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I V 

Abstract 

T he spin dependent cross sections, af;2 and aJ;2 , and asymmetries, A11 and A 1.., for 

3 He have been measured a t t he Jefferson La b 's Hall A facili ty. The inclusive scattering 

process 3He(e, e)X was performed for ini tia l beam energies ra nging from 0.86 to 5.1 

GeV , at a scattering angle of 15.5°. Da ta includes measurements from the quas i­

elastic peak, resonance region , and the deep inelast ic regime. An approximation for 

the extended Gerasimov-Drell-Hearn integral is presented at a 4-moment um transfer 

Q2 of 0.2-1.0 GeV2
. 

Also presented are resul ts on t he performance of the polarized 3He target. Pola r­

ization of 3 He was achieved by the process of spin-exchange collisions wit h opt ically 

pumped rubidium va por. T he 3He polarization was monitored using t he ! MR tech­

nique of adiabatic fast passage (AFP ). T he average target polarization was approx­

imately 35% and was determined to have a systematic uncertainty of roughly ±4% 

relative. 
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Chapter 1 Introduction 

1.1 Polarized Electron Scattering 

In 1988 the European Muon Collabora tion (EMC) at CERN published results on the 

spin structure of the proton [5, 6] . They measured the proton spin structure function 

by scattering high energy polarized muons by a polarized ammonia target. Before t he 

EMC resul t it was expected that the three valence quarks (up, up , and clown) could 

account for the proton 's spin. Such a line of thinking did not seem unreasonable since 

the naive quark model appeared to do quite well at explaining the charge, the mag­

netic moment , parity, isospin , and symmetry properties of hadrons [7] . Indeed early 

exp eriments at the Stanford Linear Accelerator Center (SLAC) confirmed the premise 

that the valence quarks were t he dominate contribut ion to the pro ton 's spin [8 , 9]. 

By measuring the quark contribution over a wider kinematic region , the European 

Muon Collaboration found that the quark contribution was 12% ± 9%stat ± 14%sys , 

a small value consistent with zero . The resulting situation was clubbed the "proton 

spin crisis." 

What followed was an explosion in t heoretical work. In addition a number of ex­

perimental programs began dedica ted to understanding the spin structure of the pro­

ton , neutron , and deuteron. The European Muon Collaboration reorganized into the 

Spin Muon Collaboration (SMC) and became dedicated to studying both the proton 

and deuteron spin structure functions [10]. Meanwhile, at the Stanford Linear Accel­

erator Center (SLAC) a series of experiments began using a polarized electron beam 

and pola rized 3He, ammonia, and Lithium Deuteride (LiD) targets to extract the 

spin structure functions of t he neutron , proton , and deuteron : E142 [11], E 143 (12], 

E154 [3], and E155 [13]. In Europe, at DESY, the HERMES collaboration began a 
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program using pola rized electrons and polarized hydrogen , deuterium , and 3 He [14]. 

For a recent review of these experiments , see [15]. 

Much of this recent work focused on measuring the Bjorken sum rule: 

j ·l( p n)d 1 9A 
91 - 91 X = -

6
-, 

o 9v 
(1.1) 

where 9j'(n) is the spin structure function for the proton (neutron) , !l.A. is the ratio of 
9V 

axial and vector coupling constants , and the integration is taken over the full range 

of the kinematic variable x (Eq. 1.8). Because of the surprising EMC proton result, 

experimenters raced to check this fundamental relation by measuring the neutron . If 

found , a violation of the Bjorken sum rule would represent a major problem for per­

turbative quantum chromodynamics (pQCD) . With the large amount of data from the 

polarized scattering experiments listed above, the Bjorken sum rule was verified and 

the quark contribution towards a nucleon 's spin was determined to be 30%±10% [1 5]. 

One condition of the Bjorken sum rule is that it only holds true at high energies. 

That is , the electron four-momentum transfer to the target nucleon must be large. 

Interac tions at high momentum transfers are governed by perturbative QCD. For the 

case of the Bjorken sum rule, pQCD corrections are made for the fact that experiments 

were not conducted at infinite momentum transfer. 

At low energies the validity of pQCD comes into question. No longer are inter­

actions strictly between the electron and a constituent quark , as modeled at high 

energy. More of the nucleon's macroscopic structure is expected to play a role. This 

structure is complicated by the addition of sea quarks ( quark-antiquark pairs) and 

gluons (carriers of the strong interaction). There is currently no way to predict or 

calculate accurately the spin structure functions at low energy without direct ly mea­

suring them. The hope is that someday lattice QCD will be able to derive the nucleon 

structure functions from first principals. 

Experiments in the low energy region can use the Gerasimov-Drell-Hearn (GDH) 
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sum rule as a lighthouse to st udy the evolut ion of t he nucleon spin structure functions: 

(1.2) 

The G DH sum rule relates t he difference in polarized cross sections ( O"t / 2(3; 2) ) , for t he 

scattering of real photons, to t he t arget's anomalous magnetic m oment ( "') , mass ( J..l[), 

and the electro-magnetic coupling const ant (a). T here is now a large effort to study 

the nucleon spin structure in t he low energy region , much of it focused on test ing t he 

G DH sum rule. This thesis focuses on experiment E94-010 conducted at J efferson Lab 

in Virginia. The experiment measured the neutron 's spin structure fun ctions in both 

t he low and high energy regimes in order to provide data to connect t he Bjorken and 

G DH sum rules . The remainder of t his chapter deals with t he formalism of polarized 

electron scattering and describes in deta il t he GDH and Bjorken sum rules . 

1.2 Formalism 

The purpose of t he E94-010 experiment was to measure the extended Gerasimov­

Drell-Hearn sum rule for 3 He and the neu t ron. From the detection of t he scattered 

electrons with different pola rization configura tions, the polarized 3 He cross sections 

were determined . These were in turn used to calculat e t he GDH sum rule. T he sum 

rule requires that dat a be recorded over a wide range of energies . Therefore, E94-010 

measured t he four principa l regions of t he cross section : t he elast ic, quasi-elast ic, 

resonance, and deep inelastic regions (Figure 1.1) . 

T hese distinct regions are a consequence of the 3He structure. The virtual photon 

probes t he target and has a wavelength t hat depends upon its energy. The shor ter 

the wavelength , the greater the resolution of the probe (Figure 1.2) . At low energies 

the 3 He appears as one object. Scattering occurs elast ically, leaving t he 3 He nucleus 

intact. As the energy increases, the consti t uent nucleons are resolved and scattering 

can occur elast ically from the protons or t he neutron. T his is called t he quasi-elast ic 
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Elastic 

cr TOT 

Quasi-Elast ic 

Resonance Deep Inelas ti c 

Mass of Products ---

Figure 1.1 : Schematic of the 3 He cross section. The relat ive peak heights change 
depending upon the momentum of t he vir t ual photon . 

regime. The cross-sectional peak is smeared due primarily to Fermi motion. Increas­

ing the energy allows for t he excitation of t he nucleons. T here are numerous types of 

resonances in this region. For example, a proton, having interacted wit h t he scattered 

electron , becomes a ,6. particle which then decays into a pion and a baryon. Finall y, 

when the energy is high enough , the interaction probes t he individual quarks. This 

is known as deep inelastic scattering. 

T he purpose of this chapter is to introduce the formalism used to describe t he ex­

tended Gerasimov-Drell-Hearn sum rule. Since E94-010 measures polarized scattering 

cross sections, particular emphasis is placed on defining the scattering asymmetries 

and their relation to total cross sections in each region. 

There are a number of ways to describe the kinematics of electron scattering by a 

target. In t he experimental hall (lab frame) the t hree parameters measured are the 

electron 's incident energy, E, the scattered electron 's energy, E ' , and the scattering 

angle, e (Figure 1.3). The elec tron 's ini t ial helicity and the target pola rization are 

also known. These t hree lab variables are related to variables used when considering 
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Elastic 

Resonance 

~ 
\SV 

Quasi-Elastic 

• 
q • q 

• 
q 

Deep Inelastic 

Figure 1.2: The increasing resolution of the 3He nucleus. As the virtual photon energy 
increases so too does its ability to probe the internal structure of t he 3He nucleus and 
constituent nucleons. 

the interaction of the electron and the target. 

The interact ion between the electron and the target can be described as an elec­

tron emitting a virtual photon, which in turn interacts with the target (bottom of 

F igure 1.3). The electron has an ini t ial four vector ktL and a final four vector k'JJ-. T he 

initial spin of t he electron is stL and the final spin is not measured in inclusive scat­

tering. For t he target , the initia l momentum and spin are PtL and SJJ- . The hadron ic 

products have an invariant mass squared given by W 2
. T he virtual photon has a four 

vector given by qtL = (v , if). Some useful quantit ies related to the lab frame variables 

are 

v = E- E ' , (1.3) 

(1.4) 

(1.5) 

e• __ E - E ' cos e 
cos - lll1 ' (1.6) 
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E' ~etectoTJ 
_E ---Q -=======r:e: 

Electron Beam 

polarized 
nucleon 

Target 

Experimental View 

k 

Theoretical View 

I 

Figure 1.3: The scattering of an elec tron by a nucleus . The top picture shows scat­
tering in the laboratory fram e. The bottom picture depicts how scattering occurs as 
an exchange of a virtual photon. 

vV 2 = (qJ.l + PJ.l) 2 = Mj + 2/Vfrv- Q 2
, 

Q 2 
x = ---

2/Vfrv' 

Q2 

T = 4f'VJ2' 
T 

E = (1 + 2 jqp tan2 ~) - 1 
Q2 2 ) 

(1. 7) 

(1.8) 

(1.9) 

(1.10) 

where lvfr is the target mass (either the 3He or nucleon mass) , Q2 > 0, B* is t he 

angle between k and if, x is rela ted to the fract iona l momentum carried by the struck 

parton , T > 0, and E is re lated to the virtual photon's polarization . 

ow that some common variables have been defined , t he pa rticu la r form a lism for 

each region is described. 
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Elastic Scattering 

Following the form alism presented m [16] , the different ia l cross section for elast ic 

scattering ( Q2 = 2NI v) of an electron by a nucleus or nucleon is given by 

(1.11 ) 

where K, is the anom alous magnetic moment in Bohr m agnetons , F1 and F2 are the 

Dirac and P a uli form factors, and o-M is t he Mott cross section. The Mott cross 

section describes scattering of an electron from a point-like particle: 

(1.12) 

where a = t ~? is the fin e structure constant . The Dirac and P a uli form factors are 

functions that account for our lack of knowledge regarding the photon-hadron vertex. 

At Q 2 = 0 they have t he following values for t he proton and neutron: Ff(O) = 1, 

F!(O) = 1, F{'(O) = 0, and F2n(o) = 1. Typically, for elast ic scattering, a new set of 

form factors are defin ed: 

Fl(Q2
)- TK,F2(Q2), 

FI(Q2
) + K,F2(Q2). 

(1.1 3) 

(1.14) 

These a re known as the Sachs form fac tors , and they have a direct physical interpre­

tation. If v is sm all compared to the nucleon mass , t hen G E is the Fourier transform 

of the charge density and G M is related to the m agnetizat ion density. At Q2 = 0, 

G';,; = 1, G~1 = f.Lp , G£ = 0, and G'fvt = f.Ln, where f.Lp = 2.79 and f.Ln = -1.91 in Bohr 

m agnetons. In t erms of the Sachs form factors, the elastic scattering cross section is 

[17] 

(1.15) 
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Because the target and initial electron spms are known , three polarized cross 

sections can be measured : the case when the spins are a ligned , the case when they are 

anti-aligned , and the case when the target spin is perpendicular to the electron spin. 

By measuring the scattering rates for the different combinations , two asymmetries 

a re measured: 

da'~-t - da tt 
All = daH - datt and 

da'~-+- - da t+­
A ..L =-----­

dat +- - dat+- · 
(1.16) 

The first arrow refers to the beam helicity and the second refers to the direction of 

the target's polarization . The up and down arrows represent spin directions parallel 

and anti-parallel to the beam axis. A left arrow m eans that the spins of the target 

are perpendicular to the beam momentum direction. 

In the case of elastic scattering from 3 He these asymmetries are related to the 

3 He form factors in the following way [18]: 

(1.17) 

where 'ljJ is the a ngle between the target spin vector and if. For A 11 , 'ljJ = e*. For A ..L , 

·tj.; = e* ±goo. The quantities vx are kinematic varia bles and are given by: 

vru 

VT 

tan~ /tan2 ~ + - 1
-

2V 2 1+T' 
1 1 e 

---- tan-
v'21+T 2 ' 

(1 ~T)
2 

e 1 
tan2

- + --. 
2 1+T 

(1.18) 

(1.19) 

( 1. 20) 

(1.21) 

Measured values for the 3 He electric and magnetic form factors can be found in [19]1. 

1 Dunn uses the form factors Fe and FM which a re related to G E and GM: GE = ZFc and 
G M = f-l3HeFM and Fc (O) = FM(O) = 1. 
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The size of A11 can easily be estimated. For an incident electron energy of 0.86 

Ge V and a scattering angle of 15.5°, lAIII ~ 0.02%;. If the assumption is made that 

the form factors for 3He are just the addition of proton and neutron form factors , 

then2 

(1.22) 

G H e - GP GP en Q~O - 9 3 
/llf - M + M + M ~ /-Lp - /-Lp + f.Ln - - 1. 1 , (1.23) 

and IA11 I ~ 2 x 10- 2 which is correct to within a factor of two. 

Quasi-Elastic Scattering 

Quasi-elastic scattering is essentially elastic scattering from a nucleus ' constituent 

nucleons. The scattering cross section for a nucleon is given by Eq.(l.ll). The quasi­

elastic peak is not as sharp as the 3 He elastic peak. This is because the nucleons 

carry a large momentum dispersion due to their confinement in 6.x (6.p6.x "' h). 

The Fermi motion smears the peak [20]. As for the spin-dependent asymmetry in 

this region , the contributions from the two proton spins should cancel due to the 

Pauli exclusion principle. This dilutes the asymmetry contributed by the neutron. 

Dilution from the fact that the 3 He wavefunction is not only in a ground state also 

occurs, but the contribution to the asymmetry is small [21]. The spread due to Fermi 

motion also dilutes the asymmetry. Therefore, the measured quasi-elastic asymmetry 

is expected to be smaller than the elastic asymmetry for 3He. 

Resonance Region 

When the energy of the virtual photon is large enough to distinguish the constituent 

quarks of a nucleon , but not large enough to scatter individually off quarks, resonant 

scattering can occur. In such an interaction the photon excites the nucleon 's internal 

2 T he magnetic moments of the two protons in 3 He should anti-align due to the Pauli Exclusion 
Principal. That's why the second P,p has a negative sign. 
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constituents . Shor t ly aft er excitat ion (10- 23s) the excited nucleon decays into a nu­

cleon and a meson (Figure 1.4). The lowest energy resonance is t he 6. part icle or ? 33 

state (t he 3's represent t he (isospin , J) (312,312) state). Because of t he ~ weight­

ing in t he GDH integral (Eq. 1.63) , this lowes t energy resonance is t he dominate 

cont ribu t ion to the sum rule for the neutron . 

e e' 

F igure 1.4: Resonance scattering. The virt ual photon excites the nucleon (N) into an 
excited state (N*) which t hen decays into a nucleon (N' ) and a meson ('n-). 

P olarized scattering in t his regime is characterized by t he total photo-absorpt ion 

cross sections. These cross sections describe t he interaction between t he vir t ual pho­

ton and the t a rget. T he virt ual photon can have t ransverse and longit udina l polar­

izations. This will yield four photo-absorpt ion cross sections when the target has a 

spin of 112. In terms of J (initial photon projection), (ini t ia l t arget spin proj ection) > 

t hey are: 

()1 / 2 1(1 , - 1) , (1 12, 112) >, 

CT3 / 2 rv J(1, 1) , (1 12, 112) >, 

IJL I ( 1' 0) ' ( 1 I 2' 1 I 2) >' 

IJTL J(1, 0), (112, 112) > 1(1 , - 1) , (112, 112) > . 
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The total transverse photo-absorption cross section is ~T = ~1 ;2 +~3;2 , where ~3;2 ( 1 ; 2 ) 

is for the case when the photon and t arget spins are aligned(anti-aligned). The differ­

ence in these cross sections is ~TT = ~1 ;2 - ~3 ;2 . The total longitudinal cross section 

is ~L· There is also an interference term between the transverse and longitudinal 

interactions given by ~TL· 

Two virtual photon asymmetries can be formed from these cross sections: 

and 

The boundary on their values are [22] 

and 

The asymmetries A 1 and A2 are related to A 11 and A.l [23]: 

where 

and 

D = 1- E'E/E 
1 +ER ' 

VQ'l 
'f] = E E- E' E' 

( = rJ(1 +E) 
2E ' 

R= ~L. 
~T 

If the incoming electron transfers all its energy, D 

A 11 = A 1 . 

1 and d 

( 1. 24) 

( 1. 25) 

(1.26) 

(1.27) 

(1.28) 

( 1. 29) 

(1.30) 

(1.31) 

0 and therefore 

The P 33 resonance, or .6 particle , is a proton (neutron) with both up (down) quark 
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spins pointing in the same direction and with a total angular momentum of Lz = 0 

for all three quarks. The P33 asymmetry can be predicted by examining the following 

transitions: 

iu(t)u(-l,.)d >p-+ lu(t)u(t)d > ~ or id( t)d(_j,.)u >n-+ ld(t)d(t)u > ~ . (1.32) 

Relat ing these transitions to their Clebsch-Gordan coefficients , the ratio a 1;2 / a 3; 2 = 

~ 'and therefore A1 =-~ , which is in good agreement with the data [24]. 

The double polarized differential cross section in terms of the virtual photon asym­

metries and photo-absorption cross sections is [25] 

(1.33) 

where f r is the virtual photon flux: 

a (W 2
- M 2 )E' 1 

r r = 4JrQ2 ME 1 - e: · (1.34) 

The unpolarized portion of the differential cross section (ar + wL) can be approxi­

mated by ar since the ratio a L/ ar is fairly small in the P 33 resonance region. This, 

in turn, is broken down into resonant and non-resonant contributions: 

The non-resonant background is generally parameterized by a polynomial [25]: 

~--- n1 

aNR = Jw- Wu,,. L ai(W- Wu,,.)i, 
i=O 

(1.35) 

(1.36) 

where ai are free parameters fit to t he data and WthT is the value of VW2 at the 

threshold of 6. production. The resonant cross section for P 33 can be expressed in 

terms of electric and magnetic form factors for the 6. and the total width of the 
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resonance, 1: 

(1.37) 

The cross section for P 33 is strongly excited at Q2 near zero, and G~, the dominate 

form factor, falls off rapidly with increasing Q2 [1]. This implies that t he GDH sum 

rule will have a strong Q2 dependence at low Q2 (Figure 1. 5) . 

