

cos(θ) = 1/βn (2.7.1)

where β = v/c and n is the refraction index in that medium. A threshold Cerenkov

Counter detects particles whose velocity exceeds 1/n. Gas radiator counters are often

used when detecting particles with β > 0.99. The CLAS Cerenkov detector is filled

with perfluorobutane C4F10 at atmospheric pressure. Its refraction index n = 1.00153.

The threshold of the particle energy correspondingly is:

E =
m√

1− β2
=

√
n

n− 1
m = 18.1m (2.7.2)

where m is the mass of the particle. The threshold energy is 9 MeV for electrons and

2.5GeV for pions.

The Cerenkov counter of CLAS consists of six identical Cerenkov optical units.

One of these units is shown in Figure 2.15. One Cerenkov unit with 18 segments

extends from 8◦ to 45◦ in the polar angle direction. Each segment is divided into two

optical modules along the symmetry plane of the sector. Each optical modules has

three mirrors, elliptical, hyperbolic and cylindrical. One PMT is connected to each

module. The mirrors are aligned to optimize the light collection. The purpose of the

Winston cone is to maximize the collection of the incoming rays.

Figure 2.16 shows the optical arrangment of one module in the Cerenkov detec-

tor. The Cerenkov counters are used to discriminate pions from electrons up to the

pion momentum of 2.5 GeV/c. Pions that exceed this momentum can emit Cerenkov
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FIG. 22: Array of CC optical modules in one sector.

to a threshold in energy of the particle:

E =
m√
1− β2

=

√
n

n− 1
m = 18.1 m, (213)

where m is a mass of the particle. This provides an acceptably high pion momentum

threshold (pπ > 2.5 GeV/c).

The Cherenkov Counter of CLAS consists of six independent identical Cherenkov

optical units (one unit per sector). One of these units is shown in Fig. 22. One

Cherenkov unit contains 18 segments each covering a different region of polar angle.

The whole unit with 18 segments extends from 8◦ to 45◦ in the polar direction. Each

segment is divided into two optical modules along the symmetry plane of each sector.

These modules, which looks like wings, are named left and right modules. Therefore,

each Cherenkov unit in each sector consists of 36 optical modules (see Fig. 22). Each

optical module has three mirrors - elliptical, hyperbolic and cylindrical - to direct

the light into a light collecting Winston cone (see Fig. 23). One PMT is connected

to the end of each module. The mirrors are aligned to optimize the light collection

by the PMTs.

The amount of light collected in the PMTs is measured and stored for each par-

ticle in the event. The Cherenkov counter is one of the detectors that is generally

used in the event trigger for electron scattering experiments with CLAS. Typically,

a Cherenkov threshold for the acceptance of the particle as an electron or not is

Figure 2.15: Array of CC optical modules in one sector.

radiation that resembles the electron radiation. Thus other detectors have to be used

to identify these high energy pions. In addition, pions with a momentum below 2.5

GeV/c can also produce Cerenkov radiation through primary and secondary ioniza-

tion of atomic electrons in the gas and surrounding environment. This occurs for

around 1% pions. The electron efficiency within the fiducial acceptance of the CC ex-

ceeds 99%. Outside the fiducial region, the efficiency drops rapidly and varies greatly.

Therefore the non-fiducial region is always excluded from the data analysis.

2.8 Electromagnetic Calorimeter

Since the Cerenkov counters are not sufficient in the case of a high momentum pion,

the electromagnetic calorimeter is needed for further pion rejection. A calorimeter is a

device that measures the total energy deposited by a crossing particle. Calorimeters
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51as a fun
tion of PMT position rea
hing 70 G at large � angles. Sin
e the Cerenkov
ounter is in front of the time of 
ight dete
tors and the ele
tromagneti
 
alorimeters,it was ne
essary to keep the weight of the total material used in the 
onstru
tionof the CC as small as possible. This was a

omplished by using layered Kevlar andvinyl foam stru
tures for mirror support. The physi
s behind the CC lies in the fa
t
PMT
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Cone
Light Collection

PMT

Hyperbolic Mirror

Elliptical Mirror

Cylindrical
Mirror

Cylindrical
Mirror

Electron Track

Magnetic Shield

WindowFIG. 33. A s
hemati
 of a Cerenkov segment. An example of an ele
tron tra
k andhow the light produ
ed is 
olle
ted by the light 
olle
tion 
one is also shown [41℄.that if a 
harged parti
le traveling in a medium ex
eeds the speed of light in thatmedium it will produ
e Cerenkov light. Therefore for a medium with a refra
tionindex n, a parti
le will emit Cerenkov light if it has a velo
ity,v > 
n: (110)This Cerenkov light is 
olle
ted by photomultiplier tubes and provides a signal. Themedium inside the CC was 
hosen su
h that only 
harged parti
les whi
h have amass 
lose to the ele
tron mass will be fast enough to produ
e Cerenkov light. Agas that mat
hes the above 
riteria, per
uorobutane (C4F10), was sele
ted to �llthe Cerenkov dete
tor. It has an index of refra
tion of 1.00153 at nominal pressureand temperature and has ex
ellent light transmission properties. This gas separatesele
trons from pions up to a pion momentum of about 2.7 GeV. However there is asmall per
entage, approximately 1%, of pions that generate Cerenkov light due toprimary and se
ondary ionization of the atomi
 ele
trons in the gas and stru
turalelements even below a momentum of 2.7 GeV.3.3.5 Ele
tromagneti
 CalorimeterThe Ele
tromagneti
 Calorimeter (EC) [45℄ is part of the ele
tron trigger. In additionit 
an also dete
t neutral parti
les su
h as photons at energies above 0.2 GeV, whi
h

Figure 2.16: A schematic of a Cerenkov Segment.An example of an electron track
and how the light produced is collected by the light collection cone is also shown.

are useful in detecting neutral particles and distinguishing between electrons and

hadrons. Electrons with a energy higher than 100 MeV lose energy mostly through

pair production. Radiated photons produce electron-positron pairs which in turn can

radiate photons. This process feeds on itself and creates an electromagnetic shower of

electrons and photons. All of the electron’s energy is deposited in the Electromagnetic

Calorimeter. The pions, on the other hand lose energy primarily through ionization.

The total energy deposited in this process is independent of the beam energy, the

peak located at the minimum ionizing energy.

The calorimeter of CLAS is made of alternating layers of lead and scintillating

material. The lead is a high Z metal that enhances the shower rate and the scintillator

material is necessary to sample the energy loss. CLAS has 8 calorimeter units, with

one in each sector in the forward region (polar angle of 10◦ to 45◦), and 2 of them at

polar angle 50◦ to 70◦ in sectors 1 and 2. Figure 2.17 shows the structure of the the

forward angle calorimeters.
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FIG. 34. Exploded view of CLAS ele
tromagneti
 
alorimeter module for one se
tor[45℄.enables the re
onstru
tion of �0 and � from measurement of 2
 de
ays, and it dete
tsneutrons. The ele
tromagneti
 
alorimeter 
overs a polar angles from 8Æ to 45Æ and80% of the azimuthal angle. Ea
h se
tor is equipped with a 
alorimeter whi
h hasa total thi
kness of 16 radiation lengths. Ea
h 
alorimeter is made of alternatinglayers of 10 mm thi
k s
intillator strips and 2.2 mm thi
k lead sheets. To �t to thehexagonal geometry of the CLAS ea
h of these 
alorimeter modules was 
onstru
tedin the shape of an equilateral triangle. Ea
h of the s
intillator layers is divided into36 strips parallel to one of the edges of the triangle. The su

essive s
intillator layersare rotated by 120Æ to form the U, V and W plane as shown in Fig. 34. This helps usto determine the lo
ation of the energy deposition. Ea
h 
alorimeter, whi
h 
ontains13 layers, is further subdivided into an inner sta
k whi
h has 5 layers and an outersta
k whi
h has 8 layers. A single photomultiplier is 
onne
ted through a �ber opti

able to a single strip (1-36), plane (U, V, W) and a sta
k (inner, outer). Therefore,in total ea
h 
alorimeter has 216 photomultiplier tubes.The basi
 prin
iple behind the EM 
alorimeter lies in the manner in whi
h parti-
les deposit energy inside the dete
tor material. When a parti
le hits the 
alorimeter

Figure 2.17: One of the six modules of EC.

The forward calorimeter has a lead to scintillator ratio of 1:5 with 40cm of scin-

tillator and 8cm of lead per unit. The lead-scintillator configuration is shaped as a

triangle. There are 39 layers of 10mm scintillator and 2.2mm lead in each layer. the

ratio of radiation lengths of 10mm scintillator 2.2mm lead is ∼ 1:2 so that 1/3 of the

energy is deposited in the scintillator and 2/3 of the energy is deposited in the lead.

The scintillator light is transmitted to PMTs. Large angle calorimeter units have

similar structures as forward angle ones but have a rectangular shape.
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Figure 2.18: A schematic of the CLAS data flow.