Deep Inelastic Scattering 

The scattering of electrons in t he deep inelastic region is described by t he contrac­

tion of two tensors. The electron virtual photon vertex is described by the lep ton 

tensor LJ-L,/ and the nucleon virtua l photon vertex is described by t he hadron tensor 

W~-'v . Each is comprised of a spin-independent part and a spin-dependent part. The 

different ial cross section is given by [20]: 

d2a 4a2 E' 
dDdE' = Q4 ELJ-lVWJ-LV. (1.38) 

Following the form of Hughes and Kuti [22], the lepton tensor , when t he fin al spin 

state of the scattered electron is summed over, is given by 

L - k' k· k' k k' k · a f3 J-!V - J-l v + v J-l- 9J-Lv . + zmeE J-Lv a(3S q , (1.39) 

spin - independen t spin - dependent 

where EJ-Lva f3 =1 for even permutations of 1234, g1w is t he metric tensor, and m e is t he 

mass of t he electron. The hadron tensor is represented by 

W J-lV WJ-lV WJ-lV = (S) + (A)' (1.40) 

where 

J-lV ( J-LV q~-'qv ) W 1 (PI-' p . q J-l) ( pv p . q v) W w = -g + -- 1 +- - --q - - -q 2 
(S) q2 M2 q2 q2 (1.41) 
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and 

(1.42) 

Here , four new parameters have been introduced: W1 , W2 , G 1 , and G 2 . They are t he 

inelastic structure functions, and they represent the interaction between the virtual 

photon and the nucleon . The first two, W1 and W2 , characterize unpolarized scat­

tering, and G 1 and G 2 are relevant for polarized scattering. All four of the structure 

functions depend on v and Q2 (not simply Q2 as in the case of elastic scattering). 

For unpolarized scattering, the inclusive cross sect ion, when the fin al electron spin 

state is averaged over, is given by 

( 
2e 2e ) cos 2w2 + 2sin 2wl . (1.43) 

Polarized scattering is characterized by measuring the asymmetries A1 and A2 . The 

virtua l photon cross sections have the following relat ions to the structure functions [20 , 

23] : 

(J" 3/ 2 "-' < 1, 1/211, 1/2 > = W1 + vMGt - Q2G2, (1.44) 

(J" 1/2 "-' < 1,-1/21 1, -1/2 > = W1 - vlVIGt + Q2G 2, (1.45) 

< 0, 1/210, 1/2 > 
v 2 

(1.46) 0" L ,...__, = (1 + Q2)W2- W1 , 

O"T L "-' < 1, 1/210, 1/2 > = jQ2(l'v1Gt + vG2). (1.47) 

When t he scattering energies are sufficiently high ( Q2 large) the structure func­

tions become dependent upon only one variable: x . This behavior is known as scaling, 

and it arises from the fact that t he nucleon is comprised of point-like particles . The 

relationship between the general structure functions and those used when the scat­

tering is in this regime are given by 

(1.48) 
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and (1.49) 

Furthermore, F1 and F2 are related to one another by a modification of the Callan­

Gross relationship: 

(1.50) 

The confirmation of this relationship indicates tha t the quarks have a spin of 1/2 . As 

Q2 ---+ oo for constant x, R ---+ 0, and F 2 = 2x F1 . The relation between the structure 

functions and the virtua l photon asymmetries are given by 

and (1.51) 

At high energies, the spin structure fun ctions have a simple physical interpretation 

in t he qua rk-parton model [22]. For F 1 and 91, the interpretation is t hat they are 

equal to the sum over longitudinally polarized quark types: 

Ft(x) 1 :L 2 t .~-2 . ei [ji (X) + f i (X)] , (1.52) 

" 
91 (x ) 1 :L 2 t .~-2 . eJfi (x )- f i (x)], (1.53) 

" 

where J}W(.r) is the probability of finding a quark with its spin aligned (ant i-aligned) 

with the nucleon 's spin and with a fract ion x of the nucleon's total momentum. The 

charge of the quark type is given by ei . 

1.3 Sum Rules 

Theoretical knowledge of the spin structure functions is limited to integrals over some 

kinematic region (e.g., f0
1 91 (x)dx). These types of integrals, or combinations thereof, 

a re known as sum rules. Measurement of t hese sum rules allow for tests of their 

assumptions. Some of these sum rule studies represent fundamenta l tests of QCD. 
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1.3.1 Bjorken Sum Rule 

In 1966 Bjorken [26] derived a sum rule using current a lgebra in the limit of Q2 ----+ oo 

(Eq. 1.61). Integrating Eq. 1.53 over the full range of x gives, what is called , the first 

moment: 

rl 1 (4 1 1 ) rl = lo .9l(x)dx = 2 96.u + 9 + 6.d96.s . (1.54) 

The quantities 6.q are the helicity carried by each quark type. They can be calculated 

from the following matrix element: 

(1.55) 

where N represents the nucleon, 11-1 and 1 5 are the Dirac m atrices . The Bjorken sum 

rule relates the first moment to the weak current matrix element for neutron decay: 

where U represents a Dirac spinor and T is a Pauli matrix for isospin . Equation 1.56 

can be converted to a matrix element between proton states: 

(1.57) 

This, in t urn , is related to the helicity carried by the quarks: 

( 1. 58) 

Now, a portion of the matrix element in Eq. 1.56 is related to the quark helicities in 

Eq. 1.58: 

(1.59) 
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and the Bjorken sum rule is realized: 

(1.60) 

At finite Q2 , gluon interactions modify the sum rule. The modificat ion is calcu­

lated using pQCD and amounts to a correction by a power series in a 8 ( Q2
): 

{l (gf(x)- g~(x))dx = ~9A (1 - O:s(Q2) ). 
lo 6gv 1r 

(1.61) 

The strong coupling constant, 0:8 ( Q2
) , has the following form 

(1.62) 

where f is the number of qua rk fl avors, and A (-·v 100 MeV) characterizes the strength 

of the strong coupling constant . Today the Bjorken sum rule corrections have been 

calculated up to third order in a 8 [27]. 

1.3.2 Gerasimov-Drell-Hearn Sum Rule 

In 1966, S .B. Gerasimov [28] and, independently, S.D. Drell and A.C. Hearn [29] 

derived a sum rule for the absorption of polarized real photons on a polarized nucleon . 

The sum rule takes the photon energy weighted difference of two spin dependent cross 

sections and relates it to t he nucleon's anomalous magnetic moment : 

r= CJl /2 - CJ3/2 dv = - 27r2; ""2. 

l thr lJ Jo.![ 
( 1. 63) 

Here, cr3; 2 (1; 2 ) is the absorption cross section when the photon and nucleon spins are 

aligned (anti-a ligned), v is the photon energy, '"'" is the anomalous magnetic moment, 

a is the electromagnetic coupling constant, and M is the mass of the nucleon . The 

integrat ion is carried out from the pion threshold (Q
2

+2n~;:r+m;) to infin ity. 
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Derivation of the sum rule starts by using the results of Gell-Mann , Goldberger, 

and Thirring [30] for the forward scattering of photons. They derived the Compton 

scattering amplitude for a photon scattering at zero degrees : 

f(v) = h (v)E'* · E + h(v)iCf · f'* x t (1.64) 

Here f'* and E are the final and incident photon polarization vectors, v is the photon 

energy, and Cf is the target spinor. The functions h ( v) and h ( v) are scalar invariants . 

The optical theorem relates the imaginary parts of h (v) and h (v) to the pola rized 

cross sections 0"3; 2 and 0"112 : 

Imft ( v) = ..!!..._ O"J / 2 + O"l / 2 

47r 2 
and Imh(v) = ..!!..._ O"J / 2 - O"l / 2. 

47r 2 
(1.65) 

For t he G D H sum rule, the interest is in the real part of h ( v). This real part can be 

related to the imagina ry part using a non-subtractive dispersion relation [31]: 

R f ( ) _ 3_ 100 v'Imh(v' ) , 
e 2 v - r2 2 dv. 

1f tilT V - V 

By differentiating with respect to v and then letting v ---+ 0 , Eq. 1.66 becomes 

f~(O) = 3_ ; ·oo Imf~(v) dv. 
1f thT V 

(1.66) 

(1.67) 

In t he same year , 1954, as Gell-Mann , Goldberger , and Thirring published their 

results for forward Compton scattering, F.E. Low [32] and Gell-Mann and Gold­

berger [33] derived a result for the scattering of low energy light by a system of spin 

4 particles . For the case of forward scattering in the low energy limit, they found 

that the derivative of the scattering amplitude was related to the anomalous magnetic 

moment: 

1.,(0) = ~ 2 
2 2M2"' . (1.68) 
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The Gerasimov-Drell-Hearn (GDH) sum is completed by taking Eqs. 1.68 and 1.65 

and substituting them into Eq. 1.67. 

Extended GDH Sum Rule 

The G DH sum is only valid for real photons ( Q2 = 0). In the case of electron 

scattering we have virtual photons (Q2 =f. 0). W hile there is no sum rule for vir t ual 

photons, we can construct a related integral by considering the difference of polarized 

cross sections: 

( 1. 69) 

The integral [34] 

2 J·= dv I (Q ) =- -(crl /2- cr3;2) 
thT I/ 

( 1. 70) 

converges to the GDH sum rule resul t as Q 2 ---+ 0: 

(1.71) 

which is equal to -204f1b for protons, -232.8f.lb for neutrons, and -496Mb for 3He. 

For a 3 He GDH sum rule, integration begins just above the elastic peak and goes 

to infinity. For a neutron GDH sum rule, integration is from the pion threshold to 

infinity. The extent to which a polarized 3He can be modeled as a polarized neutron 

and two unpolarized protons can be tested by integrating CJrr' for 3He over the neutron 

range: 

1= cr?He(ll Q2 = 0) J.·v=pion CJ
3
tfe (ll Q2 = 0) 1= cr?He(v Q2 = 0) 

TT ' dv = TT ' dv + TT ' dv 
v>elastic /.1 v>elastic /.1 v>pion /.1 

- 496J.Lb -263.2J.Lb - 232.8J.Lb(free neutron) 
(1. 72) 
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1.3.3 Motivation for Measurement of Nucleon Spin Struc­

ture for Intermediate and Low Values of Q2 

T he early mot ivation to study the spin structure fun ctions in the low Q2 regime was 

to study in more detail t he 'proton spin crisis ' . Anselmino and ot hers [35] proposed 

tha t higher twist effects could alter t he va lue of the Bjorken sum rule for fi ni te Q2 

beyond pQCD corrections (Eq. 1.61). The size of the effect could be estimated using 

the G DH sum rule. By doing this, t hey found t hat the quark contribut ion to the 

Bjorken sum rule could be as high as 50%. Not only did t he GDH sum rule bring 

t he quark cont ribut ion up to something "reasonable", bu t it a lso suggested dramatic 

spin structure at intermediate values of Q 2 ( .02 B 1 Ge V 2
). vVit h measurements 

taken aft er EMC, the Bjorken sum rule for finit e Q2 is entirely accounted for using 

pQCD corrections implying that higher twist effects are small. However , dramatic 

spin structure effects at low energy are still possible. 

Polarized data in this region (Q2 < 1) is nonexistent. For the extended GDH sum 

rule, unpolarized data in the resonance region has been used to t ry and understand its 

Q2 evolut ion . Because of the 1/v weight ing, t he la rgest cont ribu t ion to the neut ron 

is expect ed to come from the P33 resonance (Figure 1. 5). 

C urrent interest in the intermediat e region has been spurred on by t he develop­

ment of a generalized G DH sum rule proposed by Ji and Osborne [36]. T his sum 

rule relates t he spin st ructure function G 1 (v, Q2
) to the forward vir t ual Compton 

scattering am plitude s l (v, Q2
) : 

( 1. 73) 

At Q 2 = 0, Eq. 1.73 is related to the GDH sum rule: 

(1.74) 
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0.2 ,--------------------------, 

-0.6 

0 0.5 1.5 2.0 2.5 

Figure 1.5: The extended GDH sum rule as presented in [1] . The solid line is the 
integral In(Q2

) with the P33 resonance. The long-dashed line is without the P33 

contribution . 

For Q 2 ---+ oo, Eq. 1. 73 is connected to the Bjorken sum rule by the use of the 

dispersion relation for 5 1 (v, Q2
): 

S(p)(O Q2)- S(n)(O Q2) = _4_gA 
1 , 1 , 3Q2 . 

.9v 
( 1. 75) 

The forward virtual Compton Scattering amplitude can be extended from Q2 = 0 us­

ing chiral perturbation theory and from Q2 ---+ oo using Operator Product Expansion. 

These theoretical predictions can be tested against the measured value of G 1 (v, Q2
). 

Experiment E94-010 marked the first time the spin structure functions will have 

been measured for 3 He and the neutron in the low and intermediate energy regimes. 
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Chapter 2 Experimental Setup 

2.1 Overview 

J efferson Lab is located approximately twenty miles up the J ames River in Newport 

News, Virginia. The facility consists of, among other things, an electron accelerator 

and three experimental halls, which are ingeniously named A, B , and C. Hall A 

contains two high resolution spec trometers used to detect part icles scattered by a 

fixed target. E lec trons can be delivered to all three halls simultaneously. They are 

initia lly accelerated to 45 MeV a t the inj ector site (Figure 2.1 ) . From there t hey 

pass t hrough a linac where t hey acquire another 400 MeV . Next , t hey t ravel t hrough 

a 180° turn in the recirculation arc and accelera te an addit ional 400 MeV as t hey 

pass down a second linac . The electrons can now be delivered to any or all of t he 

experimental ha lls, or they can enter a recircula tion arc t ha t returns them to t he first 

linac . If returned , t he elect rons pick up an additional 800 MeV before going to a 

Hall or t ransported for another pass . Up to five passes are allowed for a maximum 

electron energy of nearly 6 Ge V . The 400 MeV acceleration for each linac section is 

a nominal amount. It can be adjusted to deliver a variety of energies. 

Experiment E94-010 ( Meas'urem ent of the N eutr·on {3He) Spin Structure Function 

at Low Q2 : a connection between the Bjorken and Drell Hearn Gerasim ov sum rules.) 

was conducted in Hall A. It used beam energies of0.8 60, 1.720, 2. 591 , 3.384, 4.255 , and 

5. 070 GeV at currents ranging from 3J-L A to 15J-LA. The electrons were longit udially 

p ola rized , and their helicity was fl ipped at a rate of 30 Hz. The fixed target was 

a 40 centimeter long glass t ube fi lled to 10 a tmospheres of polarized 3He. The two 

spectrometers were configured with detector packages designed to detect scattered 

elect rons. The experiment ran from September 25 through Christmas Eve of 1998 
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Rec ircu lation Arcs 

c 

Figure 2.1: Accelerator configuration. 

and recorded approximately five and a half billion scattered electron events. 

2. 2 Polarized Electron Beam 

2.2.1 B eam Source 

J efferson Lab 's source of polarized electrons is based upon the source used at SLAC [37]. 

It utilizes a strained GaAs cathode to create highly polarized electrons . The cathode 

is created by growing layers of various GaAs combinations (Figure 2.2). The top-most 

layer is pure GaAs. The layer b elow it is made of GaAs0 .72 P 0 .28 . The shorter lattice 

spacing of the GaAs0.72 P 0.28 (5 .5968 A) causes the natural spacing of the GaAs (5 .6533 

A) to shrink slightly, creating strain [38]. The stain creates a gap in the different sub­

levels of the P 3; 2 electrons in the valence band of the GaAs. By tuning a circularly 

polarized laser to the proper frequency, electrons from the P 3; 2 m= 3/2 state can be 

excited to the S1; 2 m= 1/2 level of the conduction band (Figure 2.2). From there 

the polarized electrons diffuse to the surface and escape into the surrounding vacuum. 

Because the strain creates a sufficiently wide gap between the P 3; 2 sublevels, electrons 

from the m = 1/2 state will not be excited by the tuned laser. The consequence is the 

electrons leaving the surface of the cathode are nearly 100% polarized. 
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Figure 2.2: The layers of the strained GaAs cathode and the level diagram of t he 
conduction and valence bands. 

2.2.2 Mpller Polarimeter 

Precision measurements of the electron beam pola rization were conducted using the 

Hall A M0ller polarimeter [39]. The name "M0ller" refers to the scattering of two 

electrons. For our case, the scattering process was polarized, namely e + e--+ e + e . 

The scattering cross section depends on the angle at which the two electrons scatter 

and the polarizations of the beam and target electrons: 

a ex 1 + L (Aii(BcM ) 0 P targ i 0 Pbeam i), (2 .1 ) 
i==x,y,z 

where i = x, y , z refer to the the proj ections of the polarizations, BcM is the center of 

mass scattering angle, and Ptarg(beam ) is the pola rization of the target (elec tron beam ). 

If t he beam is taken to travel along the z direction and the scattering occurs in t he 

xz-plane, then Aii takes the followin g form: 

sin2 BcM · (7 + cos2 BcM ) 
(3 + cos2 BcM )2 

sin4 BcM 
(3 + cos2 BcM )2' 

-Axx 

(2 .2) 

(2.3) 

(2.4) 
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Measurement of the longitudinal component of the electron beam pola rization de­

pends on A zz , which has a maximum value of 7 / g for a center of mass scattering 

angle of goo. By measuring the number of electrons scattered when the beam is po­

larized parallel and anti-pa rallel to its momentum direction , t he following asymmetry 

is formed :: 

(2.5) 

where NH(tt) are the counting ra tes of the scattered electrons when the beam po­

larization is anti-parallel (parallel) to the t arget 's spin direction. The transverse 

components , A xx and Ayy , can yield a small asymmetry if the target electrons have 

a spin component in t he yz-plane. However, for a center of m ass scattering angle of 

goo, the value of A xx is 1/ g, so this effect is somewha t suppressed. 

T he M0ller p ola rimeter for Hall A used a 12 p,m thick supermendur foil (Fe plated 

onto a Cu foil) for its target. Due to boundary conditions, t he foil is pola rized along 

its length [ 40 ]. It was til ted a t angles ranging from 20 to 160° wi th respect to the 

beam , m aking the effective t arget pola rization Pta,.9 z = Pfoil ·cos () taTg et · The angle 

was determined visua lly by looking at t he target with resp ect to an engraved scale 

on t he target holder and by comparing the count ing ra tes at different angles. T he 

foil was magnetically saturated using two Helmhol tz coils, which produce a magnet ic 

field of about 300 G along the beam a t the t a rget center. Out of 26 electrons, 2 per 

atom are polarized in the iron , translating into a polarization of Pfoit=7 .6 % . 

The M0ller spectrometer is comprised of three quadrupole magnets and one dipole 

magnet followed by two detectors consisting of scintilla tors and lead glass counters 

(Figure 2.3) . The two spectrometers were set to record events occurring in coincidence 

with one another. The angular acceptance of the spec trometers ranges from 76° to 

104° in the center of mass frame. For incident energies less than 1 GeV the angular 

acceptance is between 83° and g7o. Taking into account t hese acceptances , the average 

va lue of < Azz > was 0.75g as determined by a Monte-Carlo simulation . 

Twenty-six M0ller measurements were t aken during t he Eg4-010 experiment . Mea-
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Figure 2.3: Schematic of the Hall A M0ller polarimeter. 

surements were taken with the target angle at 25 and 155° in order to understand 

effects due to transverse polarization within the foil and to study the target angle 

by comparing the counting rates. Several runs of rv30k events were taken at each 

angle. The background and M0ller peak were fitted to obtain N tt(H) . The fit took 

into account the Levchuk effect [41]. This effect is due to the fact that the unpolar­

ized Fe atom electrons are contained in the inner atomic shells. They have a higher 

momentum and momentum spread and therefore broaden the elastic peak compared 

to the polarized (outer shell) electrons. This systematic effect was taken into account 

by correcting the apparent beam polarization down by 2% relative. The results with 

statistical error bars are shown in Figure 2.4. Also given are the polarization results 

used for each beam energy. 

The systematic uncertainties a re listed in Table 2.1. Polarization of the target is 

given by ?target= Pfoil ·cos Bfoil· The angle Bfoil is known to ±0.4° which contributes 
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Figure 2.4: Results of the Mott and M0ller measurements. 

0.3% to the uncertainty of PtaTget · The polarization of the target foil is given by 

g'- 1 1 
Pfoi l = Bfoil-2--,-~, 1rg e f.L e 

(2.6) 

where g' is a spin-orbital correction for supermendur and is equa l to 1.900± 0.005 [39] 

(this uncertainty contributes negligibly to the uncertainty in Pfoil) , Ne is the number 

of electrons per unit volume, and B f oil is the fi eld within the foil. B foil is given by 

<I> · width · thickness, where <I> is the applied magnetic flux and was determined by 

varying the external field and measuring the induced EMF in a coil wound around 

the foil. From systematic studies, maximum deviat ions in <I> of ±1.5% were observed . 

The foil thickness is uniform to within ± 1.0%. Taking this and the flux into account , 

a ±2.0% uncertainty is placed on Pfoi l· Background counts m ake up about 50% of the 

data but contribute an uncertainty of less than 1% after subtraction. The dead time 



28 

Source Uncertainty [%] 
< A zz > 0.3 

Pjoil 2.0 

e foi l 0.5 
Background <1 

Dead time <2 
Transverse Polarization 0.2 

Other fluctuations 1.0 

Total 3.2 

Table 2.1 : Systematic uncertainties on Pbeam. 

correction contributed an uncertainty of '""2%. Having taken data at two complemen­

tary angles, the uncertainty in the observed asymmetry due to transverse components 

of polarization was extracted and found to be ±0.2%. The total uncertainty from the 

beam polarizat ion is taken to be ±0.5%stat ± 3 .2%syst· 

2.2.3 Beam Current Monitors 

The accumulated electron beam charge t hat the target sees was recorded using two 

Beam Current Monitors (BCMs). A BCM is a resonance cavity tuned to the frequency 

of the electron beam : 1497 MHz. When the beam passes through the cavity it 

excites the TM010 mode. A large wire loop inside the cavity detects the changing 

magnetic field (Figure 2.5). The amplitude 1497 MHz signal produced by this loop 

is proportiona l to the beam's current. 

The BCM signal was recorded in two ways. The first method converts t he output 

amplitude into a DC voltage proportional to the original amplitude. This voltage is 

recorded every 4, 10, and 50 seconds by a VME crate. The second method converts 

the DC voltage signal into a sine wave whose frequency is proportional to the DC 

voltage. This sine wave is continuously recorded by a scaler counter. 

Calibration of the BCMs was conducted in two ways. Relative changes were 

measured by using a second excitation loop located within the BCM. A current source 
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BCM Unser BCM 

YME Crate 

Figure 2.5: Schematic of the beam monitoring device. 

sends a 1497 MHz signal into the excitation loop. By measuring the response of the 

detection loop, relat ive changes were recorded. Absolu te calibration is conducted 

using an Unser device [42] . The device sits between two BCMs, see Figure 2.5, and 

uses two identical toroidal cores. Opposite currents are passed trough the cores by 

an external modulation source. A common sensing wire that is wound around both 

coils detects a zero voltage when there is no beam current passing through the center 

of the toroids. However , when a DC current is present it creates an asymmetry in the 

amount of flux within the cores, and a signal can then be recorded with a common 

sensing wire. By using a wire that is located along the b eam path and a high-precision 

current source, the electron beam can be simulated, and the Unser calibrated . Once 

the Unser is calibrated the beam is turned on and the BCMs are calibrated using 

the Unser. Using this method a calibration value was calculated to convert the scaler 
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response of t he BCMs to t he amount of charge incident upon t he target. T his number 

had an uncertainty on t he order of ± 1% coming primarily from the non-linearity in 

the BCM response . 

2.2.4 Beam Position Monitors 

The beam posit ion at t he target was monitored using Hall A's beam p osit ion monitors 

(BPMs). T hey consisted of four antennae sit uated around t he beam in a diamond 

pattern . The antennae pick up t he signal from the fund amental frequency of t he 

beam (1497 MHz). The strength of t he signal in a par t icular antenna is inversely 

p ropor t ional to t he distance between the beam and that par t icular antenna. By 

combining t he signals from all four antennae, t he beam location is reconstructed . At 

a current of 10 f.L A (typical for t his experiment) t he beam posit ion was resolved to 

±20 f.Lm . The two BPMs used to determine t he location of t he beam on the target 

were locat ed 1.3 and 7. 5 meters upstream of the target platform (Figure 2.6). 

Fast Raster 

A fast raster located 23 meters upstream of the target st eers t he beam to create a 

profi le of a 3mm diameter disk on t he target. By knowing t he current pattern of the 

magnets in t he raster and by recordi ng t he posit ion of t he beam using t he BPMs, t he 

position of the beam is steered and determined t o ± 0.1 mm in t he beam 's y-direction 

and ± 0.3 mm in t he beam's x-direction. Overall location of t he beam was kept to 

within ± 0. 5 mm of t he target center. 

2.2.5 Beam Energy 

For t he E94-010 experiment, three independent methods were used to meas ure the 

energy of the incident electrons [43]: by measuring the electron trajectory in a B -field 

(Arc Energy), by electron-proton scattering, and by electron-3 He elast ic scattering. 
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Target 

0 

F igure 2.6: Relat ive positions of the BPMs and Fast Raster. 

T he Arc Energy method used the principal t hat an electron in a magnetic field 

moves in a circular pattern , the radius of which depends on the strength of the 

magnetic fi eld and the electron 's energy. Before electrons enter Hall A , they pass 

through a 34.3° bend : see Figure 2.7. T he energy of t hese electrons is determined 

by the following relation : E = c f ~1. dl, where B 1. is the magnetic field p erpendicular 
II 

to the electron motion, dl is t he path length of the electron , and e
11 

is the angle by 

which t he electrons a re deflected. Precise knowledge of t he beam 's entrance to and 

exit from the bend is given using two sets of superharps. A superharp is a set of 

three wires that are spaced evenly apart. The superharp is moved across t he beam 

path . When the beam strikes a wire, a current is generated and the beam 's position is 

recorded . This information, along with the knowledge of the magnetic field , allowed 

for the determination of t he electron 's energy to a precision of 6.pjp to ±2 x 10- 4 . 

A second method used for the energy determination involved t he scattering of 

an incident electron by a proton: p(e,e'p) . The carbon target (CH2 ) and detectors 

for this measurement were located 21.7 meters upstream of the target. For elastic 

scattering, t he angles of t he scattered electron and proton determine the energy of 

the incident electron : 

E =Nip( cot i ·cot Bp- 1). (2.7) 
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Figure 2.7: The Arc Energy device for Hall A. 

Here ()p(e) is the proton (electron) scattering angle and Mp is t he proton mass. 

The eP measuring device, as it 's known in Hall A, consists of Cerenkov cham­

bers, scintillators, silicon microstrips , and a CH2 target, see Figure 2.8. An electron 

entering the eP device is scattered by a proton and then triggers a scintillator. The 

scattered proton is detected first with a microstrip (a pla te of silicon that gives precise 

know ledge of the location of a particle passing through it) and then a set of scint illa­

tors. The scattered electron passes through a microstrip , then a scintillator, and then 

through a Cerenkov chamber. The Cerenkov light is detected by a phototube. Coin­

cidence signals from the electron and proton scintillators defin e an event. Knowledge 

of t he beam position and information from the microstrips allows for a calcula tion of 

the electron and proton scattering angles, from which the electron's incident energy 

can be calculated. The eP device has an energy resolution of l::::..p jp = 1 x 10- 4
. 

A third method used to measure the incident electron 's energy comes from elast ic 
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F igure 2.8: Schematic for the eP measuring device . 

scattering by 3He. The incident energy is given by 

' ( 2E 2 e) E = E 1 + -M sin - , 
3He 2 

(2.8) 

where E is the incident energy and E is t he energy of the scattered electron. By 

knowing the strength of the dipole field ( 1 B [MeV]) and the spectrometer dispersion 

coefficients (d [m- 1
]) , one can determine the energy of the scattered electron . The 

equation E = r B[l + LI=l dixjp] relates these quantities and the fo cal plane position 

( x fp [ m]) to the scattered energy (E). This measurement is limited by the uncertainty 

in the dispersion coefficients. Energy measurement made using this technique had an 

uncertainty of ±3 x 10- 3
. 

Results for the t hree methods are shown in Table 2.2. 

2.3 The Hall A Spectrometers 

The detection of scattered electrons was conducted using Hall A's two high resolu tion 

spectrometers: the HRSH (High Resolu tion Spectrometer Hadron) and the HRSE 
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Nominal [GeV] Arc [GeV] eP [GeV] E lastic [GeV] 
0.860 - - 0.8595 
1.720 - 1.7179 1.715 
2.500 2.5811 - -

3.385 3.3850 3.3818 -

4.225 4.2362 4 .2386 -

5.071 5.0555 - -

Table 2.2: Energy measurements. 

(High Resolution Spectrometer Electron) . Each arm is approximately 26 meters long 

and 25 meters high , and both can be positioned at any angle between 12.5 and 

165° relative to the beam line, see Figure 2.9. The scattered electrons first pass 

through a collimator ( ,...._, 121mm x 63mm). The collima tor was used to reduce the 

number of electrons entering the spectrometer originating from the target windows. 

The elec trons then pass through four magnets. The first two are quadrupoles which 

fo cus the elec trons in the vertical and transverse planes. The third magnet is a dipole 

which defl ects the electrons 45° towards the ceiling. It has a central momentum range 

from 0.3 to 4 GeV jc with a momentum acceptance per setting of D.p = 0.1 and a 

resolution of D.pjp ~ 10- 4
. The fin al quadrupole magnet de-focuses the electrons in 

t he transverse direction . Next , the electrons enter the detector package (Figure 2. 10) 

consisting of two planes of vertical drift chambers, a plane of scintillators , a gas 

Cerenkov detector, a second plane of scintillators, a lead glass pre-shower (HRSE 

a rm only) , and fin a lly a lead glass shower counter. 

2.3.1 Scintillators and Triggering 

The two scintillator planes (81 and 82) were responsible for triggering on electron 

candidates . Each plane consists of six scintillator paddles which overlap by 0.5 em 

each (Figure 2.10) . The act ive area of 81 is approximately 170cm x 35cm, and the 

active area of 82 is about 220cm x 54cm. There is a single photo-multiplier (PM) 
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Figure 2.9: Hall A. 

located at each end of a paddle. The PM signal is read out by an Analog-Digita l 

Converter (ADC) and a Time-Digital Converter (TDC). 

A signal in the two scintillators is considered a candidate when the following 

three conditions are satisfied. Both photo-multipliers on a paddle receive a signa l. 

The signa l from Sl and 82 are in coincidence. And the paddle on 82 corresponds to 

the paddle on Sl with some angular acceptance(± 1 paddle on Sl and 82). A second 

type of event was also recorded when two of the three detectors, Sl , 82, or Cerenkov 

(Section 2.3.3), fire. Most of these second type of events were junk. They were used 

to study the efficiency of the detectors. 

2.3.2 Vertical Drift Chambers 

The scattered electron's trajectory is a key element in determining its energy and in 

reconstructing its vertex at the target. Located in front of the other detectors and 

after the third quadrupole, two vertical drift chambers (VDCs) were used to measure 

the electron 's trajectory [44, 45]. Each VDC is a panel of crisscross wires measuring 
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VDCs 

Figure 2.10: Detector package used for the E94-010 experiment. 

211.8 em x 28.8 em. The panels a re parallel to the Hall A floor. The scattered 

electron passes through the panels at 45° (Figure 2.11). 

The wires form two planes: one U and one V. The U and V planes are perpen­

dicular to one another. The VDC wires are enclosed between two Mylar windows. A 

voltage drop of -4kV was held between the windows and the enclosed wires. The gas 

between the windows consists of an equal mixture of argon and ethane. Each plane 

contains 368 wires made of gold-plated tungsten each with a diameter of 20 J.Lm. 

When an electron passes through the VDC chamber the gas a long its path is 

ionized. The free electrons then accelerated towards a signal wire. As the electrons 

approach the wire they gain sufficient kinetic energy to ionized other gas atoms, creat­

ing more free electrons. This process continues, creating what is called an avalanche. 

As the electrons finally collide with the wire, they create a signal which is fed into 

a TDC and an ADC. The ADC and TDC are used to determine when the greatest 

number of avalanche electrons are hitting the wire. The time at which the electron 

passed through the VDC is given by the TDC connected to the scintillators. Knowl­

edge of the drift velocity and the TDC signal from the signal wire yield the distance 

from the wire at which ionization first occurred. The resolution on the electron's 
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U-plane 

F igure 2.11: Schematic of VDC wire planes . Each plane has 368 signal wires. 

position is approximately ±200 f-Lm . 

2.3.3 Gas Cerenkov 

A gas Cerenkov was employed in both the HRSE and HRSH in order to discriminate 

between electrons and pions. Cerenkov counters rely upon the fact that particles 

moving faster than the speed of light ((3 > 1/n), in a particular medium , will emit 

Cerenkov light [46]. This light is emitted in a cone at an ap ex angle given by Be = 

cos- 1 (1 / (fJn)). By selecting a gas with the correct index of refraction , the term 

1/((Jn) will be less than one for electrons (real value for Be) and greater than one 

for pions (imaginary value for Be)· Therefore, light will be emitted when an electron 

passes through , but not for a pion. 

The Hall A Cerenkov detector [47] (Figure 2.12) is a rectangular tank measuring 

approximately 2 x 0.56 m on the entrance window and 1.5 m along the electron path . 

The tank was filled with 1 atm of C02 , which has an index of refraction of n=l.00041. 

E lectrons emit Cerenkov light if they have a minimal energy of 0.017 GeV . Pions 
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PMTs 

Figure 2.12: The C02 gas Cerenkov detector. 

require an energy of at least 4.8 Ge V to emit Cerenkov light. Since the spectrometers 

have a maximum momentum acceptance of 4.0 GeV, no pions in principa l should be 

observed in the Cerenkov detector. Light from the passing electrons is collected by 

ten spherical mirrors located in front of the exit window of the detector. Each mirror 

reflects the light towards a particular photo-multiplier tube (PMT) : see Figure 2.12. 

The electron detection inefficiency was found to be less than a few parts per thousand 

throughout the experimental run [48]. 

2.3.4 Shower Detector 

The Hall A shower detector was used in conjunction with the Cerenkov detector to 

reject pions. When an electron passes through material it emits Bremsstrahlung radi­

ation [44] along its path. This radiation creates secondary particles ('y,e - ,e+) which , 

in turn, create still more particles. The result is a cascade of particles which is eventu­

ally converted to light and heat. The total amount of light emitted is proportional to 

the scattered electron's energy. A properly calibrated shower detector has an energy 
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F igure 2.13: The configurations of the HRSE and HRSH shower detectors. 

over momentum (E/p) ratio of one for electrons. Pions do not deposit as much energy 

as electrons and have an E/p ratio less than one; therefore , selection of electron can 

be based upon an event 's E/p rat io. 

The HRSE shower detector consists of two layers (Figure 2.13). The first layer , 

called the pre-shower , is made from 48 (24 x2) blocks of TF-1 lead glass. Each 

block measures 10 x 10 x 35 em. The pre-shower 's total number of radiation lengths 

is 3.65 [49] . Here a radiation length refers to the distance an electron , on average, 

t ravels b efore its energy is reduced by a factor of 1/e. The second layer is made from 

96 (16x6) blocks of SF-5 lead glass. The blocks measure 15x 15 x 35 em each , and 

the total number of radiation lengths is 15 .2 [49]. Attached to the ends of the glass 

blocks are PMTs to collect the light. 

The HRSH shower counter was installed specifically for the E94-010 experiment. 

It consists of 32 (16x2) SF-5 lead glass blocks (Figure 2.13). The total radiation 

length is approximately six . 
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Chapter 3 The Polarized 3He Target 

The E94-010 experiment used pola rized 3 He as a source of polarized neutrons. The 

design was based upon a similar target built at SLAC [50]. Polarization of the 3 He 

nuclei was achieved via spin-exchanged collisions with optically pumped rubidium 

vapor [51 , 52, 53, 54]. Details of this process along with a description of the target 

design and target cells are covered in this chapter. 

3.1 Optical Pumping and Spin Exchange 

3.1.1 Optical Pumping 

The first step towards polarizing the 3 He nucleus is to create a source of polarized 

electrons that will later collide and transfer their spin polarization to the 3 He nuclei. 

These polarized electrons are provided by optically pumping Rb atoms. A review of 

optical pumping of alkali metals is described by W. Rapper [51] and more recently 

by S. Appelt et al. [55]. Rubidium has a single outer shell electron (5S1; 2 ) and when 

placed in a magnetic field its Hamiltonian operator is given by [55] 

(3.1) 

The first term of Equation 3.1 represents the vector coupling of the electron 's spin 

(S) to the spin of the nucleus (I) , with a strength given by A 9 . The last two terms 

of Equation 3.1 describe the coupling of the electron and nuclear spins to the mag­

netic field (Bz). The strength of these couplings is proportional to the value of t he 

magnetic fi eld and depends on the g value for the electron (g=2 .00232), the Bohr 

magneton (J.La=9.2741x10- 21 erg G - 1
) , the nuclear magnetic moment (J.Lr) in nuclear 
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magnetons , and the nuclear-spin quantum number (I= 5/2 for 85 Rb and I = 3/2 for 

87 Rb) . The electron is an eigenstate of the total spin quantum number F = I + S, 

which equals 3 or 2 for 85 Rb (76 .6% natural abundance) and 2 or 1 for 87 Rb (23.4% 

natural abundance). The presence of a magnetic field splits the F state into various 

sub-levels: mF. 

F=3 

mF 
~---) 

·_..---- 2 

v,,=3036 MHz 

Vz =466 kHz/G 

Figure 3.1: Level diagram for 85 Rb. The Zeeman splitting of the mp sub-levels is 
given by Vz. 