2.9 The Trigger System And Data Acquisition Sys-

tem

The CLAS trigger system is built upon a two level system. The level 1 trigger requires

a signal above threshold in the CC and EC. The level 2 trigger requires selects good

events from those that have passed the level 1 trigger by using the DC track hits and

by identifying a preliminary track.

For those events that passed the trigger requirements on energy and timing, infor-

mation on the events is digitized in 24 FASTBUS and VME crates and are collected

by 24 VME Readout Controllers. Figure 2.18 is an illustration of the CLAS data

flow.
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The digitized data are translated into tables and transferred through fast Ethernet

lines to the online data acquisition system. The data acquisition system performs

three important functions:

• Event Building. The Event Builder(EB) links together information from all the

detectors and builds a complete event. These events are organized in predefined

arrays called BOS banks. An event number and a run number for each event is

assigned.

• Online Monitoring. The completed events are then transferred to the Event

Transport(ET). Some of the ET systems are used for temporary data storage

in order to perform online monitoring of the detector performance and event

display.

• Event Recording. The Event Recorder performs the final task of data acqui-

sition, permanent data storage. The data is first written to a disk and then

transferred onto tape that is located in the control room of the computer cen-

ter.

The accelerator, the CLAS detectors and the EG4 polarized target together an

excellent combination of resources to collect data on polarized electrons scattered off

of polarized nucleons. In the next chapter, the first step in the data analysis, the

event reconstruction, will be described in detail.



Chapter 3

Event Reconstruction

The Hall B CLAS is able to distinguish between different particles in the multi-particle

final states. The standard procedure is to calibrate each detector separately, obtaining

reasonable calibration constants, evaluate the quality of the processed data and do

another round of calibration if necessary. The reconstruction software combines all

the information together to identify the tracks and information for event analysis.

The event reconstruction consists of identification of charged and neutral particles

and recording their momenta. Identification of an electron requires a matching track

in all of the DC, CC, EC and TOF counters. For the Hall B Eg4 experiment, most

of the data reconstruction was completed at the INFN Laboratory in Genova, Italy

where the author participated in parts of the raster and Faraday cup calibration.

3.1 Track Reconstruction

Matching hits in time and position in the relevant detector components must be

identified in order to find a good track. Track reconstruction is treated differently for

charged and neutral particles.

54
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• Charged particles

Drift Chamber

A possible particle track is preliminarily determined by the hit positions. HBT

(Hit Based Tracking) is based on a series of pattern finding algorithms. [?]

Cerenkov Counter

The way to identify a particle track in CC is to put a restriction to the maximum

value of the polar angle between the track projected to the CC plane and the

detected position of the hit in the CC.

Scintillator Counter

To identify a hit in the TOF counter, the distance between the z position of the

projected track and the z position of the hit on the TOF scintillator counter

has to be less than 30cm.

Electromagnetic Calorimeter

To identify a track that agrees with the other detector components a software

cut of 30 mm between the identified hit position and the projected track is

required.

• Neutral particles

Neutral particles are identified by finding clusters in the outer detectors with

no charged particle track. They are detected in both EC and SC. The clusters

are identified by determining their energy, position and time of the hit.

The neutrons are detected by identifying a hit in the calorimeter that does not

meet the requirements for a charged particle. Neutrons are distinguished from
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photons by flight time to the EC. The efficiency of neutron detection increases

as the neutron momentum goes up, from 5% at 0.6 GeV to about 50% above 2

GeV.

π0 and η measons are identified by detecting two coincident photon hits in the

EC and constructing the mass (M2γ) (Figure 3.1) of the primary particle that

corresponds to the 2γ decay using the measured energy Eγ1,2 and the polar

angle Θγ1,2 of each photon [36]:

M2γ = 2Eγ1Eγ2(1− cos(θγ1 + θγ2)) (3.1.1)

67the momentum of the neutron, from 5% for 0.6 GeV neutrons to about 50% above 2GeV.

FIG. 44. Invariant mass of �0 and �, re
onstru
ted using two photon events re
ordedin the EC [41℄.4.1.2 Re
onstru
tion of the Start TimeOne of the most important things in the re
onstru
tion of a tra
k is to �nd its starttime. The start time of an identi�ed tra
k is determined using the time of 
ight
ounter. The 
alibration of the time of 
ight 
ounter in
ludes 
onverting the rawtime-to-digital (TDC) and amplitude-to-digital (ADC) values to time and energyrespe
tively. In order to do this, any additional time delays 
aused by the leadingedge dis
riminator on the signal amplitude, the time walk 
orre
tion, must alsobe taken into a

ount. After all these are properly 
alibrated, the time delays forindividual s
intillators with respe
t to ea
h other are then adjusted. This is done byusing the RF-signal from the a

elerator as the referen
e timing signal. As previouslymentioned, the beam is delivered to Hall-B in bun
hes with a frequen
y of 499 Hz,whi
h 
orresponds to a time interval of 2.0039 ns (�T ) between two separate bun
hes.Sin
e all ele
tron bun
hes sent to the hall are separated by the same time interval,it 
an be used to align the timing of all s
intillation 
ounters to the same RF bun
h.

Figure 3.1: Invariant Mass of π0 and η reconstructed using two photon events recorded
in the EC.
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3.2 Start Time Reconstruction

The start time of an identified track is determined by the Time of Flight (TOF)

counter. The calibration of the TOF includes converting the raw time to digital

(TDC) and amplitude to digital (ADC) values to time and energy respectively. The

time delays for individual scintillator with respect to each other are adjusted by using

the RF-signal from the accelerator as the reference timing signal. Since all electron

bunches sent to Hall B are separated by the same time interval (δT ∼ 2.0039ns), it

can be used to align the timing of all scintillation counters to the same RF bunch.

The start time T elstart of the trigger electrons can be calculated using:

T elstart = T elSC −
l

βelc
− TRFoff (3.2.1)

where T elSC is the time recorded at the TOF counter and c is the speed of light. The

term l
βelc

calculates the start time of using the total length of the electron track by

tracing it to the vertex and assuming the particle is traveling at the speed of the light

(βel = 1). The TRFoff can be expressed as:

TRFoff = mod ((T elSC −
lel
βelc
− tRF ), δT )− δT

2
(3.2.2)

where tRF is the RF time used for the alignment. Figure 3.2 shows a histogram

analysis for RF offset.
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68On
e all the individual 
hannels are 
alibrated, the start time (T elstart) of the triggerele
tron 
an be 
al
ulated using,T elstart = T elSC � l�el
 � TRFoff ; (125)where T elSC is the time re
orded at the TOF 
ounter and 
 is the speed of light. Theterm l=�el
 
al
ulates the start time using the total length of the ele
tron tra
k bytra
ing it to the vertex and assuming it is traveling at the speed of light, that is byassuming �el = 1. The time TRFoff is given by,TRFoff = mod (T elSC � lel�el
 � tRF );�T!� �T2 ; (126)where tRF is the RF time. Sin
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3.3 Beam Charge Helicity

The helicity of the beam is pseudo-randomly selected at a frequency of 30Hz. Each

triggered physics event is labeled with the helicity state in the ’HEAD’ bank. The

total beam charge is integrated over one helicity state. This information is passed

immediately into the data stream after a helicity flip. The Helicity Physics algo-

rithm (HelP) is designed to realign each physics event with the respective helicity

information. This is the so called ’online’ helicity monitoring. During the Eg4 data

analysis, helicity information is also stored in the ’HLS’ bank so that we can properly

recover the helicity labels for those times when the helicity label failed to latch. This

step is the ’offline’ helicity analysis, the result of which used to produce the charge
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asymmetry.

3.4 Electron Identification

During the Eg4 experiment, the event trigger used a combination of the Electromag-

netic Calorimeter and the Cerenkov Counter signals and accepted all events above the

threshold. The off-line reconstruction code (RECSIS) creates a second filter of events

by requiring more strict particle definitions and uses the Simple Event Builder (SEB)

to identify particles. The RECSIS identification of the particles is primarily based

on the TOF information from the Scintillator Counters and the track reconstruction

by the Drift Chamber. This gives us a preliminary source of possible electron events

from which we select accurate electron trigger events by applying various cuts and

corrections for the inclusive scattering analysis.

The primary contamination for electrons comes from negatively charged pions.

The EC and CC detectors were specifically used to separate pions and other negatively

charged particles from electrons. After the completion of the reconstruction by the

RECSIS code, the list of cuts below were applied for the inclusive analysis to identify

electrons:

• Group 1 Cuts:

gpart > 0 requires at least one particle in the SEB summary bank.

q > 0 requires the particle in the SEB summary bank to have a negative charge.

• Group 2 Cuts:
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0 < dc ≤ dcpart the particle in the SEB summary bank has a sensible pointer

to the DC bank information

0 < ec ≤ ecpart the particle in the SEB summary bank has a sensible pointer

to the EC bank information

0 < sc ≤ scpart the particle in the SEB summary bank has a sensible pointer

to the SC bank information

0 < cc ≤ ccpart the particle in the SEB summary bank has a sensible pointer

to the CC bank information

stat > 0 the particle in the SEB summary bank has sufficient consistent de-

tector information for the Particle IDentification (PID), including Time Based

Tracking (TBT)

dcstat > 0 TBT for the first particle in the SEB summary bank was successful

p ≥ 0.3 reconstructed momentum greater than 0.3 GeV/c

• Group 3 Cuts:

90 < vz < 110 vertex cut on z postition (in cm)

|φproj| ≤ 10◦ a straight line connecting the CLAS center to the CC hit defines

two ”projective” angles, θ and φ. φ has to be within the nominal acceptance,

±10◦.

• Group 4 Cuts (Cuts on EC):

Etot/p > 0.0177 ∗ p+ 0.16

Eout/p > −1.67 ∗ Ein/p+ 0.266
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Etot, Ein and Eout are the total, incoming and outgoing energy deposited in EC

respectively. p is the reconstructed momentum of the scattered particle.

• Group 5 Cuts (Osipenko Cuts):

Geometrical matching between hit in the CC and track in the DC.

• Group 6 Cuts:

Timing difference between SC and CC: dt(SC − CC) > −3.0(ns)

Timing difference between EC and CC: dt(EC − CC) > −3.0(ns)

• Group 7 Cut:

Nphe > 5 Cut on Cerenkov number of photo electrons.

The following sections will provide detailed information on some of these cuts.

3.5 Vertex Cuts

In order to make sure that the scattered electrons come from the target instead

surrounding materials, it is important to set a boundary to the interaction vertex. In

the CLAS coordinate system, the target center is at 100cm. The z vertex range was

determined to be 90 < vz < 110 cm.

Interactions that come from outside this region are rejected for all particles. Before

applying the vertex cut, a raster correction has to be carried out to obtain the proper

vz values. More detailed information concerning the raster correction will be discussed

in section 3.10.



62

3.6 Cerenkov Counter Cuts

Identification of pions in the CC is quite successful as long as the pion energy is

below the CC threshold value, in which case the pion peak can easily be distinguished

from the electron signal. Figure 3.3 shows a sample signal from CC together with

an applied cut at 2 photo electrons to identify the electron events. For the Eg4

experiment analysis at ∼ 1− 2 GeV incoming energies, the minimum photo electron

cut was set to be 5. For the preliminary data analysis of Eg4 experiment, before pion

contamination is studied closely, a relatively high cut was set to ensure the efficiency

of electron identification.

3.7 Electromagnetic Calorimeter Cuts

Electrons and pions can be distinguished in the calorimeter due to their different

patterns of energy deposition. Electrons emit photons and produce electromagnetic

showers, with the total deposited energy proportional to their momentum. Pions, on

the other hand, are minimum ionizing particles (MIP) and lose energy at a rate of

∼ 2 MeV/gm/cm2. The calorimeter is made of 39 layers of 10 mm thick scintillator

and 2.2mm thick lead. Traveling through the calorimeter, the pions lose 78 MeV of

energy independent of their momentum.

The spatial pattern of the energy deposition can also be exploited. Since the

energy deposited by MIPs is related to the detector thickness, it is possible to correlate

the energy collected in the inner and outer layers of the calorimeter.

The EC cuts for the low beam energy ND3 runs during the Eg4 experiment are
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Figure 3.3: Sample Cerenkov counter signal showing the pion peak with a low CC
photo electron signal and the cut applied at 2 photo electrons for electron selection.For
the preliminary data analysis of Eg4 experiment, before pion contamination is studied
closely, a relatively high cut was set to ensure the efficiency of electron identification.

determined to be:

Etot/p > 0.0177 ∗ p+ 0.16

Eout/p > −1.67 ∗ Ein/p+ 0.266

Figure 3.4 shows the total energy deposited divided by momentum versus energy

deposited on the inner layers of the calorimeter divided by momentum.
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Figure 3.4: Total energy deposited divided by momentum versus energy deposited on
the inner layers of the calorimeter divided by momentum

Figure 3.5: Ein after cuts
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Figure 3.6: Etot/p after cuts

Figure 3.5 and 3.6 shows the total energy divided by momentum and inside en-

ergy divided by momentum before and after the EC cuts. Pion contamination was

successfully removed by the EC cuts.

3.8 CC Fiducial Cuts

The Cerenkov detector contains some regions of acceptance inefficiency. These in-

efficiencies are caused by problems in different parts of the detector. In order to

avoid systematic offsets the contribution from the inefficient regions in the Cerenkov

Counter needs to be excluded from our electron selection. There is a certain combi-

nation of polar and azimuthal angles for which Cerenkov PMTs do not receive light.

If an electron hit in the calorimeter is close to one of those edges, part of the shower’s
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Line Color Analytic Expression
Purple ϕ > 0, θ > (ϕ/8)2 + 15.8;

ϕ < 0, θ > (ϕ/7)2 + 15.8
Red θ > 15.8
Blue ϕ > 0, θ > (ϕ/15.78)2 + 15.8;

ϕ < 0, θ > (ϕ/10.95)2 + 15.8
Green 0 < ϕ ≤ 5, θ > 15.8;

ϕ > 5, θ > (ϕ/15.78)2 + 15.8;
−3.5 < ϕ < 0, θ > 15.8;

ϕ < −3.5, θ > (ϕ/10.95)2 + 15.8

Table 3.1: Different choices of fiducial efficiency regions.

energy can leak and will not be fully reconstructed.

The fiducial cuts are geometrical and the fiducial region is defined in terms of polar

and azimuthal angles. Figure 3.7 and Table 3.1 illustrates different choices of fiducial

efficiency regions. Figure 3.8 shows the Cerenkov Counter photo electron distribution

in θ and ϕ before and after the fiducial cuts were applied. For Eg4 analysis the region

represented by the red line is used as fiducial cuts.

3.9 Momentum Correction

The particle’s momentum given by the reconstruction code is known to show devia-

tions from the expected value. When we plot the W histogram of selected electron

events, we can see that the central value of the peak is slightly shifted from its theo-

retical value Wela = mp = 0.9382. The peak is also broader than expected from the

intrinsic resolution of CLAS. This systematic shift depends on both the azimuthal
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Figure 3.7: Fiducial region selection.

Figure 3.8: Photo electron distribution vs θDC and ϕDC (ϕ is the horizontal azimuthal
angle measured on the XY plane and θ is the vertical azimuthal angle measured from
the z axis) before and after fiducial cuts.
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and polar angles, it is caused by the inaccurate or incomplete knowledge of the mag-

netic field and the drift chamber positions. A correction code is developed by S.

Kuhn, X. Zheng and A. Krishna [37]. The authors assume that both momenta and

the polar angles are systematically affected by the displacement of the drift chambers

from their nominal positions and by the magnetic field deviation from the field map

used in the reconstruction code.

As shown in the following euqations, eleven parameters are used to construct the

corrected particle momenta:

∆p/p = ((B1 +B2ϕ)cosθ/cosϕ+ (B3 +B4ϕ)sinθp/(qBtorus)+

(B5cosθ+B6sinθ) + (B7cosθ+B8sinθ))ϕ+ 0.02 ∗ (B9 + (B10 +B11ϕ/30) ∗ (10
θ

)3);

pcorr = p+ δp;

Ecorr =
√
p2
corr +m+ 0.0028;

pcorr =
√
E2 −m

Where m is the electron mass and the energy correction constant 0.0028 accounts

for the outgoing energy loss for specific incoming beam energies.

Figure 3.9 shows the effect of momentum correction on the invariant mass W

distribution for a proton target run. From the histogram plot we can clearly see that

the momentum correction slightly shifted the central peak value of W and improved

the W peak resolution.



69

Figure 3.9: W histogram of a 3 GeV NH3 golden run. The blue line represents W dis-
tribution before the momentum correction, while red line represents the distribution
after the correction.

3.10 Raster Correction

During the experiment, the beam was rastered in a spiral pattern to avoid overheating

and differential radiation damage of the local regions in the target. The raster is

designed to sweep equal amount of area in the unit time. This was done using two

magnets located upstream of the target. The values of the current going through the

magnets are recorded by ADCs, and passed into the data stream. These ADC values
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are later translated into actual beam positions in (x,y).

Corrections are made to the tracking, which allows for better vertex reconstruction

before the vertex cuts are applied. S. Kuhn, A. Krishna and X. Zheng developed the

raster and vertex correction for the Eg4 experiment.

Figure 3.10 and 3.11 show the effect of raster and vertex correction on the z-vertex

distribution for the cases of empty cell target with or without helium. The corrected

z-vertex distribution has much better peak resolution than before.

Figure 3.10: Raster and vertex correction on z-vertex distribution for empty target
cell with helium. Red line represents vertex distribution after correction and the black
line represents vertex distribution before the correction.