The process of optical pumping begins by exposing a sample of rubidium vapor 

with circularly polarized photons tuned to the Dl (551; 2 ---t 5P1; 2 ) transit ion. If t he 

photon helicity is in t he same direction as the magnetic field , then electrons from all 

sub-levels, except the mF = 3 (for the case of 85 R b) sub-level, can be excited. These 

excited electrons can return to any of the ground state sub-levels. In t ime, a ll but 

t he mp = 3 sub-level will become depopulated. 

A simplified form of the optical pumping process is shown in Figure 3.2. Here 

electrons in the mJ = -1/2 ground state are excited to the (5H;2, mJ = 1/2) state 

where they decay to the mJ = 1/2 and mJ = - 1/2 ground states. Since selection 

rules prohibit the mJ = 1/2 ground state electrons from being excited, t he mJ = - 1/2 

ground state will quickly become depopulated. 

As excited electrons return to the ground state they will emit a photon at the D1 

wavelength (795 nm) . This photon is randomly polarized and can excite elec trons 
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from the mp = 3 gro und state. Since optical pumping relies on these electrons not 

being excited , a method known as quenching is employed to prevent the optical de­

excitation of electrons. A buffer gas of N2 is introduced. Collisions between the Rb 

and N2 a llow , through the mechanical excitation of N2 , the electron to decay without 

emitting a photon. The amount of N2 gas is chosen to be a couple of orders of 

magnitude less than t he 3 He density and few orders of magnitude more than the Rb 

density. For this condition , only about 5% of excited electrons decay by emitting a 

photon [50]. 

Colli sional Mi xing 

2 
p 1/2 tt. 

7 

-s 112 • tttttttttt 
Zeeman Splitting 

Figure 3.2: Optical pumping of Rubidium. 

In regions of abundant laser light, high Rb polarization is expected. The local 

polarization (PRb) of the Rb vapor is given in terms of t he optica l pumping rate (R) 

and the spin destruction ra te (1 s E): 

p - R 
Rb - R + f' sD (3 .2) 

The electron spin destruction rate is primarily governed by collisions of Rb atoms 

with other gas particles, as opposed to collisions with the wall or depola rization from 
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photons created by optical de-excitation . The rate is given by : 

(3.3) 

T he spin destruction rate constants, kRv - x [c m 3 /s], have been measured by vVagshul 

and Chupp [56] : kRb- H e ::; 2 x 10- 18
, kRb- Rb = 8 X 10- 13

, and k Rb- N 2 = 8 x 

10- 18 . The densit ies of the various species for our exp eriment are [He];::::;2 x 1020 cm - 3 

and [N2];::::;2x10 14cm-3
; the rubidium density is given by the Killian formula [57]: 
-4040/T . . 

[Rb] = 1. 507 x 1026 C0 r ) ;::::::; 2.5 x 1018cm - 3 for T = 170°C. An order of magm-

tude approximation for the spin destruction rate is 1/ f SD = 10- 3s. The depopulation 

rate of t he mj = -1 / 2 ground state is on the order of 10- 6 s [53] . Rubidium vapor is 

therefore nearly 100% polarized in regions where optical absorption is occurring and 

nearly zero in regions where t he light does not penetrate. 

3.1.2 Spin Exchange 

The t ransfer of polarizat ion from the Rb electrons to t he 3 He nuclei occurs through 

a weak hyperfine interaction in which a 3 He nucleus collides and exchanges its spin 

with t he outer electron of rubidium . The evolution of t he 3 He polarization (PnAt)) 

is given by: 

P (t) =< P > /SE (1 - e-hse+r)t ) 
H e Rb . + f , 

/SE 
(3.4) 

where < PRb > is t he volume average rubidium polarization, the spin exchange rate 

is given by rsE=ksE [Rb], and r is the 3 He nuclear spin relaxation rate in the absence 

of Rb vapor or an electron beam. The spin exchange rate constant was measured 

to be ksE = (6.7 ± 0.6) x 10- 20 [cm3 /s] [52]. For our rubidium density, /SE is about 

1/(1 0 hrs). The relaxation rate was measured for each cell and had a typical value 

of about 1/(40 hrs). A typical maximum polarization for the cells out of the electron 

beam was 40%. Working backwards, t his implies a volume averaged Rb polarization 

of about 60%. Although procedures exist to measure the Rb polarization [58], t hey 
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were not implemented for this experiment. 

3.2 Target Cells 

The optical pumping and spin exchange process take place within a target cell. The 

cells are made from an aluminum-silicate glass (Corning 1720 or GE180) and are 

comprised of three parts: a pumping chamber, a target chamber, and a transfer t ube 

(Figure 3.3). T he pumping chamber is spherical and was placed within a plastic oven 

in order to control the rubidium vapor density. The target chamber is a 40 em tube 

that was placed along the electron beam path. T he transfer tube simply connects the 

two chambers. 

Pumping 01amhcr 

Figure 3.3: A target cell with basic dimensions. 

Six target cells were used for this experiment and each cell was g1ven a name: 

Don't Worry, Be Happy, Armageddon, Neph eli, Sysiphos, and lin. Their construction 

involves t hree steps. F irst, stock t ubing is blown to a larger diameter for the target 

chamber and transfer tube . This is done in order to reduce the presence of micro 

fissures a long t he interior walls. A spherical cell is formed separately to make the 

pumping chamber. All three parts are cleaned with an acid wash , joined, and then 

connected to a glass string that is attached to a vacuum system. T he second step is to 

bake the target cell while under vacuum. This reduces the presence of paramagnetic 
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impurities t hat cause depolarization via collision wit h 3 He or rubidium. Once t he 

cell is baked out and a good (10- 9 torr) vacuum is achieved, t he cell is filled. F irst , 

rubidium is chased into the pumping chamber. Next, N2 gas is fill ed into the cell 

to a pressure of 60-70 torr. Last , the cell is fi lled to about 10 atm. of 3 He. Before 

the cell is sealed , or "tipped off," a container of liquid helium is placed around the 

target chamber. T his reduces the interna l gas pressure to b elow 1 atm. and makes 

the target cell safe to t ip off. 

By studying the decay of polarization in an apparatus similar to the one described 

111 Section 3.3, a cell 's lifetime ( =1/f) was measured. The lifetime of a cell is the 

amount of t ime it takes for the 3 He polarization to drop by a factor of 1/e when 

the cell is at room temperature and no electron beam is present. A cell with a 

short lifetime (~20 hrs) cannot obtain high pola rization. Lifetime was an important 

selection criterion on cell quali ty. The lifetimes are listed in Table 3.1. 

Cell Lifetime (hours) 
Don't Worry 43.5±1 
Be Happy 39.5±1 
Armageddon 40±1 
Neph eli 20±1 
Sysiphos 53±1 
Jin 29±1 

Table 3.1: Lifetimes for the target cells measured after construction. 

3.2.1 Cell Geometry 

A cell 's mechanical properties are important for accurately determining the amount 

of 3 He polarization , the density of the target as seen by the electron beam, and the 

amount of material through which the incident and scattered electron pass. The rel­

evant pieces of information needed a re: t he t hickness of the target chamber entrance 

window, the thickness of t he target chamber wall, t he total internal volume, t he vol-
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umes of the three target cell components , and the inner radius of the target chamber. 

The following sections describe how the cell geometry was characterized. 

Window Thickness 

The entrance and exit windows for the target chamber were constructed to have 

thin windows (~ 100 microns). Accurate measurement of the window thickness is 

important in understanding the amount of energy the electron loses as it passes 

through the glass window for estimating radiative corrections. 

Two methods were used to measure the window thickness: one mechanical and 

the other optical. After the end windows were blown, they were measured using a 

micrometer of 1.3 J.Lm resolution [50]. The results are listed in Table 3.2 and should 

only be considered a check of the optical method . The optical method used scattered 

laser light from the surface of the window. The intensity of the light depends on the 

wavelength and window thickness. The intensity of reflected light off of a pa rallel 

plate is given by [59]: 

(3.5) 

where n is t he index of refract ion (1. 528±0.01) , ,\ is the wavelength of t he incident 

laser light (780 nm) , fJ2 is the angle of the refracted light (3 .27°) , and t is the thickness 

of the window. The basic setup is shown in Figure 3.4. For the surface to be considered 

a parallel p late, a small beam spot size was used and only the reflected light t hat was 

in the same plane as the incident beam and surface normal was detected. By record ing 

and fitting the variation of the intensity as a function of wavelength to Eq. 3.5 , the 

thickness was determined to an uncertainty of ±0.5%. Results are listed in Table 3.2. 
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Figure 3.4: Setup for an interferometric thickness measurement. 

Internal Volume 

The total internal volume can be measured precisely usmg Archimede's principle, 

which equates t he magnitude of the buoyant force to the weight of the fluid displaced. 

After a cell was created, it was t ied to a block of known volume and weight , attached 

to a scale, and lowered into a bath of water. The internal volume, \!internal, of the 

target cell is given by: 

1 ( Wc+b ) \!internal = - Pb Vb + m H e + P9 Vw - P9 Vb - Pw Vw - -- , 
~ g 

(3 .6) 

where g is the gravitational constant , p9 is the density of glass, Pb is the density of 

t he block, Pw is the density of water , V9 is the volume of the glass, Vb is the volume 

of the block, Vw is the volume of the water displaced by the cell-block combination , 

W c+b is the weight of the cell-block combination when it is submerged, and mHe is 

t he estimated mass of t he 3He (0.3 grams). The precision of this method is about 

0.5% with the dominant uncertainty coming from the measurement of t he amount of 

displaced water. Results are listed in Table 3.3 . 

Determining the internal volume is t he first step towards calculat ing the volumes 

of the various chambers. The internal volume of a particular chamber was determined 

in two ways. The first is done by multiplying a chamber's outer volume by the rat io 
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Target Cell Window# Thickness [J-Lm] 
Mechanical Optical 

Don't Wo·rry 2 137.2±1.3 135.9±0.6 
21 143.5±1.3 140.1±0.5 

Be Happy 4 129.5±1.3 -

5 132.1±1.3 135 .3±1.6 
Armageddon VII 125.7±1.3 121.9±0.6 

XVIII 142.2±1.3 139.1±0.7 
Nepheli - - -

- - -

Sysiphos 9 152.4±1.3 134.2±1.0 
18 132.1±1.3 121.0±1.0 

Jin 14 142.2±1.3 136.1±1.2 
15 137.2±1.3 134.8±0.8 

Table 3.2: Target chamber window thicknesses. Nepheli's windows were not recorded. 

Cell Wall Thickness T' taT get Vpump V'iransfer 1/ia,.get V'iotal 

ave. [mm] uncertainty [em] [cm3
] [cm3

] [cm3] [cm3
] 

Don't Worr-y 0.995 3.7% 0.843 107.7 6.5 82.8 197.1 
Be Happy 0.990 9.0% 0.833 122.3 5.1 89.8 217.2 

Armageddon 1.182 9.0% 0.810 97.2 4.9 86.4 188. 5 
Nepheli 0.956 9.0% 0.860 104.2 6.4 91.0 201.5 

Sysiphos 0.986 2.5% 0.902 110.0 5.5 97.0 212.4 
J in 0.874 4.0% 0.866 102.0 8.4 89.1 199. 5 

Table 3.3: Internal dimensions for the target cells. 

of the total internal and external volumes: 

T 7 ( · l) T 7 ( l) ilinternal 
v chamber znterna = v chamber exter-na . 

Vexternal 
(3.7) 

A caliper was used to measure the external volumes. 

A second method starts by using the external dimensions and subtracting away the 

glass thickness. The amount subtracted was determined using the results of the total 

internal volume measurement. In this way, internal dimensions were predicted and 

volumes calculated. Results are listed in Table 3.3. The two methods agreed to within 
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1%. Taking this into consideration, a long with the uncertainty in t he total internal 

volume, a ±1.5% uncertainty was placed on the chamber volume determination. 

Target Chamber Wall Thickness 

Measurement of the target chamber wall thickness was carried out in the same manner 

as t he window thickness. The measurements were performed after the experiment 

on the surviving target cells: Don't Worry, Sysiphos, and Jin. For these cells, the 

average variation of the thickness (t) along the length of the cell was ~t = 0.03. The 

uncertainty on t he average thickness was about ±3.5%. 

For t he target cells that did not survive the experiment- Be Happy , Armageddon, 

and N epheli- a thickness had to be inferred from a comparison of the optical method to 

a method wh ich assumes a constant cross-sectional area during t he enlarging process. 

Recall that the stock tubing for the target chamber is blown to a larger diameter to 

remove micro-fissures. The original stock tubing had an outer radius r 0 = 0.741 em 

for Corning 1720 and 0.788 em for GE 180 and an inner radius of r; = 0.630 em for 

Corning 1720 and r; = 0.621 for GE 180. The thickness is predicted from measuring 

the resized tube's outer radius (r~): 

thickness= r~ - j(r~)2- (r~- rl) . (3.8) 

The optical method on surviving cells found a systematic shift of 14%±9% greater 

thickness than the mechanical method. The mechanical t hicknesses of Be Happy, 

Armageddon, and N epheli were adjusted by adding this amount. Results are listed 

in Table 3.3. 

3.2.2 Cell Density 

Knowledge of the 3 He density with in the target cell was needed for calculat ing radia­

tive corrections, determining the target polarization, and, eventually, for extracting 
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the 3He total cross section. Two methods were used to measure the 3He density. One 

relies on keeping track of temperatures, volumes, and pressures during the filling pro­

cess. The other is an optical technique. Both methods were to find the fina l density 

for each target cell. 

During the filling process 3 He is deposited into the target cell from a calibrated 

volume (Figure 3.5). The volume is filled with a small amount of 3 He to a particular 

pressure and then released into the target/string combination. By repeating t he 

process, the final desired number density of the 3He is obtained. This "fill density" 

is calculated from the ideal gas law and is given by [60]: 

1 ( (N -1 ) ) _ int f inal int 
no- k T . v L (Pj - pj ) + PN vfill- pfinat(VJill + Vstring -cell) ' 

B f t ll cell j=l 

(3.9) 

where n 0 is the number density of the 3 He within the target cell , N is total number 

of times the cell is filled from the calibrated volume, P}""t is the pressure in the fill 

volume after charging it up for the j-th time, Ptnat is the equilibrium pressure after 

opening the valve to the string/target cell for the j-th time, Pfinat is the equilibrium 

pressure in the charge volume and string after the target cell has been pulled off, Tfill 

and Vfill are the temperature and volume of the calibrated volume, and V string - ceu 

is the volume of the string after t he cell has been pulled off Results are listed in 

Table 3.5. The uncertainty in this method is 2.2%. 

Once a cell has been created , its density can be measured by observing the colli­

sional absorption broadening [61 , 62]. The natural D1 and D2 absorption lines of Rb 

a re broadened by the presence of 3He. By measuring the absorption sp ectrum , t he 

density of 3 He was determined. 

The absorpt ion spectrum has the form ln ~i~~ '"" cr(v), where I(O) is the incident 

intensity, I(v) is the transmitted intensity, and cr(v) is the absorption cross section. 
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Glass String 

Target Cell 

Figure 3.5: The cell filling system. 

The absorption cross section has the form of an asymmetric Lorentzian: 

A[l + C · c5v] 
O"(v) = (c5v)2 + (r /2)2 + B , (3.10) 

where A, B , and Care fit parameters and r is the line-width. r is proportional to t he 

density of t he gas: no[cm-3
]=kbroadenin9 f. The constants of proport ionali ty, kbroadening , 

were determined using a reference cell filled t o a known number density [61]. They are 

listed in Table 3.4. They are in units of Gigahertz per amagats . An amagat (amg.) 

is t he number of pa rt icles per cubic centimeter at ooc and 1 atmosphere: 1 amg. = 

2.689x1019 cm - 3 . 

3He N2 
Dl full width [GHz/amg] 18.7±0.3 17.8±0.3 
D2 full width [GHz/amg] 20.8±0.2 18.1±0.3 

Table 3.4: Constant of proportionality used to determine density from optical line 
broadening. 

For each cell both the fill density and the average of Dl and D2 line widths were 

recorded. The average of the Dl and D2 results are considered one measurement of 

t he 3 He density. The uncertainty in this method is 1.1 %. The resul ts are listed in 
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Table 3.5. Results of the measurements, along with a weighted average , are listed in 

Table 3.5. The uncertainty on the final weighted average of the density is assigned to 

be ±1.0%. 

Cell D1 D2 D1-D2 Ave. Fill Weighted Mean (no) 
Don't Worry 10.03 9.94 9.99 9.82 9.93 

Be Happy 9.28 9.39 9.34 9.33 9.32 
Armageddon 10.09 10.25 10.17 10.14 10.15 

Nepheli 11.47 11.32 11.40 11.0 11.33 
Sysiphos 8.31 8.14 8.23 8.09 8.16 

Jin 8.46 8.42 8.44 8.42 8.41 

Table 3.5: Results of measurements of the 3 He density in amagats. 

3.3 Target Setup 

The target used for the E94-010 experiment is comprised of three main systems: 

an optical pumping system, a Nuclear Magnetic Resonance (NMR) system used to 

measure the target's polarization, and an Electron Paramagnetic Resonance (EPR) 

system, discussed in Section 4.2.8, used to calibrate the NMR system (Figure 3.6). 

Optical Pumping System 

The optical pumping system's principal components are the Helmholtz coils used to 

create a holding field and the laser system used to optically pump the rubidium's 

outer shell electron. Two sets of Helmholtz coils were to used create a uniform field 

of 20 Gauss about the target. The two coil sets were perpendicular to one another 

and turned 19 degrees off of the central beam line (Figure 3. 7). Their approximate 

size was 60 inches in diameter (Figure 3.8). The direction of the holding field was 

kept along the beam path and rotated perpendicular to the beam in order to redirect 

the 3He spins. 
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Figure 3.6: Schematic of the E94-010 target showing components of the pumpmg 
system , NMR system, and EPR system. A second set of Helmholtz coils is not 
shown . 

The laser system used to pump the rubidium vapor was designed and constructed 

at Cal tech (Figure 3.9) . Its basic structure is comprised of seven diode lasers, a 

set of circular pola rizing optics to polarize the laser light , and a set of mirrors and 

lenses to direct the light towards the target. The entire system was housed in a 

protective concrete hut located near the target on the Hall A floor. The diodes 

were manufactured by OptoPower-. They consist of two 15 Watt diode bundles that 

are coupled together into one fib er optic cable. The lasers have both local current 

and temperature controls, and a system was created that allowed for control of the 

laser operation from the counting house . The output had a FWHM of :S2.5 nm and 

achieved 30 Watts of output power a t a central wavelength of 795 nm. The light that 

is emitted from the end of the fib er optic cable comes out in a 12° cone. 
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Electron Beam 19 deg. 

l..ascrs t 
F igure 3.7: A top view of the Eg4-010 target. 

The system of optics (Figure 3.g) used to direct the divergent diode laser to the 

target starts with a collimating lens. Using a polarizing cube, t he light is spli t into its 

S and P components of linear polarization . The P component passes straight through 

t he cube and reflects off a mirror. It t hen passes t hrough a quarter-waveplate and 

on towards the target . The S component passes out of the polarizing cube at goo. 