3.11 Faraday Cup Correction

Since we use measurements with different targets to determine the background, it is

important that the Faraday Cup efficiency is independent of the target used. How-

ever, due to multiple scattering there was some loss of beam from the Faraday Cup,
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Figure 3.11: Raster and vertex correction on z-vertex distribution for empty target
cell without helium. Red line represents vertex distribution after correction and the
black line represents vertex distribution before the correction.

particularly at low beam energies. More beam is lost with the solid targets than with

the empty ones. Therefore, a correction factor is needed to make the counts from

different targets compatible.

During the EG4 experiment, the Faraday Cup and the three Beam Current Mon-

itors (BCM) were used to measure the beam current. A combination of the multiple

scattering between electrons and the target material and the electron trajectory shift

caused by the target magnetic field led to a certain amount of beam loss on the Fara-

day Cup which was located behind the target section. Since the BCMs were located

before the target cell, we can use the BCM readings to calibrate the Fcup readings

in order to get a more accurate total charge for the cross section calculation.

A reconstruction code was developed to extract the ratio between the Fcup and the

BCM readings for different target materials at various beam energies, thus calibrations

for beam loss on Fcup were obtained for different target types and beam energies.

Table ?? shows the result of Fcup/BPM ratio for different target types at different
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incoming beam energies. The following table ?? shows the target type corresponding

to the target index in Figure 3.12, 3.13, 3.14 and 3.15.

run number fcup/c2c21a fcup/c2c24a fcup/c2h01a
50836(3Gev, empty/He) 0.990(0.01136) 1.003(0.01603) 0.9968(0.0058)
51046(2.3GeV,long NH3) 0.9842(0.027) 0.9795(0.027) 0.9777(0.095)

51049(2.3GeV,empty/no He) 0.9926(0.037) 1.004(0.042) 0.9867(0.038)
51073(2.3GeV,short NH3) 0.999(0.011) 1.003(0.016) 0.9968(0.058)
51081(2.3GeV, short C) 0.9904(0.0254) 0.9900(0.0223) 0.9767(0.071)
51180(1.3GeV,long NH3) 0.7435(0.1293) 0.7279(0.1262) 0.7255(0.1502)

51272(1.3GeV,long C) 0.8172(0.0208) 0.7921(0.022) 0.8088(0.0127)
51273(1.3GeV,empty/He) 0.9963(0.434) 0.9828(0.7626) 1.056(1.282)

51277(1.3GeV,long C/no He) 0.8430(0.022) 0.8357(0.021) 0.8391(0.013)

Table 3.2: Result of Fcup/BCM ratio for different target types at different incoming
beam energies.

index target type
1 empty target
2 empty target with helium
3 short carbon without helium
4 short carbon with helium
5 long carbon target
6 short NH3 without helium
7 short NH3 with helium
8 long NH3 target

Table 3.3: target type index

Figure 3.12, 3.13, 3.14 and 3.15 shows the Fcup/BCM ratio from empty to solid

target in different beam energies. We can see that the Faraday Cup beam loss was
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more significant for solid targets, and at lower beam energies.
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Chapter 4

Data Analysis

4.1 Beam and Target Polarization

The target polarization during the Eg4 experiment was monitored by a Nuclear Mag-

netic Resonance (NMR) system. The basic mechanism of an NMR system has been

introduced in the chapter of Experimental Setup.

Since ND3 is a spin 1 particle, in an external magnetic field it has 3 magnetic

substates. The deuteron has a significant quadrupole moment which couples to the

electric field gradient created from the atomic electrons in the ND3 lattice to distort

the Zeeman states. The energy spacing between the 3 states is therefore not uniform

and there are two NMR transitions with two different frequencies. The two peaks

correspond to these two frequencies as shown in Figure 4.1.

During the experiment, the target polarization was measured using the Q-meter

technique. The Q-meter measures the voltage and corresponding power loss or gain

due to the induced nuclear spin transitions. The technique makes use of the change

in magnetic susceptibility of the material.

The Q-meter is designed to measure the voltage change across the circuit as a

76
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function of the input frequency. The circuit is powered by a generator which sweeps

the rf-frequency through the Larmor frequency of the target. The complex output

voltage V (ω, χ) is read from the diode output of the circuitit. This output contains

both dispersive and absorptive parts, so in order to isolate the absorptive part, the

signal passes through a phase detector called the Balanced Ring Modulator(BRM).

The phase detector compares the input rf signal and the output signal, and the phase

between the two is set to zero by varying the length of an adjustable piece of cable

from the generator to the BPM. After the real part of the voltage is selected, it

contains χ′′ and the so-called Q-curve, which is a background measurement of the

Q-meter response to the input frequency away from the resonance. The background

Q-curve is subtracted from the resonant signal.

The baseline subtraction can be inaccurate for various reasons. In order to cor-

rect for it, a polynomial fit is made to the edges of the signal and subtracted. The

result of these two subtractions is a so-called poly-subtracted signal. In order to

calibrate the system, the baseline was measured frequently during the target polar-

ization measurements so that it is updated with the current situations of the target

chamber(temperature, magnetic field, target annealing, etc.). Figure 4.1 shows the

deuteron target NMR signal after the baseline subtraction.

Two methods are commonly used in measuring deuteron polarization: the area

method and the ratio method.

In the area method, the dynamic polarization P was derived as the ratio of the

enhanced absorption signal area to that of the thermal equilibrium signal



78

Figure 4.1: NMR signal for deuteron polarization. The X-axis is the frequency in
MHz, while the Y-axis is an arbitrary scale proportional to the output voltage of the
Q-meter, thus illustrating the target polarization.

P =

∫
Senh(ω)dω∫
STE(ω)dω

· PTE (4.1.1)

where the TE polarization for a spin 1 particle at a given temperature and magnetic

field can be calculated from the equation:

PTE =
4tanh( ~ω0

2kT
)

3 + tanh2( ~ω0

2kT
)

(4.1.2)

where k is the Boltzmann constant and ω0 the Larmor frequency.

However, in the Eg4 experiment, the TE signal for the deuteron target was not
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measurable due to the large background noise and comparatively too small of a po-

larization signal. Therefore, we adopted the ratio method to determine the deuteron

polarization.

The approximate relation between the peak ratio r and the target polarization

can be described as follows [38]:

Pr =
r2 − 1

r2 + r + 1
(4.1.3)

When the quadrupolar coupling is weak, as is the case of Eg4 experiment, this

equation is a good approximation of the relation between the deuteron polarization

and the peak heights ratio. The meaning of r can be seen in Figure 4.3.

Using a program that fits the NMR signal from the theoretical deuteron target

lineshape function, we can extract the peak ratio and calculate the polarization.

Figure 4.2 is the fitting to the NMR signal and Figure 4.3 shows the process of

extracting the peak ratio r. The y axis is the voltage change across the circuit of the

Q-meter and the x axis is the frequency in the unit of MHz.

r = h1/h2, where h1 and h2 are the distance from each peak to the tangential line

of its shoulder.

The experimental data I worked on are the NMR signals for ND3 polarization

during the time span of approximately one month: April 2006. In order to automate

the calculation of the polarization values for all the runs during this time, we need a

calibration constant, CC, which is defined to be the ratio between the polarization

value, Pr, and the area, A, covered by the NMR signal line.
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Figure 4.2: Fitting of the enhanced ND3 NMR signal. The X-axis is the frequency
in MHz, while the Y-axis is an arbitrary scale proportional to the output voltage of
the Q-meter, thus illustrating the target polarimetry.

CC = Pr/A (4.1.4)

Once we obtained this value, we could multiply CC by the area of each measurement

and automate the results of Pr for each measurement during April 2006.

Theoretically, the value of CC should be a constant for all the runs during the

month of April, but in practice it depends on various conditions of the target (size,

position, radiation centers and etc.) All the runs in April were classified into two

periods, the first one from April 5th to April 19th, the second one from April 20th
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Figure 4.3: Extraction of the peak ratio r. r = h1/h2,where h1 and h2 are the distance
from each peak to the tangential line of its shoulder. The X-axis is the frequency in
MHz, while the Y-axis is an arbitrary scale proportional to the output voltage of the
Q-meter.

to April 30th. Each polarization period has its own value of CC. The reason for

this is because there was a helium liquifier outage between April 18-21 which resulted

in the target material being removed and later replaced. We should expect some

fluctuations in the value of CC associated with this change.

After a close study in the polarization history in April 2006 in Hall B, it appeared

that the polarization on April 25th is most stable compared to other days. The ratio

method program processed over 92 runs from the day of April 25th to obtain CC

value for the latter period:
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CC = 219.874±10.78. The CC value for the earlier period was obtained similarly;

CC = 193.245± 9.56

Figure 4.4 is the polarization timeline in April, automated using the ratio method

and the two calibration constants above. It is known from past experiences that

radiating and annealing gives a steady increase in the beginning part of the ND3

target polarization. The big sharp drops in the plot corresponds to the annealing

process while the small drops are due to the adjustment of the microwave frequency.

We exposed the target to an intense electron beam to create the irradiation damage

and then raised the temperature to ∼ 100K for the annealing process.
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Figure 4.4: ND3 Polarization as a function of time during April 2006 as obtained by
ratio method.

In order to test the stability of the ratio method, we applied the polarization

data from the Gn
E experiment (EG3026) that took place in 2001 in Hall C at the

Jefferson Lab and compared our ratio results obtained by the area method to this

experiment. Figure 4.5 show the comparison between the polarization measured by

the ratio method and polarization measured by the area method.

As we can see, the ratio method has its limitation at the low polarization range.

Polarization values calculated by the ratio method are always too high compared to

that of the area method. This is due to the fact that in the polarizing process there
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is a difference in the transition rates driving the two peaks, therefore resulting in a

false reading from the peak ratio method. But when the polarization gets above 25%,

the two methods started to agree well with each other.

Figure 4.5: Results comparison between the area method and the peak ratio method
using the Gn

E experimental data.
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4.2 Electron Asymmetry

The raw electron scattering asymmetry can be expressed in terms of the number of

counts:

Aexp =
n ↑ /fc ↑ −n ↓ /fc ↓
n ↑ /fc ↑ +n ↓ /fc ↓ , (4.2.1)

where n ↑ /fc ↑ (n ↓ /fc ↓) is the number of number of electrons with the spin

up(down), normalized to the number of incident electrons with the spin up(down),

given by the Faraday cup readings.

Aexp =
2

(n ↑ /fc ↑ +n ↓ /fc ↓)2

[
n ↑

(fc ↑)2
n ↓2 +

n ↓
(fc ↓)2

n ↑2

] 1
2

(4.2.2)

The resulting asymmetry is binned in Q2 and W bins. Table 4.1 gives the list of the

standard Q2 bins.

Figure 4.7 to 4.15 shows the W distribution of the electron scattering asymmetry

(Aq with approximated dilution factor) for various Q2 bins at the incoming beam

energy 1.99 GeV and 1.34 GeV. The plots show an elastic peak and a quasi-elastic

delta peak, the positions of which are consistent with Figure 4.6, the W distribution

of the helicity counts of the scattered electrons.

These plots are made with approximated dilution factors. In the following section,

we will discuss the analysis of the dilution factor.
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bin number minimum value (GeV 2) average value maximum value
1 0.0092 0.0101 0.0110
2 0.0110 0.0120 0.0131
3 0.0131 0.0144 0.0156
4 0.0156 0.0171 0.0187
5 0.0187 0.0205 0.0223
6 0.0223 0.0244 0.0266
7 0.0266 0.0292 0.0317
8 0.0317 0.0348 0.0379
9 0.0379 0.0416 0.0452
10 0.0452 0.0496 0.0540
11 0.0540 0.0592 0.0645
12 0.0645 0.0707 0.0770
13 0.0770 0.0844 0.0919
14 0.0920 0.1010 0.1100
15 0.1100 0.1200 0.1310
16 0.1310 0.1440 0.1560
17 0.1560 0.1710 0.1870
18 0.1870 0.2050 0.2230
19 0.2230 0.2440 0.2660
20 0.2660 0.2920 0.3170
21 0.3170 0.3480 0.3790
22 0.3790 0.4160 0.4520
23 0.4520 0.4960 0.5400
24 0.5400 0.5920 0.6450
25 0.6450 0.7070 0.7700
26 0.7700 0.8440 0.9190
27 0.9200 1.0100 1.1000
28 1.1000 1.2000 1.3100
29 1.3100 1.4400 1.5600
30 1.5600 1.7100 1.8700
31 1.8700 2.0500 2.2300
32 2.2300 2.4400 2.6600
33 2.6600 2.9200 3.1700
34 3.1700 3.4800 3.7900
35 3.7900 4.1600 4.5200
36 4.5200 4.9600 5.4000
37 5.4000 5.9200 6.4500
38 6.4500 7.0700 7.7000
39 7.7000 8.4400 9.1900
40 9.1900 9.6400 10.100

Table 4.1: List of Q2 bins used in Eg4.
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Figure 4.6: Counts vs W at Ein = 1.99 GeV, ND3 target.

Figure 4.7: Aq vs W at Ein = 1.34 GeV, Q2 (0.019, 0.032)GeV 2 ND3 target.
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Figure 4.8: Aq vs W at Ein = 1.34 GeV, Q2 (0.054, 0.092)GeV 2 ND3 target.

Figure 4.9: Aq vs W at Ein = 1.34 GeV, Q2 (0.092, 0.156)GeV 2 ND3 target.
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Figure 4.10: Aq vs W at Ein = 1.34 GeV, Q2 (0.156, 0.266)GeV 2 ND3 target.

Figure 4.11: Aq vs W at Ein = 1.99 GeV, Q2 (0.032, 0.054)GeV 2 ND3 target.
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Figure 4.12: Aq vs W at Ein = 1.99 GeV, Q2 (0.054, 0.092)GeV 2 ND3 target.

Figure 4.13: Aq vs W at Ein = 1.99 GeV, Q2 (0.092, 0.156)GeV 2 ND3 target.



91

Figure 4.14: Aq vs W at Ein = 1.99 GeV, Q2 (0.156, 0.266)GeV 2 ND3 target.

Figure 4.15: Aq vs W at Ein = 1.99 GeV, Q2 (0.266, 0.452)GeV 2 ND3 target.
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4.3 Dilution Factor

The measured asymmetry is formed by electrons scattered off the polarized deuterons

in ND3, the N nucleus, liquid helium bath and target windows. To obtain asymmetry

for polarized electrons scattering off polarized deuterons, all other contributions need

to estimated and removed from the data. The unpolarized background contributes to

the denominator of the asymmetry, thereby ”diluting” it. The undiluted asymmetry

can be expressed as:

Aundiluted =
N+/fc+ −N−/fc−

N+/fc+ +N−/fc− − background (4.3.1)

=
N+/fc+ −N−/fc−
N+/fc+ +N−/fc−

∗ N+/fc+ +N−/fc−

N+/fc+ +N−/fc− − b.g.
= Ameasured ∗

1

DF

Thus the dilution factor can be extracted as:

DF =
N+/fc+ +N−/fc− − background

N+/fc+ +N−/fc−
(4.3.2)

The background contribution is consisted of 15N , 4He and other materials located

along the beam path and at the target surroundings. We can express the background

contribution numerically as:

nb = nN + nHe + nfoils (4.3.3)

= ρN lNσN + ρHe(L− lND3)σHe + ρf lfσf
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Parameter Value Remarks
ρf lf 0.169g/cm2 within 10 cm from vertex cut
ρC 2.17g/cm3 density of carbon
lC Thick : 0.216cm thickness of carbon target
ρC lC Thick : 0.468g/cm2 thickness times density for carbon
ρHe 0.1452g/cm3 density of helium
L 2.14cm Distance to the exit of the target chamber
ρA 1.056g/cm3 A = Ammonia ND3

ρN 0.513g/cm3 Extracted from ρA
lA 0.6 cm packing fraction

Table 4.2: Dilution factor parameters for various material.

Here the number of counts is expressed in terms of density (ρ, g/cm3), length (l, cm)

and cross section (σ, cm2). The values of these parameters can be found in table 4.2:

The dilution factor analysis starts from calculating the cross section ratio between

15N and C. The radiated cross section is obtained from an extrapolation of the

Born cross section using the radiation length of the various target materials and

the surroundings. The code for this method was developed by Peter Bosted. The

contribution of 15N can be expressed as:

nN =
ρN lN
ρC lC

(
ρN
ρC

)n′C (4.3.4)

where n′C = ρC lCσC , lA = lN . n′C can be expressed completely by these following

experimental results:
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nC = ρC lCσC + ρHe(L− lC)σHe + ρf lfσf (4.3.5)

nemp = ρHeLσHe + ρf lfσf

nee = ρf lfσf

where nemp means the number of counts from the empty target with 4He and nee is

the number of counts from the empty target without helium. nC can be expressed in

terms of n′C , nemp and nee:

n′C = nC − (1− lC
L

)nemp −
lC
L
nee. (4.3.6)

Thus the total background contribution can be written as:

nb =
ρN lA
ρC lC

(
σN
σC

)n′C + (1− lA
L

)nemp +
lA
L
nee (4.3.7)

The dilution factor can therefore be extracted:

DF =
nA − nb
nA

= 1− nb
nA

(4.3.8)

where nA is the number of counts from the ND3 target. Figure 4.16 shows the dilution

factor vs W for a certain Q2 range.

4.4 A‖ Comparison with Model

As we have discussed earlier, A‖ can be derived from the experimental value as follows:
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Figure 4.16: Distribution of dilution factor vs W for a certain Q2 range, 1.99 GeV.
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A‖ =
Aexp

PbPT ∗DF
(4.4.1)

where Pb and PT are the beam and target polarization and DF is the dilution factor.