Moving away from the target, the S component passes t hrough a qua rter-waveplate , 

is reflect ed by a mirror, and back through the same quarter-waveplate. This process 

has t he effect of rotating the sense of polarization by goo. The light t hen passes 

straight through the polarizing cube and then through a quarter-waveplate on its 

way towards the target. Four of t he seven lasers were dedicated for pumping in t he 

longitudinal direction (when the m agnetic field is a ligned with the electron beam). 

Once t he light from these lasers reach the target area, they are directed down and 

onto the target by a pair of compensating mirrors. The other three lasers are used 

for t ransverse pumping (when t he m agnetic fi eld is pointing goo with respect to the 

electron beam direction) and reach the targe t directly from the side. Helicity of the 

longit udina l lasers could be reversed remotely using a set of half waveplates. The 

laser system was robust and ran with nearly 100% efficiency during t he experiment. 

T he 3 He target was mounted to a target ladder which a lso contained spaces for 

a reference target and a carbon foil target (Figure 3.10) . The reference target could 
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Figure 3.8: The E94-010 target in situ at Jefferson Lab. 

be evacuated or filled with either N2 or 3 He up to 70 psi. The carbon foil target had 

seven thin plates of carbon spaced evenly apart. It was used to study the optics of 

the spectrometers. Finally, the target could be put into a "no-target" position for 

beam tuning. 

The target ladder was mounted onto a Torlon (a high temperature plastic) oven 

which was used to heat the pumping chamber. Hot air was passed into the oven 

through an electric coil heater. The temperature was regulated using a Resistive 

Thermal-couple Device (RTD) mounted on the inside of the oven. The oven was 

mounted to a rod that could move vertically, allowing the different targets into the 

beam line remotely. Cooling jets of 4 He were directed at the end windows of the 

target chamber to cool them from the electron beam heating. 
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Figure 3.9: The E94-010 laser system. Not shown in the drawing is a set of half­
waveplates that could be moved in and out of the laser path to reverse the helicity. 

NMR System 

The value of the 3 He polarization was determined from observing the 3 He Nuclear 

Magnetic Resonance (NMR) signal. Two additional components were added to the 

system in order to make this measurement (Figure 3.6). A Helmholtz coil was placed 

around the target in order to create a vertical RF field. The field had a frequency of 

91 kHz and a magnitude of about 100 mG. A set of pickup coils was placed within the 

target chamber and used to detect the NMR signal. They were 1 inch tall, 4 inches 

long, and 1/2 inch wide. Each coil had 150 windings of 32 gauge copper wire. When 

a measurement needed to be taken, the target chamber was lowered out of the beam 

path and placed in between the pick coils (Figure 4.4). 

The NMR system was controlled using a computer located in the counting house 

(Figure 3.11). The signal from the pickup coils was read by a lock-in amplifier refer-
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Figure 3.10: The target ladder used for the E94-010 experiment . The 3He, reference, 
and carbon targets are shown. 

enced to a RF generator. The output of the RF generator went into a RF amplifier 

located in the counting house, which was then connected to the RF coils located in 

Hall A. The magnitude of the holding field was swept from 18 to 25 Gauss using a 

function generator. The function generator creates a voltage sweep that is fed into 

the control input of a Kepco power supply. 

3.3.1 Cell Temperature 

Heating the pumping chamber causes 3 He to concentrate in the target chamber in 

order to equilibrate the pressure throughout the cell. Assuming an ideal gas law, the 

relation of the number density for a particular chamber to the nominal density is 

given by: 

np = (1 + vtarget (TP _ 1)) - l 

no vtatat Tt 
and (1 + Vpump (Tt _ 1)) -l 

vtotal Tp 
(3.11) 
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Figure 3.11: Schematic of the electronics used in the NMR system. 

Here np(t) and Tp(t ) are the volume averaged number density and temperature for 

the pumping (target) chamber. The volumes- lltotat, vtarget, and Vpurnp- are listed in 

Table 3.3 and the nominal densities, n 0 , are listed in Table 3.5. What is needed to 

calculate np(t ) are the chamber temperatures . 

In order to understand the temperature distribution each cell used had seven resis­

tive thermocouple devices (RTDs) attached to them: two RTDs placed on t he pump­

ing chamber and five RTDs placed along the target chamber separated by 6 ± 1 em 

(Figure 3.12) . The RTD values were recorded by hand before polarimetry measure­

ments were p erformed and by the DAQ at the beginning of each data taking run. At 

room temperature the RTD readings did not differ by more than 1 °C. Under running 

conditions, the relat ive RTD readings were stable to within a few degrees. Average 

RTD values were calculated from all the values (75 to 150) recorded for a pa rticular 

cell. To this value 1.4°C, as determined from a previous study [50], was added to 
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reflect a slight drop in temperature across the cell wall. The standard deviation on 

this average was approximately 3.5°C, and an uncertainty of soc was placed on each 

average RTD value. 

Pumping Cell 

RTD I RTD 2 RTD3 RTD4 RTD5 

Target Cell 

Figure 3.12: Position of the RTDs used to measure the temperature of a target cell. 

A weighted sum of the RTD values was used to calculate Tt: 

Tt = (6/40)(RTD#2 + RTD#3 + RTD#4) + (11/40)(RTD#1 + RTD#5) . (3 .12) 

Measurement of the pumping chamber's volume averaged temperature, Tp, is com­

plicated by the deposition of heat from the lasers. Since the lasers tend to heat the 

center of the chamber, the temperature difference between Tp and the average of 

the pumping chamber RTDs (HRTD#6 + RTD#7)) can be quite large . By looking 

at cases where two NMR signals, one with lasers on and one with lasers off, were 

conducted closely in time with one another, a prediction for this difference can be 

made. 

The strength of a NMR signal is proportional to the density of 3He between the 

pickup coils: nc = nt(Tt/Tc), where Tc=(1/2)r3+(1/4)(r2+r4) is the temperature of 

the gas between the coils. If a NMR signal is obtained when the lasers are on (S'He) 

and when they are off (Sc;/f) , the temperature of the pumping cell while the lasers 
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were on is given by: 

(3.13) 

Equation 3.13 is predicated on the assumption that all RTD measurements truly 

reflect the temperature inside the cell, except those on the pumping chamber when 

the lasers were on. 

During the experiment there were 17 cases where a NMR measurement was per­

formed with the lasers in one state and 5 to 15 minutes later with the lasers in the 

other state. The amount by which the pumping chamber is hotter than the average 

of RTDs #6 and #7 is called 6.. The 17 values calculated for 6. are shown in Fig­

ure 3.13. There was a large range of values predicted for the interior pumping cham­

ber temperature with seemingly no correlation to the amount of time between NMR 

measurements or to whether the lasers were on or off initially. The large variation in 

results is most likely from unrecorded conditions at the time of the measurement. 
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Figure 3.13: Measurements of 6.. Errors bars are standard deviations for different 
data sets. 

To understand the variations, four, carefully recorded tests were conducted after 
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Don't Worry 235 67 64 0.825 1.224 1.211 
B e Happy 221 57 53 0.829 1.234 1.221 

Armageddon 213 62 54 0.819 1.201 1.175 
Nepheli 214 57 55 0.821 1.201 1.194 
Sysiphos 213 53 51 0.815 1.207 1.201 

Jin 220 59 53 0.824 1.208 1.188 

Table 3.6: Temperatures and relative densit ies. 

t he experimental run (Figure 3.13). The negative pred iction for 6. was correlated to 

heaters coming on at the same time t he lasers were turned off. This had the effect 

of temporarily making the pumping chamber hotter and forcing more 3 He into the 

target chamber. To circumvent this effect, two of the tests were done with both the 

laser and heater turned off. The calculated results for 6. were 39 and 34°C. The 

fourth t est attempted to reproduce the conditions of the measurements taken during 

the experimental run. This time 6. was equal to 71 °C. There was no apparent reason 

for this high value. 

An average of all the measurements, which had a value greater t ha n one, was used 

to calculate 6.. The uncertainty applied to this number was the standard deviation 

of these points. The final result of 6. was 34± l8°C and Tp = 6. + (l /2)(r6 + r7) 

with an assigned uncertainty of ±l8°C. 

Using the results for Tp , Tt , and the volumes, Eqs 3.11 were solved. The results 

are listed in Table 3.6. Each relative density has an uncertainty of ±2.0%. 
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Chapter 4 3He Polarimetry 

4.1 NMR-AFP Polarimetry 

Knowledge of the 3He polarization is critical for measuring the extended GDH sum 

rule. The polarization is monitored throughout the experiment by t he Nuclear Mag­

netic Resonance (NMR) technique of Adiabatic Fast P assage (AFP) [63]. The strength 

of the NMR signal is proport ional to t he amount of polarization. 

Classically, NMR-AFP is described by considering one free particle with spin I 

and magnetic moment M = -yl , where 'Y is the gyromagnetic ratio. When this particle 

is placed in a magnetic field H , its moment experiences a torque: 

dM 
- = -yM /\ H . 
dt 

(4 .1) 

It 's useful to transform this equation into a frame that is rotating at a frequency and 

direction given by -w. Following [64], Eq. 4.1 becomes 

aM ( w) 0t = -yM 1\ H - -:y . (4 .2) 

The magnetic field H in Eq. 4.1 is now replaced by an effective field comprised of t he 

laboratory field and a fictitious fie ld , H e = ( H - ~) . 

In our case, the laboratory field is a holding field in the z-direction , HJ{, and a 

RF field in the x-direction, H r f = 2H 1 cos (wot)i. T he RF field can be expressed in 

terms of two counter-rotating components: 

H H -:, H-:' 
rf = t l + + 11 _ , (4 .3) 
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where i~ = cos (w0t)i ±sin (w0t)j. If we set w equal to w0k, then the effective field in 

the rotating system becomes 

(4.4) 

The 3 He average magnetic moment, < M >, aligns itself with t he effective field. 

During AFP, the holding field changes in value such that it passes through the 

value 1~1. The angle that < M > makes with the z-axis increases until Hz = ~ 
'Y 'Y 

and the spins are at an angle of goo (Figure 4.1) . For our condit ions w0 = 21r f , 

where /=91 kHz, and 'Y for 3 He is -20378s-1G-1 making 1~1 = 28.06G. When this 

resonance condition is met, the 3He average magnetic moment induces an EMF signal 

in the pickup coils located on both sides of the target chamber. As the holding field 

increases in value beyond I~ I, the spins end up pointing in the opposite direction. 

This process is called a spin flip . 

~~/-~~ ~~ 
<M> I 1 \ I 

\ 1 ' I 

1. 2. 3. 

Figure 4.1: The process of an AFP-NMR spin flip. 1) Initially the spins are aligned 
with the holding field . 2) A 91 kHz RF field is applied , and the magnetic moment of 
the 3He begins to precess about the z axis as the holding field moves towards 28.06 
G. 3) When the holding field is at 28.06 G the 3He spins are rota ting perpendicular 
to the z-axis, an EMF signal is induced in the pickup coils. 

Measurements of the 3 He polarization was done by scanning the holding field 

from 25 to 32 G and back, at a rate of 1.2 G js. This procedure results in two spin 

flips, inducing an EMF signal twice. The signal size is proportional to the transverse 
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component of the magnetization: 

(4.5) 

where 

(4.6) 

An example of a NMR signal can be seen in F igure 4.2. Signals were fi tted to Eq. 4.5, 

plus a slope and constant: m · Hz(t) +C. It is the fitted amplit ude that is considered 

to be proport ional to t he polarization. 
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Figure 4 .2: A NMR signal. 

T he condi t ion for adiabatic fast passage is met when : 

31 32 

(4.7) 

where D is the 3 He diffusion rate. T he holding field rate of change must be slow 

enough th at t he spins can follow adiabatically and fast enough that spin relaxation 
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at resonance is minimal. For our conditions, both considerations were easily met: 

4.2 Calibration 

In order to extract a polarization value for the 3 He, t he MR system needed to 

be calibrated. This was clone by placing a subs tance with a known polarization 

between the pickup coils, taking a NMR measurement , and calculating a constant of 

proportionality, K, between signal height and polarization. This constant can then be 

used to extract the polarization of 3He: 

S H e = KPHe · (4.9) 

The constant of proportionali ty depends on several factors. Some of the factors 

(e.g. , posit ion and density) depend on which target cell is being used . The other fac­

tors are independent of t he target cell and measure the NMR system's responsiveness, 

or amount of signal seen for a given spin. Therefore, t he calibration constant K for 

each cell is a product of two parts: 

(4.10) 

cell dependent 

where K* is the responsiveness of the system, <P He is the geometrical flux produced by 

a particular cell , and G~e is a measure of the LRC circuit 's gain at the time of the 

measurement. The purpose of calibration is to determine K*. 

Two methods were used to calibrate the NMR system. T he first method relied 

on t he thermally polarized protons contained in water. Their polarization is given by 
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t he Boltzmann distribut ion : 

pUt = tanh f.LpB ~ 7 X 10- 9 

w kT ' 
(4.11) 

where f.Lp is the magnetic moment of t he proton, B is t he magnetic field , k is Boltz­

mann's constant, and Tis the tempera ture. T he second method used the polarization 

of 3He as determined by the electron paramagnetic resonance signal coming from po-

larized Rb [65] . 

4.2.1 The Calibration Constant K-:V 

For the water calibration , a water cell wi th the same geometry as a helium cell was 

filled with de-oxygenated , de-ionized water. T his cell was mounted in the same setup 

as the helium cells , and a NMR measurement was taken. The thermal polarization of 

t he protons in the water a t room temperature and at the field strength used during 

the experiment is quite low (Eq. 4.11). Typically 100 to 300 MR sweeps were taken 

and averaged. Once a water signal was obtained , a fi t was performed to determine 

the am plitude: Sw. With the wa ter signal, the calculated thermal polarization, and 

a number of other factors, the calibration factor "':V can be found. The calibration 

becomes: 
Sw f.L He cr;;: 1 1 1 

"'w* - - • -- • -- · - · - · - • C oH · C - p th cpre GQ ""' H cover ' 
w f.L p w w '*'w np 

(4.12) 

where c~;:,w are the settings for the preamplifier , np is the number density of the 

protons (2482 amg.) , and C oH and C cover are slight correction factors to the water 
H 

signal. Details of t hese various parameters for "':V are discussed below. 

4 .2.2 Water Signal and Thermal Polarization 

T here are two challenging aspects of using water as a calibration medium. One is 

that t he t hermal polarization present depends on t he holding field strength, which 
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changes between 18 and 25 Gauss. The other complication is that the proton spins 

in water tend to relax away from the direction of the effective field, Heff, towards the 

direction of the holding field , Hz. This relaxation process can be described by [63] 

(4.13) 

where Mz is the component of the average magnetic moment,< M >, in the z­

direction and T1 is the longitudinal relaxation time. For protons in water, T1 is 

on the order of a couple of seconds. The proton polarization increases as the field 

changes from 18 to 25 Gauss and loses polarization as the angle between He! 1 and Hz 

increases. By the time the field reaches 25 Gauss, a ll of the spins have relaxed back 

toward the holding fie ld direction. This does not occur for 3 He because the relaxation 

time is on the order of 105 seconds. As the fi eld sweeps back down from 25 to 18 

Gauss, the spins will again go through resonance but this t ime starting with a higher 

polarization. 

In order to understand the amount of thermal polarization at the moment that 

the spins are at resonance, we use the Bloch equations. These equations describe the 

three components of the polarization in the rotating reference frame: x', y' , and z': 

dPx' 
dt 

dPy' 

dt 
dPz' 
dt 

Hz(t) 

( 4.14) 

(4.15) 

(4.16) 

( 4.17) 

where a is the sweep rate of the holding field (1.2 G s-1 ), T2 is the transverse relax­

ation time, H 1 is the value of the RF field (90.8±0.5 mG), w is the radial frequency of 

the RF field (2n j, !=91kHz), x is the magnetic susceptibility (3.4616 ±0.0117 x 10-10 

G-1 at 22°), and '"'f is the gyromagnetic ratio of the proton (2.6752 X 104 
S-l Q-1

). 
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The Bloch equa tions do not have an analy tic solution. However , the equations can 

be solved numerically in order to determine the shape and behavior of the resonance 

signal under different conditions. It was found that T2 did not significant ly effect 

t he sha pe of the signal but did effect the height. If, for the purpose of creating an 

analytic solution, we set T1 = T2 and assume tha t under adiabat ic condi t ions the 

polarization follows the effective fi eld (Heff = (H (t) - w/'y)k + H 12) in t he rotating 

coordinate system , then the Bloch equations can be reduced to one equation for 

Pef J = V P1 + P; + P'} : 

(4.18) 

where 
p = (H(t)(H(t)- ~ ) + Hl ) 

eq X JH'f + (H (t )- ~)2 . 
(4.19) 

The integral solution is given by: 

(4.20) 

By expanding the exponential and the denominator of Peq to first order in t' , the 

integral can be solved. This will yield an approximate analytic solution to the Bloch 

equations. Comparison of the approximate solut ion to the integral solution showed 

agreement within 0.4% of the peak height everywhere along the curve. The analytic 

solution allows one to fit the water signal in order to determine the signal height. The 

thermal polarization detected at any t ime is given by Px; therefore, Pth is just equal 

to the maximum value of Px. 

Three water signals were taken during the experiment . They were conducted on 

the following dates: Sept . 25th, Nov. 3rd, and Nov. 25th . The experiment collected 

data from Sept. 26th to Dec. 24th , 1998. 

Figure 4 .3 shows the water signal t aken on Sept. 25th. The UP and D O WN sweeps 
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are each comprised of 373 points, each one of which represents the EMF pickup from 

the coils at t hat part icular holding field value. The uncertainty assigned to each 

point comes from the standard deviation of the values recorded for that particular 

field. Also, shown in F igure 4.3 are t he fits t o the UP and DOWN sweeps. The fi tting 

function is t he analytical solut ion to the Bloch equations where T1 = T2 = 2.95 s [66] . 

T he uncertainty in the fi tted amplitude is t aken to be less t han 2%. 

Water Calibration - 09/25/98 
;; 
~ 10 .., 
.~ 
c. 
E 
< 

DOWN 'J( / f is 0.82585 

0 

·5 

· 10 

R- UP I DOWN- 0.8-4ol201 +- 0.0186521-

· 15 
Blocl"' functior'lol fo,m witl"' T,•T1• 2 .95 s 

Preompli qoin is 200 

·20 123 s weeps 

-~ ~~~~~~~~~~~~~~~~~~~~ 

19 19.5 20 20.5 21 21.5 22 22.5 23 23.5 24 

H (G) 

Figure 4.3: The fi t to the UP and DOWN sweeps for t he water signal taken on 
9/25/98. The posit ion of the resonance for the DOWN sweep has been shifted in t his 
plot. 