Models for the desired virtual photon asymmetry A1 and A2 has been developed

and fitted to world data from previous experiments. At the very low Q2 region,

we shall compare the A‖ obtained from experimental data to that derived from the

model. A‖ can be expressed in terms of A1 and A2 as:

A‖ = D(A1 + ηA2) (4.4.2)

D = [1− (1− y)ε]/(1 + εR) (4.4.3)

y =
ν

E
(4.4.4)

R =
σL
σT

(4.4.5)

ε = [4(1− y)− γ2y2]/[2y2 + 4(1− y) + γ2y2] (4.4.6)

η = εγy/[1− ε(1− y)] (4.4.7)

The comparison of A‖ derived from the model and A‖ calculated from experimental

data will be shown and discussed in the final chapter.

4.5 Error Analysis

• Statistical Error

The statistical error associated with the result of A‖ is calculated from the

number of electron counts detected in every Q2 bin. The statistical error on the

raw asymmetry Aexp is given by:
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∆Aexp =
2

(n+ + n−)2

[
n+

fc+
n−2 +

n−

fc−
n+2

] 1
2

(4.5.1)

where n+/fc+(n−/fc−) is the number of electrons with spin up(down),normalized

to the number of incident electrons with the spin up(down), given by the Fara-

day cup readings.

The dilution factor and target and beam polarization are considered to have

only systematic errors. Thus the only source of statistical error comes from

Aexp, and it propagates into the final A‖ as:

∆A‖ = ∆Aexp ∗
1

DF ∗ PbPt
(4.5.2)

• Systematic Error

The systematic error of A‖ consists of two parts, the dilution factor error ∆DF

and the target polarization error Pt.

The target polarization was obtained from the NMR signals. In order to measure

the systematic error of the target polarization, we varied the baselines used in

the NMR measurements and compared the difference in the result of calibration

constant CC = Pr/A, where Pr is measured polarization from double peak

method and A is the area covered by the NMR signal. Four different baselines

taken on April 27, 2006 were selected. The result is shown by Table 4.3.

As is shown the accuracy of the CC value decreased as the less recently updated

baselines were used. Varying baselines that were taken around the time of most

recent polarization signals provides a assessment of the stability of the fitting



98

Baseline CC difference
04-27-06T09:29AM 219.874
04-27-06T11:26AM 218.984 0.4%
04-27-06T08:35PM 223.797 1.8%
04-27-06T03:59PM 213.773 2.7%

Table 4.3: Baselines used for NMR polarimetry.

program and the ratio method.



Chapter 5

Results and Conclusion

In the model for A‖, the variables F1,R and A2 were not measured and had to be

estimated from previous experiments. Thus a model outlined in Ref [39] is designed to

provide quantities necessary for our analysis. The model parameterizes the measured

world data, producing predictions for the unmeasured regions. The structure function

F1(x,Q2) is well known in DIS region and is extrapolated into the low Q2 regime. The

structure function R(x,Q2) is calculated using the SLAC/Whitlow fit, and is assumed

to be constant below Q2 = 0.3. In the resonance region, F1(x,Q2) is obtained by using

the most recent fit to the world data, and R(x,Q2) is obtained by using the Whitlow

fit. [39] It is assumed to be zero in the resonance region.

The photon-nucleon asymmetry A1 is fit to the world data in the DIS region as a

function of variable ξ defined above. The fit uses data from E80, E130, E143, E155,

EMC and SMC [5, 40] experiments. In the resonance region, A1 is parametrized

using two ingredients: an extrapolation of the DIS fit as function of x and Q2, and

the output from the analysis code. The second photon-nucleon asymmetry A2 was

not measured by the EG4 experiment. It is extrapolated from the DIS region using

the Wandzura-Wilczek prediction [39].
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Figure 5.1 to 5.8 show the distribution of deuteron spin asymmetry A‖ derived

from EG4 experimental data in different Q2 bins compared with the spin asymme-

try constructed from A1 and A2 from nucleon spin structure models. The latter is

expressed in red line points.

We can see from these figures a clear structure at the elastic peak which occurs

around the value of proton mass, W ∼ 0.9382GeV . The asymmetry is negative

for the ∆ resonance (∆(1232)P33), which is expected for A1 for a pure magnetic

dipole transition to the ∆ resonance. As the value W increases, the asymmetry is

closer to zero. At larger Q2, the asymmetry at high W are positive, indicating that

the amplitude corresponding to the absorption cross section σT1/2 is the dominant

one. The asymmetry at higher resonance regions (N(1440)P11 at W = 1.44GeV ,

N(1520)D13 at W = 1.52GeV and N(1535)S11 at W = 1.535GeV ) shows only a little

change with increasing Q2. The data agrees with the prediction quite well.

Figure 5.9 shows the result of deuteron target first moment from the Eg1 exper-

iment in comparison with the models mentioned in Chapter 1 and result from the

SLAC experiment [41]. We can see that below the Q2 ≈ 2GeV 2 region, the data show

a very strong Q2 dependence. The integral is negative below Q2 ≈ 0.5GeV 2. which

is due to the dominance of the A3/2 amplitude at lower Q2 values. At larger Q2 A1/2

becomes the dominant amplitude and the integral becomes positive as the negative

contribution due to the ∆ resonance starts to diminish. We can also clearly see the

trend towards the GDH slope at low Q2.

Further error analysis includes radiative correction, nuclear correction, pair-symmetric
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Figure 5.1: A‖ vs W at Q2 = (0.019,0.032), Ein = 1.34 GeV. The red line is Aparallel
constructed from spin structure functions and the green dots are ND3 spin asymmetry
extracted from experimental data.

Figure 5.2: A‖ vs W at Q2 = (0.032,0.054), Ein = 1.34 GeV. The red line is Aparallel
constructed from spin structure functions and the green dots are ND3 spin asymmetry
extracted from experimental data.
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Figure 5.3: A‖ vs W at Q2 = (0.054,0.092), Ein = 1.34 GeV. The red line is Aparallel
constructed from spin structure functions and the green dots are ND3 spin asymmetry
extracted from experimental data.

Figure 5.4: A‖ vs W at Q2 = (0.092,0.156), Ein = 1.34 GeV. The red line is Aparallel
constructed from spin structure functions and the green dots are ND3 spin asymmetry
extracted from experimental data.
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Figure 5.5: A‖ vs W at Q2 = (0.032,0.054), Ein = 1.99 GeV. The red line is Aparallel
constructed from spin structure functions and the green dots are ND3 spin asymmetry
extracted from experimental data.

Figure 5.6: A‖ vs W at Q2 = (0.054,0.092), Ein = 1.99 GeV. The red line is Aparallel
constructed from spin structure functions and the green dots are ND3 spin asymmetry
extracted from experimental data.
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Figure 5.7: A‖ vs W at Q2 = (0.092,0.156), Ein = 1.99 GeV. The red line is Aparallel
constructed from spin structure functions and the green dots are ND3 spin asymmetry
extracted from experimental data.

Figure 5.8: A‖ vs W at Q2 = (0.156,0.266), Ein = 1.99 GeV. The red line is Aparallel
constructed from spin structure functions and the green dots are ND3 spin asymmetry
extracted from experimental data.
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correction and the study of pion contamination. A more detailed systematic error for

the electron scattering asymmetry will be constructed based on these analysis.

Future data analysis on the spin structure function gd1(x,Q2) can be developed

from the longitudinal asymmetry as shown in this equation:

g1 =
F1

1 + γ2
[A‖/D + (γ − η)A2] (5.0.1)

where η = Q
ν

, A‖ is the longitudinal asymmetry. In general, gd1 evolves logarithmically

with Q2, and is expected to grow with Q2 at low x and decrease with Q2 at high x.

This pattern is also predicted and observed for the spin-averaged structure function

F1(x,Q2).

The first moment can be evaluated by integrating the structure function g1(x,Q2)

over the entire range of x:

Γd1(Q2) =

∫ 1

0

gd1(x,Q2)dx (5.0.2)

The analysis of Γd1 at low Q2 serves as key to the measurement of the GDH slope.

The results will put stringent constraints on different approaches in Chiral Perturba-

tion Theory, and provide the data for an improved understanding of hadronic spin

processes in the domain of confinement.