To find a value of T1 for de-oxygenated , de-ionized water , t he ra tio of t he UP and 

DOWN sweep ampli t udes was studied. Their rat io, R = s!fP I sf:OWN , has a strong 

T1 dependence. An init ia l T1 was chosen, the UP and DOWN water signals were fitted , 

t he ratio calculated , and a new T1 was predict ed. T his new T 1 was t hen plugged into 

the ana lytic solution and t he UP and DOWN signals were re-fi tted predicting T1 again. 
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The process is repeated until the predicted T1 matches the init ial T1 used. By taking 

the weighted average of t he ratio from the three water signals, it was found t hat 

R = 0.839 ± 0.010, (4.21) 

which leads to a value for T1 of 

T1 = 3.0 ± 0.4s. (4.22) 

This value is in good agreement with the world value for de-oxygenated water of 

T1 = 2.95s [66] at 20°C. The value of T2 is related to the value of T1 [67]: ,A - ,A = 

0.125s- 1
. If we assume that T1 and T2 are 100% correlated , and for a RF field , H 1 , 

of 90.8 ± 0.5 mG, then 

T2 = 2.7 ± 0.4s. (4.23) 

The analytical equation t hat is used to determine Sw assumes that T1 = T2 . The 

fact t hat T1 does not equal T2 causes the fi tted amplit ude to be decreased by a small 

amount . By solving the Bloch equations numerically and comparing to the case when 

T1 = T2 , it was determined that the UP and DOWN thermal polarizations needed to 

be corrected up by 0.36% and 0.21% respectively with negligible uncertainty. 

The calculated thermal polarizations at t he moment when resonance occurs is 

Pt~ = 6.415 X 10- 9 and (4.24) 

The total uncertainty (Table 4.2 .2) on these polarizations comes mainly from the 

uncertainty in the initial and maximum value of the holding field during a sweep. 

T he fi tted amplitudes to the three water calibra tions are listed in Table 4.2. For 

t he purposes of calculating Kw , the fi tted amplitudes for UP and DOWN sweeps will 

be divided by t heir corresponding thermal polarizations and then averaged , yielding 

just one value of Sw/ P!h for each water calibration. This value, divided by t he gain 
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Parameter T1 Initial Field Integration Temperature Total 
Value 3.0 ± 0.4 s 18(25) ± 0.5 G 22 ± 1°C 

Uncertainty 0.3% 1.1% 0.5% 0.3% 1.3% 

Table 4.1: Systematic uncertainties on p~h· 

of the preamplifier , is listed as ave in Table 4.2. 

sweep Date of water calibration 
direction 9/25/98 11/3/98 11/25/98 
UP (p,V) 13.11± 0.22 6.48±0.12 66.85± 0.89 

DOWN (p,V) 15.52±0.22 7.83± 0.13 79.54±0.93 

R 0.845 ± 0.019 0.828 ± 0.021 0.840 ± 0.015 
cpre 

w 200 100 1000 
#of sweeps 123 271 213 
ave [mY/%] 101.9±1.1 102.1± 1.3 104.5±0.9 

Table 4.2: Fitted values for Sw with systematic uncertainties (p, V) and the average 
of Sw/ p~h for each water calibration divided by G~e . 

4.2.3 Corrections to the Water Signal 

By comparing the resonance position of groups of 50 water sweeps, it was found that 

the init ial and maximum holding field values drift at a rate of oH / H = 0.001hr - 1 . 

Because the computer assumes t hat the sweep always starts and stops at the same 

value, the signal is slight ly broadened , and the peak height is reduced. In order to 

model this effect, a number of Lorentzian lines shapes were generated with t heir reso­

nance positions shifted by an amount corresponding to the field drift. T he Lorentzian 

line shapes were averaged and t hen fitted. T he fitted height estimates the reduction 

in t he amplitude due to the field drift. T he amount of the correction necessary for 

each water signal is listed in Table 4.3. The assigned systematic uncertainty in the 

correction is taken to be ± 0.2%. 

During the experiment , the RF Helmholtz coils were surrounded by an aluminum 
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Date 9/25/98 11 /3/98 11/25/98 
#of sweeps 123 271 213 

c4! 1.0035 1.0156 1.0099 

Ta ble 4.3: Values for C ou. 
IT 

sheet. This cover was not in place when a water signal was measured . Two tests were 

conducted with different target cells and at different polarization values. In bot h 

cases the lasers were turned off. Table 4.4 lists the NMR values and time recorded 

during each t est , as well as the apparent rate of depolarization and the effect of the 

cover being off. Both tests found that the effect of the cover off was to increase the 

signal by 1. 7%. To correct the water signal C cover = 0.983. By assuming different 

loss mechanisms and seeing the effect on C coven a systematic uncertainty of 0.3% was 

determined . 

Cell: Blue Cell: Jin 
cover NMR[mV] ~t[s] cover NMR[mV] ~t[s] 

on 2.37 0 on 9.15 0 
off 2.34 11 off 9.20 12 
off 2.16 40 on 8.93 25 

Depolarization rate [pV /sec.] 
6.2 8.8 

Effect on signal height [%] 
1.7 1.7 

Table 4.4: Results of tests for Ccover· 

4.2.4 C ell Position and Flux 

The amount of voltage produced in the pickup coils depends on four factors: the rate 

of spin precession (w0 ), the density of spins, the polarization , and the position of the 

target cell (Figure 4.4). The geometrical flux, <I? , is the number of magnetic field lines 

that pass through the pickup coils when t he spins are on resonance. The contribution 
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to <I> was calculated for each chamber using 

<I> = 1 r m 1\ ,..a'zdv. 
Jc l v -fJ 

(4.25) 

Here, m is the density of magnetization for the target. It will be considered unit-less 

and therefore <I> will have t he units of cm 2 . The volume of a chamber is given by V , 

and t he coil boundary is C. The target cell pumping chamber contribution to the flux 

was weighted by ~~;~~=~ to reflect the fact that the density is not uniform. The total 

flux for each water signal was determined (Table 4.5), and studies of the dependence 

of the flux on cell position were done using Eq. 4.25. 

X 

Figure 4.4: Positioning of the target chamber between the pickup coils. 

T he uncertainty in t he amount of geometrical flux associated with each cell comes 

from two primary sources: the position of the cell in t he y-direction and inner ra­

dius of the target chamber. Each t ime a cell was mounted , its posit ion relative to 

the pickup coils was measured using a caliper. The uncertainty from this type of 

measurement is abou t ± 1.5 mm. This contributes an uncertainty of 1.0% to the 

total flux. The contributions from the uncertainty in the pickup coils in t he x and 

z-directions, a long with t ilting and rotations, are all less t han ± 0.3%. The inner 

radius of the target chamber is known to ±0.05 mm. This leads to an uncertainty in 

the flux of ±1. 7%. The total uncertainty in the flux is assigned to be ±2.1% for all 
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Calibration date Flux of each part (em) <l>He,w 

or Helium cell Target Pump Transfer Total 

9/25/98 46.33 -3.90 0.04 42.47 
11/3/98 49.60 -3.92 -0.06 45.61 

11/25/98 49.78 -3.92 -0.08 45.79 
Don' t Worry 44.31 -2.57 0.11 41.85 

Be Happy 45.87 -3.28 0.10 42.69 
Armageddon 44.32 -2.36 0.06 42.02 

Nepheli 47.91 -2.50 0.01 45.42 
Sysiphos 49.23 -2.58 0.04 46.69 

Jin 47.71 -2.43 0.02 45.30 

Table 4.5: The flux, <I> , for each water calibration and for each 3He cell. 

cells except A rmageddon. The position of Armageddon was not recorded. Therefore, 

its flux uncertainty is derived from assuming that the cell could be anywhere along 

the y-direction and is set at ±3.4%. 

4.2.5 Coil Gain 

One consequence of having target cells filled to 10 atmospheres is that they can 

explode. When this happens the explosions cause small changes in the gain of the 

LRC circuit. In order to monitor this effect, a small excitat ion coil was fixed within 

the RF Helmholtz coils. A RF signal was sent to t he excitation coil which created 

a response in the pickup coils. By changing the frequency of the excitation coil, the 

pickup coils' Q-curve, or response curve, could be mapped ou t. The voltage induced 

in the pickup coils as a function of frequency, f, is given by: 

(4.26) 

The numerator, Af, is the induced EMF. 'A' depends on geometric factors and 

the amplitude of the signal that drives the excitation loop. The parameters A , 
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j 0 , and Q are determined by fi tting t he data to equation 4.26. GQ is defined by 

V(J = 91k H z)/(A · 91k H z) . The resul ts of t he calculated gain agree closely with 

one another (Figure 4.5) . 

It appears (Figure 4.5) t ha t following A rm ageddon and N epheli's explosions there 

was a change in t he Q-curve. The values of GQ for the water signals taken on 9/25/98, 

11/3/98, and 11/25/98 are 1.265, 1.260, and 1.255 respectively. For the target cells, 

GQ is 1.265 for Don't W orry, B e Happy, and A rmageddon, 1.260 for Nepheli, and 

1.255 for Sysiphos and Jin. 
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Figure 4.5: T he value of GQ as a function of t ime. 

4.2.6 Calculation of K,:V 

Recall t hat t he water calibration constant ,.,:V is given by Eq. 4.12: 

.,.* - ~ . l!:.fu. . 0Uh . _1,.,. . - 1- . ..l.. . C ·H . c '"w - ptth G G'-< <l? "--- cover· w fLp w w w nv H 

T he three water signal's UP and DO WN sweeps yield six measurements of "':V· By 

combining the UP and DOWN Sw/ P/!/ ratios, there will be only one ,.,:V for each 
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water signal. These t hree 11;~ are t hen averaged . Table 4.6 lists the input values for 

Eq . 4 .12 and Figure 4.6 shows the results. 

P arameter Value Uncertainty (%) 
(Sup saown) 

W' W (13.1,15.5) , (6.48,7.83), (66.9,79.5) J.lv 1.3 
p th 

w 6.415, 7.655 (X 10- 9) 1.3 

J.l He/ J.lp 0.762 -

nv 2482 amg. 0.1 
G pre / G pre 

He w 1/ 200, 1/ 100, 1/ 1000 0.5 

G~ 1.2645, 1.2604, 1.2547 -
1>w 43.0, 46.2, 46.4 cm2 2.1 

CoH u 
1.0035, 1.0156, 1.0099 0.2 

Ccover 0.983 0.3 

I Total: 11;~ 5.56 x 10- 4 I mV . ] 
% ·amg.·cm 2 ·Q- gam 

2.3 

Table 4.6: The values for t he parameters t hat go into calculating 11;~ and t heir uncer­
taint ies. 

The uncertainty on each point in Figure 4 .6 is derived from those listed in Ta­

ble 4.6. An estimate of the total systematic uncertainty on 11;~ was calculated by 

considering the correla ted and uncorrela ted port ions seperately: 

T he flux uncertainty was broken up into two parts: the uncorrelated uncertainty 

due to the position (1.2%) and the correla ted uncertainty due to the inner radius 

(1.7%). The total uncertainty on the average of the three water signals is estimated 

to be ±2.3%. T his uncertainty is similar to the one determined for t he SLAC E154 

experiment [50]. T he value for 11;~ is 

* _ 4 [ mV ] 
J);w = 5.56 X 10 01 2 Q · 

;;ro amg em 
(4.28) 
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Figure 4.6: T he value of "':V for t he three water signals. 

4.2. 7 The Calibration Constant K;pr 

The second method by which the NMR system was calibrated was to measure t he sep­

aration of the 85Rb (F = 3, m = -3) and (F = 3, m = -2) energy levels (Figure 3.1) , 

or electron paramagnetic resonance (EPR) . This separation , D.v, is proportional to 

the 3He polarization in the pumping chamber: Pf-I~mp. The pumping chamber polar­

ization is in turn related to the polarization measured by the NMR system: Pi;?. 
Just as in t he case of water, a NMR signal related to a known polarization allows for 

the calculation of"'* as presented in Eq. 4.10. Explicitly, "';pr is given as 

K,* _ S~-re . 1 
epr - p tar g G'Q . <I>' . 1 (~) • 

H e H e H e no n~ 
(4.29) 

Here, the prime indicates the quantities for the particular cell used during the cali­

bration and Pf-I~mp is related to the EPR measurement. 

There are three fac tors that account for the separation in energy levels: the holding 

field , t he magnetic field ca used by polarized 3He, and the spin exchange of Rb-3He. 
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The amount of separation caused by t he magnetic field of the 3He is proportional to 

its magnetization, MHe : BHe = 8
; MHe· The separation created by this field is small 

in comparison to the separation created by the holding field (::::::::11 GHz for 25 Gauss). 

Therefore, the 3 He magnetic field shift can be related to the derivative of the EPR 

frequency, v(F, m), of the (F, m ---7 F, m- 1) transition: 

(4.30) 

where [H e] is the 3He number density, J.LHe is the 3He magnetic moment, and PHe is the 

amount of 3He polarization. T he spin exchange of Rb-3He also creates a separation 

that is equivalent to an additional magnetic field: 

B 
_ 21iKsE fsE}'/ 

SE - ·~ z, 

9eJ.LB 
(4.31) 

where K 58 is the ratio of the imaginary and real parts of the spin-exchange cross 

section, < V(J"sE > is the velocity averaged real part of the cross section, g = 2 for 

the electron, J.LB is the Bohr magneton, and K is the 3He nuclear spin. Again, the 

separation created by B sE is related to the derivative: C::..v = dvCJsm) B 58 . 

The total separation of the (F = 3, m = -3) and (F = 3, m = -2) sublevels due 

to the polarized 3 He is 

( 4.32) 

where r;,0 is related to the spin-exchange cross section and does not depend on the 3 He 

density or polarization. It is normalized such that if only the magnetic field created 

by the polarized 3He were considered , r;,0 would equal one. However , K,0 :::::::: 6, which 

implies that there is an attraction between t he Rb electron wavefunction and the 3 He 
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Figure 4. 7: A schematic of the EPR electrons setup. 

nucleus. T he constant "'o was measured explicitly by [65] and is known to ±1.5%: 

"'o = 4.52 + 0.00934 · T (°C). ( 4.33) 

The derivative of the EPR frequency ( dvC[sm)) for the (F = 3, m = - 3 -t F = 

3, m = -2) transition is given by t he Breit-Rabi equation [68]: 

dv(F, m) J.lB9e ( 8! J.lB9eB) 
dB = h(2I + 1) 

1 + (2! + 1)2 hA ' 
( 4.34) 

where I = 5/2 and A= 1012 MHz for 85Rb. Substit ut ing Eq. 4.34 into Eq. 4.32, t he 

3He polarization can be written as 

(4.35) 
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4.2.8 EPR System 

Measurement of the EPR shift, D.v, was performed by observing the D2 flu orescent 

light emitted by decaying rubidium. This fluorescent light was observed with a photo­

diode (Figure 4.7) . The intensity of the fluorescence is inversely proportional to the 

amount of Rb polarization. This is because only atoms that are not polarized can be 

excited and then give off a photon. By inducing the transition of the rubidium's outer 

electron from the (F = 3, mp = -3) state (a non excitable state) to t he (F = 3, mp = 

-2) state (an excitable state) with a small coil located a bove the pumping chamber 

(EPR coil) , the amount of optical pumping will increase and therefore the amount of 

fluorescence. The frequency of the mp = -3 ---+ -2 transition is proportional to the 

holding field plus the field created by the polarized 3 He. 

~ 
0 
> 

Ouput ofVCO 
has frequency and 

amplitude determined 
by modulation source 

with an offset detennined 
by the P-1 circuit and 

V central frequency of the 

~ 

V '6 Frequency 

.!. 
Output from Lock-In 

-+ Frequency 

1 ocsillator. 

Voltage Controlled 
Oscillator 

t 

}Lock-In Output) dt 

P-1 Circuit 

Figure 4.8: The feedback mechanism for t he EPR setup. 

It was necessary to lock onto the EPR resonance because of drifts in the holding 

field . This was done by using a feedback mechanism (Figure 4.8). The driving 

frequency for the EPR coil was modulated by 6kHz at a frequency of 200Hz. This in 

turn swept out a portion of the intensity spectrum which created a sine wave whose 
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12 K 

Proportional-Integral Feedback Mixer 

Figure 4.9: Circuit diagram for the proportional-integral feedback and the mixer. 

amplit ude depended on t he value of t he central driving signal (v) in relation to the 

resonance frequency (v0 ) . The out put of diode was read by the lock-in amplifier. T he 

lock-in outpu t was proportional to the amplitude of t he sine wave; it was zero on 

and far off resonance. T he output of the lock-in was integrated and mixed with a 

modulation signal using a P-I/Mixer circui t (Figure 4.9) . T his signal was t hen sent 

into t he Wavetek Model 80 Voltage Controlled Oscillator (VCO) whose output was 

a sine wave with a cent ral frequency determined by the value set on the device and 

the integral of the lock-in. T his frequency was varied by t he modulation source and 

was used to drive the EPR coil. As an example, assume that t he frequency v is less 

t han V0 . The lock-in detects a sine wave and outputs a positive signal which is then 

integrated . The positive signal from the P-I feedback box, along wit h the modulation 

signal, is inputed into t he VCO and causes t he signal to shift to a higher frequency. 

T he frequency v is now closer to v0 • It was in this way that the feedback mechanism 

moved and kept the central frequency v at the same value of the resonance frequency 

In order to isolate the shift contribution related to the polarized 3 He, a measure­

ment was first done with the spins in one direction and t hen reversed (Figure 4 .10). 
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The flip was performed using AFP, by changing the RF field to induce t he transition. 
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Figure 4.10: An EPR measurement showing the change in resonance frequency due 
to the 3He spins being flipped. 

4 .2.9 Polarization Gradient 

If the target cell (Figure 3.3) were comprised of only one chamber, then a direct 

comparison between the EPR shift and a MR signal could be made. However, wit h 

a two chamber cell t he 3He polarization originates in the pumping (top) chamber 

and diffuses down into the target (bottom) chamber. In order to relate an EPR 

measurement to a NMR measurement, understanding of this transfer of polarization 

is necessary. 

The flux of 3He atoms, with desired spin direction, along t he t ransfer tube is given 

by 
1 dP 

J(z) = -n(z )D(z )-d =constant , 
2 z 

( 4.36) 

where n(z) is the number density along the transfer tube, D (z) is the diffusion coef­

ficient, and P is the amount of polarization. The diffusion coefficient at 1 atm. and 
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80°C is 2.76 cm2 /s [69]. This is related to D (z) by the following relation: 

D ( ) = 2 6[ 2 / ] 0.773amg. ( T(z ) ) m- l 
z .7 em s ( ) }'/" , n z 353° '\. 

( 4.37) 

where m = 1.7 [69]. The temperature distribution, T( z), along the transfer tube 

is T(z) = Tt + ~Pt~a~t (z + 4=-). By integrating Eq. 4.36 along the length of the 

transfer t ube, the polarization flux can be expressed in terms of the pumping and 

target chamber polarizations: 

(4.38) 

Here, Dt is the diffusion coefficient at the target chamber and K = ( 2-:;JC;:~J~l'IJ.-= 
p t 

Knowing the polarization flux, the time rate-of-change for each chamber is given 

by: 

dPpump 
___ = -G (Ppump _ ptarg) 

dt p 
and 

(4.39) 

where 

and ( 4.40) 

However , even these equations are not enough to describe the polarization in each 

chamber, for they only describe the diffusion of the gas from one chamber to the 

next . For a complete description of the polarization the effects of spin exchange and 

depolarization need to be included . The complete rate equations for t he polarization 

in terms of the cell lifetime, r , and the spin exchange rate, /sE, are 

dPpump 

dt 
dPtarg 

dt 
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The solut ion to this set of coupled equations is 

p pump ,tar9 (t) = Apump,targ e-'Y.towt + Apump,targ e-"~Jast t + p pump,tar9 
1 2 00 , ( 4.43) 

where A 1,2 a re constants and P "toum p,targ are t he saturation polarizations given by 

p pump _ 'YS E < pRb > 
00 - G + + [' GpGt 

P 'YSE + f+Gt 

and ptarg = G t p pump ( 4.44) 
oo I' + G t oo . 

The term t hat goes like e-'Yfa•tt in Eq. 4.43 vanishes and can be neglected . Solving 

for e-'Y.tow t , a linear rela tion between the t arget and pumping chamber polarizations 

is formed: 

where 

and 

CX 1 = D pump p > 
'Y fas t .roo - 'YSE < Rb > 

P targ 
'YJ as t oo 

_ p targ 1 _ 'YJast 00 

( 

ptarg ) 
a2- 00 pump , 

'YJastPoo - 'YSE < P Rb > 

( 4.45) 

(4 .46) 

( 4.4 7) 

( 4.48) 

T he polarization of t he target chamber , Pi;;9 , can now be calculated from the 

EPR shift using Eqs. 4.45 and 4 .35. The difference in pumping and t arget chamber 

polarizations, b.P, were typically "'1% (Ta ble 4. 7). 

4.2.10 Calculation of 11,: P". 

In order for Eq . 4.45 to be valid , the pumping system (e.g. , number of lasers on , 

temperature, etc.) has to be stable. Nine EPR calibrations were done during the 

experiment using four different cells (Figure 4.11). Parameters for each calibration 
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# Cell !J.v [kHz] S~e[mV] _(~) 
n~ (~} !J.P [%] K-:pr [x10- 4] 

1 Don't Worry 8.15 4.26 1.112 0.919 0.03 5.46 
2 Nepheli 11.77 6.37 1.214 0.808 1.26 5.22 
3 Nepheli 13.74 8.01 1.215 0.807 1.24 5.54 
4 Nepheli 16.64 9.57 1.213 0.810 1.13 5.40 
5 Sysiphos 14.02 8.80 1.209 0.808 1.03 5.70 
6 lin 16.70 10.10 1.159 0.826 0.50 5.89 
7 l in 17.11 11 .76 1.223 0.786 0.87 6.19 
8 l in 18.03 11.64 1.209 0.801 0.77 5.95 
9 l in 13.24 8.08 1.166 0.818 0.97 6.08 

Table 4. 7: Conditions for t he nine EPR calibrations. !J.P is the difference between 
the pumping and target chamber polarizations. 

are listed in Table 4.7. 

The calculation of two new parameters, < Pnb > and /SE (Eq. 4.41), were needed 

to complete the EPR calibration. The spin exchange rate for Rb-3He, /se , is given 

as a funct ion of temperature by [57, 52]: 

[

cm 3] 10-4040/T 
/ SE = 6.7 x 10- 20 -s- · (1.507 x 1026

) T [cm - 3], ( 4.49) 

where T is the lowest temperature inside the pumping chamber. T ypically, the low 

temperature spot was near the bottom of the pumping chamber. A RTD was placed 

near that spot: rtd#7. So, Tis taken to be the value read by rtd#7. The average Rb 

polarization, < Pnb >, was estimated from the spin-up curves performed on various 

cells and applying Eq. 3.4. The results provided a range of values from 60 to 90%. 

The value and uncertainty for K.: pr was calculated by taking a weighted average of 

t he nine EPR measurements. Correlated and uncorrelated uncertainties were t reated 

separately (Table 4.8). The x~ for the average of K-;pr for each cell was found to equal 

3, this implies that the uncertainty for each cell is underestimated . To take this into 

account, each uncertainty was multiplied by a factor , f = 1. 725, such t hat the x~ was 

equal to one. This same factor was then applied to the original error on the weighted 
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I Parameter I Uncer. in Parameter I Uncer. in K:pr [%] 
Totally U ncorrelated 

6.v ±50 Hz 0.4 
< PRb > ± 0.15 2.0 

Tp ± 18°C 1.4 
Tc ±1.1% 1.2 

rtd#7 ±5°C 2.0 

Correlated by cell 
no ± 1.2% 0.1 
~~fe ±2.1% 2.1 

Correlated between cells 
± 1.5% 1.5 

Table 4.8: Uncertainties contribut ing towards t he total uncertainty on K:pr · 

mean. The final estimated uncertainty for K:pr is ±2.8%, where 

* _4 [ mV ] 
1\.epr = 5.66 X 10 01 2 Q · 

to amg. em 
( 4.50) 

4.3 Elastic Peak Asymmetry 

The constant K* as determined using water and EPR was checked by measuring the 

asymmetry in elastic scattering for electrons by a polarized 3He target (Section 1.2). 

Two sets of elastic data were taken: atE= 0.862 GeV and E = 1.72 GeV. With this 

data a raw asymmetry is formed: 

Ntt- Nt.!. A Raw 
el as - Ntt + Nt.!. ' (4.51) 

where tt (t ..!-) refers to t he case when the electron and target spins are parallel (anti­

parallel) with one another. N is the counting rate of elastically scattered electrons 

normalized to the beam current. 

The raw asymmetry is related to t he asymmetry (Eq. 1.17) associated with elastic 
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Figure 4.11 : The nine EPR measurements for K.;pr · Multiple measurements for one 
cell were averaged before a total average of all four cells was determined . 

electron scattering by 
A Raw 

Aphys _ elas 
elas - J . pb . Pt ' ( 4.52) 

where Pb is the polarization of the electron beam, Pt is the polarization of the target, 

and f is the dilution factor. The dilution factor is simply the fraction of scattered 

electrons considered to be produced from an elastic collision compared to the total. 

Mistaken events mostly come from t he scattering of t he electrons by N2 gas in the 

target cell. The dilution factor is approximately 0.993 for t he 0.862 GeV data and 

0.915 for the 1.72 GeV data. 

A Monte Carlo simulation, that corrects for the spectrometer's acceptance and 

the target 's spatial dimensions, was used to generate an expected asymmetry: A M.G .. 

By comparing this asymmetry to the raw asymmetry, a K.;las was calculated using 

( 4.53) 
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Systematic Uncertainties [%] 
pb 3.0 

A M.G. 3.0 
no 1.0 

<I> He 2.1 
(nc/no) 2.0 
Total 5.2 

Statistical Uncertainties [%] 
AJtaw(0.862 GeV) 3.5 
ARaw(l.72 GeV) 10 

Table 4.9: Systematic and statistical uncerta inty on "';Las· 

The resul ts for the two energies are 

"':Las(0.862GeV) = 6.10 X 10- 4 and (4.54) 

The uncertainties for these values are listed in Table 4.9 [70]. 

4.4 Calibration Results 

Results for "'* show good agreement between "';pr> K;:U, and "';Las (Figure 4.12) . The 

final result for "'* was calculated by taking t he weighted average of "';pr and "':0· It 

has an uncertainty of ± 1.8%: 

"'* = (5.60 ± 0.10) X 10- 4 [o/c mV 2 Q2 ] . (4.55) 
o · amg. · em · 

To calculate the constant of proportionali ty that relates t he MR signal to po­

larization, recall Eq. 4.10: 

_ ~*rF. GQ (nc) "'cell - 1\, 'I!' He no no · 

Each of the parameters in Eq. 4.10 has been calculated and their uncertainties es-
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Figure 4.12: Results of the four NMR system's responsiveness, K*, measurements. 

timated (Table 4.10). The total uncertainty assigned to K is ±3.6% (±4.5% for 

Armageddon). The values, depending on which cell was in use, that were used to 

calculate the polarization of the target are listed in Table 4.11. 

Parameter Value Uncertainty (%) 
K,* 5.60 x 10 -4. 1.8 

<I> He Table 4.5 2.1 
GCJ Section 4.2.5 -
no Table 3.5 1.0 

(~) Table 3.6 2.0 

Total 3.6 

Table 4.10: Contributions towards the total uncertainty on K. 

4.5 Target Performance 

MR measurements of the target 's polarization were taken approximately every four 

hours t hroughout t he experiment. Each data "run" lasted about 20-30 minutes and 
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"'Don't W orry K, Armageddon 

0.355 0.354 

Table 4.11: Values of"' for each cell in units of [mV/%]. 

was assigned an NMR value based upon a linear interpolation of NMR signals taken 

before and after the run. Depending on the cell used , the signal was divided by "' 

to give the polarization for that run. Results on the polarization measurements are 

shown in Figure 4.13. The average polarization for the experiment was f'.j33%. 

50 I I I I 
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; ' \ -. ,........., 

' ~~'/! ,g\ I ~ 
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"'r :. "' 
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"0 ::T ::T '-"0 ~ ~ 0 
'-<: ~· (/) ::I 

0 I I I I 
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Figure 4.13: The polarization as a function of time for all of the data taken during 
experiment E94-010. 
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Chapter 5 Results 

5.1 Data Collection 

Nearly six billion events or 3.9 TBytes of data were recorded during t he E94-010 

experiment for t he interaction 3H~( e, e' )X . T he event rate was about one t housand 

events per second. Six init ial energies of t he electron were used (0.86, 1.7, 2.6, 3.4, 

4.3 and 5. 1 Ge V), and there were 38 spectrometer momentum sett ings (Sec. 2.3). 

T he kinematic coverage ranged from 0.2 < Q2 < 1.2 GeV2 and 0.5 < W < 2.5 GeV 

(Figure 5.1) . 

The data was read out by t he Hall A event analyzer ESPACE [71]. ESPACE 

used the raw data from t he detector ADCs and T DCs along with a database of 

spectrometer constants to create a focal plane vertex (the plane of the VDCs) for 

each detected part icle t ra jectory. T he vertex and track are t hen t raced back t hrough 

t he sp ectrometer to obtain kinematic information a t t he interaction ver tex. T he 

output of ESPACE is a series of histograms and nt uples which are used to analyze 

t he data. 

A number of cu ts were applied to each data set in order to select 'good' elec­

t rons [48, 72, 73, 70]. T hese cu ts excluded events originating from the target end 

windows and events t hat were reconstructed ou tside of t he known acceptance of t he 

detector. E lectron ident ification was determined using t he Cerenkov and shower de­

tectors. Finally, a good t rack recorded by the VDCs was also required. 

T he complete da ta set includes information from elastic scattering up to the deep 

inelastic regime. Data was collected at moment um settings for both longitudinal and 

t ransverse target orientations. The polarization of t he electron beam was longit udi­

nal t hroughou t t he experiment . T he GDH integral, J (Q2
), was determined for 0.15 
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Figure 5. 1: Kinematic coverage for E94-010. Each block represents one momentum 
setting on the spectrometer. 

5.2 Data Analysis 

The experiment collected approximately 1800 ' runs' . A run is approximately 30 

minutes of data collection or 1.8 million events. During and after t he data collection, a 

portion was scanned to evaluate the data quality. Histograms of target reconstruction , 

acceptance, momentum, deadtime, Cerenkov ADCs, shower ADCs, and scint illator 

efficiencies were examined for each run. 

A few problems were uncovered. The shower detector used in the HRSH spectrom­

eter was found to have a gap between the two sets of lead glass blocks. In addition , 



93 

the detector was misaligned such that no blocks existed to record the highest momen­

tum electrons. For the present analysis no HRSH shower detector information was 

used for particle identification. It was also discovered that one of the mirrors in t he 

HRSE Cerenkov detector was misaligned and had , as a result , a very low efficiency. 

A correction was applied to lower the threshold on what was considered an accept­

able ADC value for that mirror. Runs were excluded that demonstrated clear beam 

instabilities or spectrometer failures. 

A number of other issues were studied in detail. The most significant systematic 

studies are discussed below. 

5.2.1 D eadtime 

Not every scattered electron is recorded as an event by ESPACE. The computer is 

limited to about 1 event per 800ps. Since the event rate was around 1000 Hz, most 

events were recorded. The percentage of events missed is called the 'dead time' (DT) . 

It is related to the the number of events written to a scalar (S) and the number of 

events recorded (T): 
T 

DT = 1 -­s 
One minus t he deadtime is known as the 'livetime' (LT): 

(5.1) 

Since the computer readout is primarily responsible for t he deadtime, it should 

be independent of the electron beam helicity. However, there are mechanisms that 

can create false asymmetries in the data. In particular , when there was a period in 

which the dead time was fluctuating to large values (50-60%), the overall deadtime 

experienced when the electron beam had a positive helicity and when it had a negative 

helici ty was not the same. Such periods were observed to occur when data was 

periodically written to a storage disk. False asymmetries as large as 0.01 occurred on 

a run-to-run basis. 

This effect of a helicity correlated deadtime was observed and studied m the 
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analysis of t he E = 0.86 GeV and E = 1.72 GeV elastic data [70] . Deadtimes were 

calculated for both positive and negative helicit ies: 

y ± 
DT± = 1 - S±' (5.2) 

where y ± and s± are the helicity gated number of events written to tape and recorded 

by a scalar , respectively. 

Validity of this method was verified by using data from unpolarized targets: N2 

and 12C. A histogram was created of t he measured asymmetry: 

r - -r+ 
A=---­

T - +T+ 
(5.3) 

During periods of small deadtime fluctuations, t he distribut ion of A had a width of 

0.001 and had a gaussian shape. A distribution of A during a period of large fluc­

t uations had a range of ±0.01 . After dividing the rates collected during an unstable 

period by t he helicity correlated livetime ( [;±), the distribution of A matched that 

for a stable period (width of 0.001 and a gaussian shape) . 

Runs that had large deadtime fluctuations were omitted from t he data set. How­

ever, the method of calculating separate, helicity correlated, deadtimes was imple­

mented. Generally, the 3He measured asymmetries had values ranging from 0 to 

-0.02. The amount t hey changed when the helicity correlated livetime was applied 

ranged over ±0.0005. 

5.2.2 Optics Study 

For each event, four coordinates were recorded: Xdet, Ydet , edet, and ¢det· The position 

of the event in the focal plane is described by Xdet and Ydet, and the event 's trajectory 

is described by edet and ¢det· These observables are used to calculate a set of quantities 
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located at the target 1
: x, y , (), ¢, and o. The two sets of coordinates are connected 

through a set of t ensor relations. Calculation of the tensors required placing targets 

in the beamline at known positions, recording events, and changing the tensor values 

until an accurate reconstruction of the target is produced. For a detailed description 

of this process see [74, 75] . 

For this experiment, a series of 12C elastic data was taken in order to optimize the 

tensors for event reconstruction. The carbon target consisted of seven thin carbon foil 

targets spaced evenly along the beam path (Figure 3.10). The total length covered 

was 40 em. Data was collected with and without a sieve slit collimator (Figure 5.2). 

The sieve slit consisted of 49 holes in a grid pattern. Exact knowledge of the sieve hole 

positions and the carbon target foils allowed for optimization of the tensors needed 

for event reconstruction. The results from the optics study are listed in Table 5.1. 

Angular resolution (FWHM) 
¢ ±2.0 mr 
() ±6.5 mr 

Momentum resolution (FWHM) 
o at target center 3x 10 -4 

o overall 4x1o-4 

Transverse position resolution (FWHM) 
y 3.7 mm 

Angle determination accuracy 

±0.2 mr 
±0.8 mr 

Transverse position accuracy 
±0.5 mm 

Table 5.1 : Resolution of the target vertex. 

5.2.3 Efficiencies 

In order to calculate a cross section, the trigger inefficiency, or percentage of time 

the trigger did not fire when it should have, needed to be determined. Normally, 

both planes of scintillators need to fire in order for an event to trigger. By looking 
1The position of event vertex is given by x and y . The trajectory of the particle from the target 

is given by ¢and 8. The event 's relative momentum is given by J = r;;o, where Po is the central 
momentum of the spectrometer and p is the momentum of the event. 
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Figure 5.2: Data collected from the carbon target with the sieve slit in . T he data 
represents the location of t he events as they enter t he spectrometer. 

at events that fire only one plane, but otherwise were normal (i.e. , a good t rack from 

the VDCs and a hit in t he shower counter), and comparing those to t he number of 

events that fire both planes, a map of the trigger ineffi ciency of the focal plane was 

determined. This map of inefficiency is generated using several runs and is calculated 

throughout the experiment. T he global inefficiency was about 4.3%. T he recorded 

data is corrected for this inefficiency to determine t he total absolute event rate. 

In addit ion to t he t rigger efficiency, efficiencies for t he Cerenkov detector, the 

shower detector, and the VDCs were all determined . Just as in t he case of t he 

t rigger , each detector was studied by looking at t he number of t imes t he detector did 

not fire when it should have as compared to the number of t imes it did. For all of 

the detectors listed above, t he efficiencies were found to be >99%. 
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Distributions of cp 

o=-4% o=-2% o=-O% &=2% &=4% 

Figure 5.3: A comparison of elastic 12C data (red) and t he Monte Carlo (green) 
distributions for ¢ at the focal plane. Each row is a different carbon foil and each 
column is a different value of o: -4%, -2%, 0%, 2%, and 4%. 

5.2.4 Monte Carlo 

Once the deadtime, spectrometer optics, and efficiencies were understood, a Monte 

Carlo was developed to understand the angular acceptance and momentum accep­

tance of the spectrometers [76]. T he resul ts of the Monte Carlo were checked against 

actual 12C elastic data. By folding in the detector efficiencies, the deadtime, and the 

physics of 12C elastic cross section , the Monte Carlo was able to predict a cross section 

to within ±4% of the measured results (Figure 5.3) . This accuracy is in line with, or 

slight ly better than, previous experiments using t he Hall A spectrometers [49] . 

In addition to the 12C elastic data, the elastic data from 3 He was compared to a 
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prediction made by the Monte Carlo. Both the 3He cross section and asymmetry were 

checked. The cross section agrees within error bars and the asymmetry also shows 

good agreement when data from both arms are combined (Figures 5.4 and 5.5). 

11 
3 HP Pins! ir rross sprfons 

10 E=0.862 GeV. e arm 0= 15.503° 

9 

8 
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Figure 5.4: Comparison of the E = 0.86 GeV elastic data cross section for 3He and 
the Monte Carlo prediction for two runs. The top plot shows the results from the 
HRSE spectrometer and the bottom is from the HRSH spectrometer. The vertical 
scale is in f.Lbarns. 