Chapter 6

Appendix

The following tables are a collection of run information. The first column is the run

index, ”1” represents good runs. The third column is the target index number, in

which 2 =long ND3, 3=empty cup, 4= long C, 6=short C, 7= long C no He, 8=empty

cup.
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index run number target Ein(GeV ) Torrus current Pt Pbeam
1 51587 2 2.000 -2250 0.00 86.9
1 51588 2 2.000 -2250 0.00 86.9
1 51589 2 2.000 -2250 0.00 86.9
1 51590 2 2.000 -2250 0.00 86.9
1 51591 2 2.000 -2250 0.00 86.9
1 51592 2 2.000 -2250 0.00 86.9
1 51593 2 2.000 -2250 0.00 -86.9
1 51594 2 2.000 -2250 0.00 -86.9
1 51595 2 2.000 -2250 17.1 -86.9
1 51596 2 2.000 -2250 23.2 -86.9
1 51597 2 2.000 -2250 24.3 -86.9
1 51598 2 2.000 -2250 23.1 -86.9
1 51599 2 2.000 -2250 23.4 -86.9
1 51600 4 2.000 -2250 0.00 -86.9
1 51601 4 2.000 -2250 0.00 86.9
1 51602 2 2.000 -2250 21.3 86.9
1 51603 2 2.000 -2250 21.4 86.9
1 51604 2 2.000 -2250 22.6 86.9
1 51605 2 2.000 -2250 21.9 86.9
1 51606 2 2.000 -2250 21.6 86.9
1 51608 2 2.000 -2250 22.0 86.9
1 51609 2 2.000 -2250 18.6 -86.9
1 51610 2 2.000 -2250 20.8 -86.9
1 51611 2 2.000 -2250 21.9 -86.9
1 51615 2 2.000 -2250 14.6 -86.9
1 51616 2 2.000 -2250 17.4 -86.9
1 51617 2 2.000 -2250 22.0 -86.9
1 51618 2 2.000 -2250 23.3 -86.9
1 51619 2 2.000 -2250 25.0 -86.9
1 51620 2 2.000 -2250 24.8 86.9
1 51621 2 2.000 -2250 23.9 86.9
1 51622 2 2.000 -2250 24.6 86.9
1 51623 2 2.000 -2250 25.7 86.9
1 51624 2 2.000 -2250 24.8 86.9
1 51625 2 2.000 -2250 24.0 86.9
1 51626 2 2.000 -2250 24.0 86.9
1 51627 3 2.000 -2250 0.00 86.9
1 51628 4 2.000 -2250 0.00 86.9
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index run number target Ein(GeV ) Torrus current Pt Pbeam
1 51629 2 2.000 -2250 22.1 86.9
1 51630 2 2.000 -2250 23.6 86.9
1 51631 2 2.000 -2250 23.0 86.9
1 51632 2 2.000 -2250 23.0 -86.9
1 51633 2 2.000 -2250 23.1 -86.9
1 51634 2 2.000 -2250 23.4 -86.9
1 51635 2 2.000 -2250 22.8 -86.9
1 51636 2 2.000 -2250 22.5 -86.9
1 51637 2 2.000 -2250 22.2 -86.9
1 51638 2 2.000 -2250 23.1 -86.9
1 51639 2 2.000 -2250 25.8 -86.9
1 51640 2 2.000 -2250 25.0 -86.9
1 51641 2 2.000 -2250 25.2 86.9
1 51642 2 2.000 -2250 24.5 86.9
1 51643 2 2.000 -2250 24.3 86.9
1 51645 2 2.000 -2250 0.00 86.9
1 51646 2 2.000 -2250 24.9 86.9
1 51647 2 2.000 -2250 24.1 86.9
1 51648 2 2.000 -2250 24.5 86.9
1 51649 2 2.000 -2250 24.2 86.9
1 51650 2 2.000 -2250 24.4 86.9
1 51652 2 2.000 -2250 24.0 86.9
1 51653 2 2.000 -2250 23.6 86.9
1 51654 2 2.000 -2250 23.8 86.9
1 51655 2 2.000 -2250 24.1 -86.9
1 51656 2 2.000 -2250 23.2 -86.9
1 51657 2 2.000 -2250 23.8 -86.9
1 51658 2 2.000 -2250 0.00 -86.9
1 51659 2 2.000 -2250 22.4 -86.9
1 51660 2 2.000 -2250 22.6 -86.9
1 51661 2 2.000 -2250 23.9 -86.9
1 51662 2 2.000 -2250 23.0 -86.9
1 51663 2 2.000 -2250 23.0 -86.9
1 51664 2 2.000 -2250 23.9 -86.9
1 51665 2 2.000 -2250 23.7 -86.9
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index run number target Ein(GeV ) Torrus current Pt Pbeam
1 51666 2 2 -2250 23.2 86.9
1 51667 2 2 -2250 23.9 86.9
1 51668 2 2 -2250 24.3 86.9
1 51669 2 2 -2250 23.8 86.9
1 51670 2 2 -2250 23.3 86.9
1 51671 2 2 -2250 0 86.9
1 51673 2 2 -2250 23.7 86.9
1 51675 2 2 -2250 22.8 86.9
1 51676 2 2 -2250 22 86.9
1 51677 2 2 -2250 23.5 86.9
1 51678 2 2 -2250 0 86.9
1 51679 2 2 -2250 23 86.9
1 51680 2 2 -2250 22.5 86.9
1 51681 2 2 -2250 22.4 86.9
1 51696 2 2 -2250 0 -85.5
1 51697 2 2 -2250 0 -85.5
1 51698 2 2 -2250 0 -85.5
1 51699 2 2 -2250 0 -85.5
1 51700 2 2 -2250 0 -85.5
1 51702 2 2 -2250 0 -85.5
1 51703 2 2 -2250 0 -85.5
1 51704 2 2 -2250 0 -85.5
1 51705 2 2 -2250 29.9 -85.5
1 51706 2 2 -2250 27.3 -85.5
1 51707 2 2 -2250 25.7 -85.5
1 51708 2 2 -2250 26.6 -85.5
1 51709 2 2 -2250 26.1 -85.5
1 51710 2 2 -2250 26.1 -85.5
1 51711 2 2 -2250 25.4 -85.5
1 51712 2 2 -2250 25.1 -85.5
1 51713 2 2 -2250 25.3 -85.5
1 51714 2 2 -2250 25 -85.5
1 51716 3 2 -2250 0 -85.5
1 51717 4 2 -2250 0 -85.5
1 51718 2 2 -2250 24.3 -85.5
1 51719 2 2 -2250 24.1 85.5
1 51720 2 2 -2250 24.2 85.5
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index run number target Ein(GeV ) Torrus current Pt Pbeam
1 51721 2 2 -2250 22.2 85.5
1 51722 2 2 -2250 23.6 85.5
1 51723 2 2 -2250 23.5 85.5
1 51724 2 2 -2250 24.1 85.5
1 51725 2 2 -2250 23.5 85.5
1 51726 2 2 -2250 23.1 85.5
1 51727 2 2 -2250 23.9 85.5
1 51728 2 2 -2250 24.6 85.5
1 51729 2 2 -2250 22.9 85.5
1 51730 2 2 -2250 23.5 85.5
1 51731 2 2 -2250 21.3 85.5
1 51732 2 2 -2250 19.7 85.5
1 51734 2 2 -2250 20 85.5
1 51735 2 2 -2250 21.5 85.5
1 51736 2 2 -2250 20.2 85.5
1 51737 2 2 -2250 21.2 -85.5
1 51738 2 2 -2250 22.4 -85.5
1 51739 2 2 -2250 23.7 -85.5
1 51740 2 2 -2250 24 -85.5
1 51741 2 2 -2250 23.7 -85.5
1 51742 2 2 -2250 23.9 -85.5
1 51743 2 2 -2250 23.5 -85.5
1 51744 2 2 -2250 24 -85.5
1 51745 2 2 -2250 23.8 -85.5
1 51746 2 2 -2250 0 -85.5
1 51747 2 2 -2250 0 -85.5
1 51748 2 2 -2250 23.6 -85.5
1 51749 2 2 -2250 23.6 -85.5
1 51750 2 2 -2250 23.4 -85.5
1 51751 2 2 -2250 23.3 -85.5
1 51752 2 2 -2250 22.6 85.5
1 51753 2 2 -2250 22.6 85.5
1 51754 2 2 -2250 0 85.5
1 51755 2 2 -2250 0 85.5
1 51756 2 2 -2250 22.6 85.5
1 51757 2 2 -2250 22.6 85.5
1 51758 2 2 -2250 22.6 85.5
1 51760 2 2 -2250 22.9 85.5
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index run number target Ein(GeV ) Torrus current Pt Pbeam
1 51761 2 2 -2250 22.1 85.5
1 51762 2 2 -2250 22.2 85.5
1 51763 2 2 -2250 22.9 85.5
1 51764 2 2 -2250 21.8 85.5
1 51765 2 2 -2250 22.1 85.5
1 51766 2 2 -2250 21.7 85.5