5.2.5 Pion Rejection 

As discussed in Sections 2.3.3 and 2.3.4, the Cerenkov and shower detectors were 

used together to identify and reject pions. The Cerenkov detector , in principal, can 

reject all pions; however , occasionally a pion will knock off an electron which in turn 

is detected by the Cerenkov and gives a false identification. The shower detector 

has the ability to reject pions by measuring the ratio of the deposited energy and 
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Figure 5.5: Comparison of t he E = 1.72 GeV elastic data cross section for 3He and 
t he Monte Carlo prediction for two runs. The top plot shows t he resul ts from the 
HRSH spectrometer and t he bottom is from the HRSE spectrometer. The vertical 
scale is in ~-tbarns. 

the momentum: E/p (Figure 5.6). The amount of pion contamination is determined 

by fitting the pion and electron peaks from t he shower detector. By comparing 

results with and without a Cerenkov cut and calculating t he amount of pion tail 

underneath the electron peak, it was found t hat the ratio of pions to electrons (1r / e- ) 

was negligible: ~ 10- 4 [72]. 



100 

60000 

50000 

40000 +· ~ .... 

30000 

20000 

10000 L.. . ...... l. 

0 0 0.2 0.4 0.6 0.8 1.2 1.4 

E/p 

Figure 5.6: The E/p histogram forE= 3.4 GeV and Po = 2.199 GeV. A cut on pions 
can be made by rejecting events with E/p< 0.8. 

5.2.6 Radiative Corrections 

Corrections due to radiative effects (external and internal) were included in the anal­

ysis. External radiation involves t he loss of electron energy as it passes through 

matter: external bremsstrahlung. For t he E94-010 target, the external corrections 

included the glass windows and walls of the target and the 3He itself. The effect of 

the external radiation is to cause a lower interaction energy at the event vertex and 

a lower perceived scattered energy. Corrections to the data for t his type of radiation 

were done using the technique in [77]. 

Internal radiation includes emission of a real or virtual photon during the in­

teraction between t he electron and the target nuclei. Figure 5.7 shows six possible 

interactions. Diagrams a and b represent the emission of a real photon before or 
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after t he interaction. Diagrams c and d represent t he emission and re-absorption of a 

virtual phot on by the incident or scattered electron. Diagram e represents exchange 

of a virt ual photon between the incident and scattered electron. Diagram f represents 

the renormalization of the virt ual photon due to vacuum p olarization. Corrections for 

these types of radiative processes were done using a modified version of t he program 

POLRAD [78, 79]. 

d e f 

Figure 5. 7: Six possible internal radiative processes. 

Application of external and internal radiative corrections requires knowledge of 

the polarized and unpolarized cross sections over a wide kinematic range. These 

quantities have not been measured in the region of our data. uclear models [2] had 

to be used in order to perform the radia tive corrections. The radiative corrections 

changed the shape of t he cross sections dramatically (Figure 5.8), especially for the 

lower v bins. 

At present, there is no estimation of the uncertainty on the corrections for each v 

bin. It is believed that the corrections for higher incident electron energies will later 

be understood due to fur ther stud ies from data at lower energies. T he corrections to 

t he E = 0.86 GeV data are t he most suspect because t hey rely upon models of t he 

3He polarized cross sections a t lower energies. This will in turn affect the corrections 

to t he E = 1.72 GeV, which will influence the E = 2.59 GeV corrections and so on. 

Overall, t he radiative corrections domina te the lower incident electron cross sec-
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tions. For the higher energy cross sections, corrections are as high as 50%. The 

corrections do not have as great an effect on the asymmetries. Typically, A11 and A1. 

were affected between 5 and 20% of their values. 

5.3 Measured Quantities 

For each momentum setting, a differential cross section was measured for each spin 

configuration of beam and target ( tt, ..!-t , t ~, and ..!-~): 

(5.4) 

where Ngoode- is the number of 'good' electrons recorded , Ne is the number of incident 

electrons, Nt is the target thickness in nuclei per unit area, t:::.E is the energy width 

of the spectrometer, t:::.D is the solid angle of the spectrometer, c represents the 

total efficiency (namely the multiplication of trigger, tracking, Cerenkov, and shower 

efficiencies), LT is the computer live-time, and RADCOR is a radiative correction. 

The recorded data was used to form two asymmetries: 

NH Ntf 
goode - goode-

2 1 NJ. LT- N! LT+ 
All ( v ' Q ) = R p, f -N-7-::~ i,------N--:oi-::-i -

beam target goo d e- + goode-

Nf LT- NJ LT+ 

(5 .5) 

and 
N~+- Ni+-

goode - goode -

A ( Q2) = 1 ..:.N~}.=-L.::..T_- _ __:_:.N~J L::..:T:....+_ 
l. v, R P, f N:).+- Ni+-

beam target goode- + goode -

NfLT- NJ LT+ 

(5.6) 

where Pbeam is the polarization of the incident electrons, Ptarget is the polarization of 

the target , Ntt(t.J.) is the number of events recorded when the beam and target polar­

izations are aligned (anti-aligned) , Nt+-(.J-+-) is the number of events recorded when 

t he beam and target polarizations are perpendicular, NJW is the number of incident 

electrons with positive (negative) helicity, and LT+(-) is the livet ime when the initial 
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electron helicity is positive (negative). The dilution factor, f , is the percentage of 

recorded events originating from the 3He nuclei. 

The largest contribution to the dilution comes from t he presence of 2 gas located 

in the target chamber. For values of v above t he elastic peak, 

# of 2 nuclei 
f ~ 1 - # f 3H l . ~ 0.94. o e nuc e1 

(5.7) 

For values of v in t he region of the 3 He elastic peak , t he N2 elastic cross section 

influences the amount of dilution. Using N2 elast ic data taken using the reference 

target, it was found [70] that f ~0.99 for the E=0.86 GeV elastic peak, and f ~0.9 1 

for the E=l.72 GeV elastic peak. 

The results with Pbeam = 70% and Ptarget = 30% are shown in Figures 5.9 and 

5.10. 

For both A11 and A .1.. there is significant dynamic behavior. The asymmetries move 

from positive to negative values as the scattering moves from one regime to the next. 

The data for A 11 (E=3.4 GeV) illustrates this point. For v ~ 400 MeV, the quasi­

elastic peak is positive. The asymmetry then changes to a large negative value for 

the .6. resonance at v ~650 MeV. It t hen returns to nearly zero before becoming large 

and negative again for the higher resonances. 

Some general characteristics are noteworthy. For A11, the .6. resonance, located 

a t 250 to 750 MeV depending on t he energy, is large for all incident energies. It is 

negative and has a magnitude of rv0.02 over the entire range of incident energies. T he 

quasi-elastic peak for A.1.. is negative with magnitude of rv0.02 over the entire range 

of incident energies. Outside of the quasi-elastic peak for A .1.., the asymmetries t end 

towards zero for increasing beam energy. 

The measured quantities in Eq. 5.4 are combined to form relations to the spin 
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structure functions, G 1 and G2 : 

1 dO" 4a2 E' 
R R dE' dO(-!-t- tt) = M 3Q 2 E [NIG1 (E + E' cos B) - Q

2
G 2] (5.8) 

beam target 

and 
1 dO" 4a2 E'2 

R R dE' dO(-!-+-- - t+--) = M 3 Q2 E sin B[MG1 + 2EG2 ] . (5 .9) 
beam target 

These equations are used to solve for G1 and G2 (Figures 5.11). There is some 

noteworthy behavior displayed by the evolution of 91 and 92 . Large changes were 

measured from one incident energy to the next for 91 . The value of 91 goes from about 

-0.1 to -0.6 when t he incident energy is increased from 2.6 to 3.4 GeV. Interestingly, 

over much of the range shown 92 ~ -91 . This is in line with a prediction for the 

twist-2 contribution to 92 by Wadzura and \!Vilcek [80]: 

ww 2 2 11 
dx' ' 2 

92 (X, Q ) = -91 (X, Q ) + -, 91 (X , Q ) · 
x X 

(5.10) 

In regions were v is small and x fairly high, the contribution of the integral to 9fw 

is small , and 92"' -91· 

Comparison of 9~He(Q2 ) measured by this experiment and that measured by SLAC 

experiment E154 [3] show good agreement even though the E94-010 data is at a lower 

Q2 value (Figure 5.12). 

The values for G1 (v, Q2 ) and G2 (v, Q2 ) were used to calculate the value of CTrr(v, Q2 ): 

(5 .11 ) 

The results for O"yy are shown in Figure 5.13. The 6. and quasi-elastic peaks are now 

clearly seen. Both peaks have large values and have opposite signs. One challenge 

from this data is to disentangle the quasi-elastic and 6. peaks, which still overlap. 

This spillage can most clearly be seen in the E = 2.6 GeV data set. There is a 
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sharp zero crossing at v =375 MeV. Understanding the contamination is important 

for calculating the GDH neutron integral. 

The uncertainties on An , A.1.., and aTT are primarily dominated by systematic 

uncertainties. There is a 5% uncertainty due to beam and target polarizations. There 

is an additional uncertainty on aTT from the acceptance: rv4%. The spectrometer 

angle adds an uncertainty of,..,_, 1%. The target spin angle adds an uncertainty of,..,_, 1% 

for A11 and aTT and rv5% for A.1.. . Uncertainties due to the beam energy, deadtime, 

and dilution are small and have been neglected. Uncertainties on the spectrometer 

efficiency are currently estimated to be a few percent. Overall there is currently 

believed to be about a 10% uncertainty from all parameters together, other than the 

radiative corrections, in both asymmetries and cross section measurements [81]. 

5.4 The GDH Integral for 3He and the Neutron 

Calculation of the GDH integral, I (Q2
), for Q2 values of 0.03, 0.17, 0.39, 0.66, and 

1.04 GeV, was performed by integrating aTT for each initial energy: 

(5.12) 

where Q2 is the Q2 value at the 6. resonance, vi is the value of v at the zero crossing 

between the quasi-elastic peak and 6. resonance, and v1 is the highest value of v for 

an incident energy E. This method provides only an approximation to the actual 

GDH integral for the neutron after extraction, since it integrates primarily over the 

6. resonance which is expected to be the dominate contribution. It, however, does a 

poor job of including contributions from t he higher energy resonances especially for 

theE= 0.862 GeV and E = 1.72 GeV cases. The integration is carried over constant 

E, not constant Q2 , as needed to represent properly the integral. 

In order to extract neutron results using 3 He, t he relationship between neutron and 



106 

3He polarizations needs to be taken into account. To first order, the 3He wavefunction 

of Friar et al. [21] can be used. From groundstate 3He wavefunction calculations, they 

showed that the protons within 3 He are about 3% polarized in the opposite direction 

compared to the 3He polarization. The neutron is about 87% polarized in the direction 

of the 3 He polarization. More recently, it was suggested by C. Ciofi degli Atti and S. 

Scopetta [2] to extract the extended GDH integral using the following relation: 

(5.13) 

where JX is the GDH integral at a particular Q2 and Pp(n) is the effective polarization 

produced by the S' and D waves in the ground state of 3 He. They point out that 

extraction of G~(v, Q2
) using their method works in the deep inelastic region but is 

limited in the resonance region (the region of interest). However, extraction of a neu­

tron GDH integral from 3 He is possible when the appropriate effective polarizations 

are used. For the purpose of an In ( Q2 ) extraction from the calculated integral of 

Eq. 5.12, the effective polarizations Pp and Pn are set to 0 and 0.87 respectively. This 

extraction is shown in Figure 5.14 and listed in Table 5.2. The simple extraction 

does not follow a proposed evolution of the GDH integral as proposed by Burkert and 

Li [1], nor does the evolution towards -232.8p,b at Q 2 = 0 appear likely. A number 

of effects that could alter the extrapolated values have yet to be fully understood and 

taken into account. 

When the integration includes the quasi-elastic peak, an approximation of the 

GDH integral for 3He is made. This is also shown in Figure 5.14. The evolution of 

this curve towards a point at Q2 = 0 appears to be large and positive. This is in 

sharp contrast to the value of -496p,b as predicted by the GDH sum rule. 
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0.03 -62 
0.17 -112 
0.39 -51 
0.66 -29 
1.04 -14 

Table 5.2: Calculated values of IcDH(Q2 ) . 

5.5 Interpretation 

There are a number of issues yet to be investigated before the simple approximation 

of the GDH integral for t he neutron can be believed. The integration performed 

using Eq. 5.12 was constant in energy, not constant in Q2 as is necessary for proper 

representation of the GDH integral. However , this assumption should not change t he 

resul ts significantly, since most of the weight of the integral lies over the ~ resonance 

which is mainly at constant Q2 (0.182 to 0.153 GeV in one case). 

Another possible cause for the disagreement between the results using the simple 

approximation of the GDH integral for the neutron and the calculation done by Burk­

ert and Li could be the existence of quasi-elastic events in the region of integration. 

The height of the quasi-elastic peak is positive and a factor of four larger compared 

to the ~ peak for t he lower energies (Figure 5.13). These quasi-elastic events could 

spill into the more heavily weighted low v bins. 

For the two lowest energies, those corresponding to I n(Q2 =0.03 GeV) and J7'(Q2 = 

0.17 GeV) , there is good separation of the quasi-elastic and ~ peaks. Yet, it is these 

points that disagree the most from prediction. 

The cross sections for the other three incident energies do not show a clear sep­

aration between p eaks. The effect on In ( Q2
) from the quasi-elastic contamination 

should be small because of the relatively small size of the quasi-elastic peak. The 

values for r(Q2 ) corresponding to these energies seem in line with t he prediction. 

Contribution from unmeasured resonances could also move the results. The data 
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for crTT(E = 0.86 GeV) does not extend high enough in v to include resonances 

other than the 6. resonance. These higher energy resonances will increase the value 

of In(Q = 0.03 GeV). Also, further extension in v for the crrr(E=3.4 and 4.2 GeV) 

data sets will increase In(Q = 0.66 GeV) and In(Q = 1.0 GeV) . 

Some of these issues can be resolved by studying the radiative corrections to the 

quasi-elastic peak. With further study t he 1.72 GeV data should be corrected. The 

0.86 GeV data will probably not be corrected sufficiently to understand the evolution 

of the cross section because of the lack of lower energy data. 

Lastly, there is another possibility as to the apparent discrepancy of the GDH sum 

rule and the evolution of the GDH integral towards a value at Q2 =0; the GDH sum 

rule could itself be incorrect. Of the underlying assumptions made in the derivation 

of the sum rule, the no subtraction dispersion relation is the most suspect. The no 

subtraction assumption implies that the value of the Compton scattering amplitude 

(Eq. 1.66) h(v) -t 0 as v -too. If it is shown that a subtraction is necessary, it could 

indicate, among others things [82], that the constituent quarks have an anomalous 

magnetic moment or, in other words, internal structure. Such conjectures from the 

results of this experiment would be reckless, but it is interesting and humorous to 

consider. 

Less in question is the GDH integral for 3He. Here the integral is expected to 

evolve towards larger and larger positive values as Q2 -t 0. Then, suddenly, it is 

expected to drop towards the real photon point of -496 f..Lb. This is perhaps not as 

surprising as it seems. The GDH sum rule is a prediction for a real photon. The 

cross section for a real photon has no elastic or quasi-elastic interactions. Just how 

the quasi-elastic peak makes the transition from a large positive value, for virtual 

photons, to zero, for real photons, requires data with real photon beams. More data 

is required to observe this exciting behavior. 
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Chapter 6 Conclusion 

J efferson Lab experiment E94-010 marks t he first t ime t he polarized 3 He cross sections 

have been measured at low Q 2
. The measurements provide information in t he quasi­

elastic and resonance regions. At this time the analysis is still preliminary, bu t it 

does raise some interesting questions concerning the GDH integral for the neut ron 

and 3He. For the neutron , extrapola tion of t he GDH integral towards Q 2 = 0 is far 

from the real photon point . Uncer tainties to be investigated may move t he data more 

in line with predictions, but further measurement in this region is required. For 3He, 

the GDH integral is expected to have dramatic behavior at very low Q 2 as a result of 

the data from this experiment. T his dramatic behavior would be a direct consequence 

of the differences between real and virtual photons. 

What is needed now is an experiment dedicated toward measuring t he polarized 

3He cross section in the low to very low Q 2 region. Fortunately, such an experiment 

is set to t ake data in the summer of 2002. Jefferson Lab experiment E97-110, The 

GDH Sum Rule and the Spin Structure of 3 He and the Neutron Using N early Real 

Photons, will t ake data on t he polarized 3He cross sections at lower Q2 and higher v 

compared to E94-010 (Figure 6.1) . 

Increasing t he kinematic coverage beyond that of E94-010 is made possible by 

the installation of two sept um magnetics. A septum magnetic is a dipole magnet 

constructed to deflect electrons. T he magnet will allow for measurements at more 

forward angles t han current ly possible in Hall A. Electrons scattering at an angle of 

6° will be possible, whereas presently the minimum angle is 12.5°. This magnet will 

be added by moving the target upstream and placing t hem at t he previous target 

location. Implement ing this change reduces the angular acceptance from 7.2 msr to 

3.7 msr and worsens the moment um resolut ion from l.O x 10- 4 to 2.0x 10- 4, but t he 
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Figure 6.1: Comparison of kinematic coverage for experiments E94-010 and E97-
110. The solid boxes represent the measured kinematic of E94-010. The open boxes 
represent the proposed kinematic coverage of E97-110. 

total momentum range should remain unchanged (from 0.4 to 4.0 GeV). 

Other than the septum magnetic, experiment E97-110 mirrors E94-010 in anum­

ber of ways. It will use six beam energies: 1.6, 2, 3, 4, 5, and 6 GeV. The scattered 

electrons will cover the 3 He quasi-elastic, resonance, and deep inelastic regions. It 

will use the same polarized 3He target and polarized beam. It will also run for about 

the same amount of time: 3 months. 

With the proposed data, more contributions to the GDH integral will be extracted 

(Figure 6.2). The goal of the experiment is to extrapolate the GDH integral to Q2= 0 

and determine its slope at that point. Chiral perturbation theory predicts a positive 
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t he GDH integral. E rror bars are systema tic and statistical uncertaint ies added in 
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slope [83], whereas phenomenological models predict a negative slope [1]. 

Experiment E94-010 and soon E97-110 are just two experiments in a long history 

of polarized electron scattering experiments. Early experiments sought to understand 

t he spin structure a t high Q2
. In this regime nuclear effects are small and t he picture of 

the nucleon is one of quark and gluon interactions. It is described using per turbative 

QCD . These experiments determined the cont ribut ion of the quarks to t he total 

nucleon spin and verified the Bjorken sum rule. 

In cont rast, t his experiment collected data in t he t ransit ion region between two 

regimes. One regime is that of the earlier experiments where quark-gluon interac­

tions dominate. T he other regime considers 3 He as a set of coherent hadrons. The 

experimental data of Jefferson Lab experiment E94-010 represents a fi rst step to­

wards understanding t he t ransit ion region using polarized 3 He scattering. T he hope 
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is t hat someday a consistent theory across all energies (such as lattice QCD) will be 

developed. 
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