1 51767 2 2 -2250 21.1 85.5
1 51768 2 2 -2250 21.8 85.5
1 51770 2 2 -2250 23.6 85.5
1 51771 2 2 -2250 24.5 85.5
1 51772 2 2 -2250 23.6 -85.5
1 51773 2 2 -2250 23.2 -85.5
1 51774 2 2 -2250 23.2 -85.5
1 51775 2 2 -2250 23.9 -85.5
1 51776 2 2 -2250 24.1 -85.5
1 51777 2 2 -2250 25.1 -85.5
1 51778 2 2 -2250 24.5 -85.5
1 51779 2 2 -2250 0 -85.5
1 51780 2 2 -2250 0 -85.5
1 51781 2 2 -2250 0 -85.5
1 51782 2 2 -2250 0 -85.5
1 51783 2 2 -2250 0 -85.5
1 51784 2 2 -2250 0 -85.5
1 51785 2 2 -2250 0 -85.5
1 51787 2 2 -2250 22.2 85.5
1 51788 2 2 -2250 24.1 85.5
1 51789 2 2 -2250 22.5 85.5
1 51790 2 2 -2250 23 85.5
1 51794 7 2 -2250 0 -87.6
1 51796 4 2 -2250 0 -87.6
1 51799 2 2 -2250 35.3 -87.6
1 51800 2 2 -2250 35.5 -87.6
1 51801 2 2 -2250 37.1 -87.6
1 51802 2 2 -2250 37.3 -87.6
1 51803 2 2 -2250 36.1 -87.6
1 51804 2 2 -2250 36.2 -87.6
1 51805 2 2 -2250 37.6 -87.6
1 51806 2 2 -2250 40.1 -87.6
1 51807 2 2 -2250 35.8 87.6
1 51808 2 2 -2250 0 87.6
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index run number target Ein(GeV ) Torrus current Pt Pbeam
1 51810 2 2 -2250 36.6 87.6
1 51811 2 2 -2250 36.2 87.6
1 51812 2 2 -2250 35.6 87.6
1 51813 2 2 -2250 35.2 87.6
1 51814 2 2 -2250 35.4 87.6
1 51815 2 2 -2250 34.2 87.6
1 51816 2 2 -2250 33.8 87.6
1 51817 2 2 -2250 34.5 87.6
1 51818 2 2 -2250 32.1 87.6
1 51819 2 2 -2250 30.1 87.6
1 51820 2 2 -2250 31.3 -87.6
1 51821 2 2 -2250 32.7 -87.6
1 51822 2 2 -2250 34.2 -87.6
1 51823 2 2 -2250 34.5 -87.6
1 51824 2 2 -2250 0 -87.6
1 51825 2 2 -2250 34 -87.6
1 51826 2 2 -2250 0 -87.6
1 51827 2 2 -2250 0 -87.6
1 51828 2 2 -2250 33.3 -87.6
1 51829 2 2 -2250 36.9 -87.6
1 51830 2 2 -2250 39.6 -87.6
1 51831 2 2 -2250 39.9 87.6
1 51832 2 2 -2250 38.4 87.6
1 51833 2 2 -2250 38.6 87.6
1 51834 2 2 -2250 38.3 87.6
1 51835 2 2 -2250 39.9 87.6
1 51836 2 2 -2250 38.3 87.6
1 51837 2 2 -2250 40.1 87.6
1 51838 2 2 -2250 39.7 87.6
1 51839 2 2 -2250 38.6 87.6
1 51840 2 2 -2250 39.2 87.6
1 51841 2 2 -2250 0 87.6
1 51842 2 2 -2250 26.4 -87.6
1 51843 2 2 -2250 39.3 -87.6
1 51844 2 2 -2250 39.2 -87.6
1 51845 2 2 -2250 39.7 -87.6
1 51847 2 2 -2250 38.7 -87.6
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index run number target Ein(GeV ) Torrus current Pt Pbeam
1 51848 2 2 -2250 39.3 -87.6
1 51849 2 2 -2250 38.5 -87.6
1 51850 2 2 -2250 38.5 -87.6
1 51851 2 2 -2250 39 -87.6
1 51852 2 2 -2250 39.2 -87.6
1 51853 2 2 -2250 38.1 -87.6
1 51854 2 2 -2250 37.6 -87.6
1 51855 2 2 -2250 38.6 -87.6
1 51856 2 2 -2250 38 87.6
1 51857 2 2 -2250 0 87.6
1 51858 2 2 -2250 24.8 87.6
1 51859 2 2 -2250 38.3 87.6
1 51860 2 2 -2250 37.5 87.6
1 51861 2 2 -2250 38.8 87.6
1 51862 2 2 -2250 37.4 87.6
1 51863 2 2 -2250 38.3 87.6
1 51864 2 2 -2250 37.6 87.6
1 51865 2 2 -2250 37.9 87.6
1 51866 2 2 -2250 36.6 87.6
1 51867 2 2 -2250 0 87.6
1 51868 4 2 -2250 0 87.6
1 51869 3 2 -2250 0 87.6
1 51870 4 2 -2250 0 87.6
1 51887 7 1.34 -1500 0 -68.2
1 51889 4 1.34 -1500 0 -68.2
1 51890 3 1.34 -1500 0 -68.2
1 51896 2 1.34 -1500 44.2 -68.2
1 51897 2 1.34 -1500 43.8 -68.2
1 51898 2 1.34 -1500 44.6 -68.2
1 51899 2 1.34 -1500 45.6 -68.2
1 51900 2 1.34 -1500 45.1 -68.2
1 51906 2 1.34 -1500 45.3 -68.2
1 51907 2 1.34 -1500 45.1 -68.2
1 51908 2 1.34 -1500 45.5 -68.2
1 51909 2 1.34 -1500 0 -68.2
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index run number target Ein(GeV ) Torrus current Pt Pbeam
1 51911 2 1.34 -1500 42.8 -68.2
1 51913 2 1.34 -1500 43.4 -68.2
1 51915 2 1.34 -1500 42.9 -68.2
1 51916 2 1.34 -1500 43 -68.2
1 51917 2 1.34 -1500 42.1 -68.2
1 51918 2 1.34 -1500 43.1 -68.2
1 51919 2 1.34 -1500 39.4 -68.2
1 51920 2 1.34 -1500 41.6 -68.2
1 51921 2 1.34 -1500 43.2 -68.2
1 51922 2 1.34 -1500 42.4 -68.2
1 51928 2 1.34 -1500 41.7 -68.2
1 51930 2 1.34 -1500 41.9 -68.2
1 51931 2 1.34 -1500 42 -68.2
1 51932 2 1.34 -1500 0 -68.2
1 51933 2 1.34 -1500 0 -68.2
1 51934 2 1.34 -1500 0 -68.2
1 51935 2 1.34 -1500 0 -68.2
1 51936 2 1.34 -1500 0 -68.2
1 51938 2 1.34 -1500 42.6 -68.2
1 51939 2 1.34 -1500 42.2 -68.2
1 51940 2 1.34 -1500 41.2 -68.2
1 51941 2 1.34 -1500 41.7 -68.2
1 51942 2 1.34 -1500 43.7 -68.2
1 51943 2 1.34 -1500 41.8 -68.2
1 51944 2 1.34 -1500 42.2 -68.2
1 51945 2 1.34 -1500 41.5 -68.2
1 51946 2 1.34 -1500 42.1 -68.2
1 51947 2 1.34 -1500 41.7 -68.2
1 51948 2 1.34 -1500 40.5 -68.2
1 51949 2 1.34 -1500 0 68.2
1 51950 2 1.34 -1500 39 68.2
1 51951 2 1.34 -1500 40.5 68.2
1 51952 2 1.34 -1500 38.8 68.2
1 51953 2 1.34 -1500 38.9 68.2
1 51954 2 1.34 -1500 41.6 68.2
1 51957 4 1.34 -1500 0 68.2
1 51958 6 1.34 -1500 0 68.2
1 51959 2 1.34 -1500 38.2 68.2
1 51960 2 1.34 -1500 43.2 68.2
1 51961 2 1.34 -1500 45.1 68.2
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index run number target Ein(GeV ) Torrus current Pt Pbeam
1 51964 2 1.34 -1500 45 68.2
1 51965 2 1.34 -1500 45.7 68.2
1 51967 2 1.34 -1500 45.2 -68.2
1 51968 2 1.34 -1500 45.5 -68.2
1 51969 2 1.34 -1500 45.2 -68.2
1 51970 2 1.34 -1500 45.4 -68.2
1 51971 2 1.34 -1500 44.1 -68.2
1 51973 2 1.34 -1500 44.7 -68.2
1 51974 2 1.34 -1500 44.1 -68.2
1 51975 2 1.34 -1500 43.8 68.2
1 51976 2 1.34 -1500 43.3 68.2
1 51977 2 1.34 -1500 42.2 68.2
1 51978 2 1.34 -1500 42.7 68.2
1 51979 2 1.34 -1500 0 68.2
1 51980 2 1.34 -1500 41.3 68.2
1 52033 2 1.34 -1500 43.1 68.2
1 52034 2 1.34 -1500 42.4 68.2
1 52035 2 1.34 -1500 41.5 68.2
1 52036 2 1.34 -1500 42.4 68.2
1 52037 2 1.34 -1500 42.2 68.2
1 52038 2 1.34 -1500 41 68.2
1 52039 2 1.34 -1500 42.1 68.2
1 52040 2 1.34 -1500 43.1 68.2
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