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ABSTRACT

Knowledge of the electric and magnetic elastic form factdithe nucleon is essen-
tial for an understanding of nucleon structure. Of the foactdrs, the electric form factor
of the neutron has been measured over the smallest rargfeand with the lowest pre-
cision. Jefferson Lab experiment 02-013 used a novel neariged*He target to nearly
double the range of momentum transfer in which the neutrom factor has been stud-
ied and to measure it with much higher precision. Polarizedtens were scattered off
this target, and both the scattered electron and neutroa eetectedG7, was measured
to be0.0242 £ 0.0020(stat) + 0.0061(sys) and0.0247 + 0.0029(stat) 4+ 0.0031(sys) at
Q? = 1.7 and 2.5 GeV?, respectively.
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A MEASUREMENT OF THE NEUTRON ELECTRIC FORM FACTOR AT VERY
LARGE MOMENTUM TRANSFER USING POLARIZED ELECTRONS
SCATTERING FROM A POLARIZED HELIUM-3 TARGET



CHAPTER 1

Introduction

Jefferson Lab experiment 02-013 was a measurement of theonegiectric form
factor atQ? = 1.4, 1.7, 2.5, and3.4 GeV?. The form factor was measured by scattering
polarized electrons from a polarizéde target, and detecting both the scattered electron
and neutron.

Knowledge of the neutron elastic electric form faotés(Q?) is essential for an un-
derstanding of nucleon structure. In simplest terms, th&iEptransform (in the Breit
or “brick wall” frame) of G, gives the charge density of the neutron. Recent measure-
ments on the proton show that the ratio of the electric foratofafor the protonG?, to
the magnetic form factat’;, declines sharply as the square of the 4-momentum transfer,
Q?, increases. Therefore, the electric and magnetic fornofadbf the proton) behave
differently above? ~ 1 (GeV/k)?. Presently, there is scant data on the behavidi’pf
above thig)? value.

The form factors are key ingredients of tomographic imaga&kbped through the
framework of Generalized Parton Distributions (GPDs). GRiIPe universal functions
that supersede both the well known parton distribution fions (observed via deep in-

elastic scattering) and form factors (observed via ela&téictron scattering). GPDs allow
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for the calculation of a wide class of hard exclusive reandifi]. Form factor results are
used to constrain the GPD models [2, 3]. Information aligitis important to constrain
the electric GPF, which presently has a large uncertainty at momentum teasigsihere

guark degrees of freedom become dominant [4].

1.1 Experimental Method

The historic method of measuring form factors is the Rosehtdaparation, which
requires measuring the cross sectiondor scattering at a number of different electron
scattering angles for a givef? [5]. The method is exceedingly difficult for the ex-
traction of G, especially at high momentum transfer. The main compbegatiare the
dominance of the magnetic form factor, the lack of suitalde heutron targets, the large
contributions from the proton from nuclear targets (suchHaand®He), and final state
interactions. The uncertainty on results @f, from elastice-d scattering is large, and
consistent with botli-%, = 0 and the so-called Galster parametrization [6].

In 1984, Blankleider and Woloshyn suggested an alternatethod of measuring
the ratio of electric and magnetic form factors usthig for scattering polarized electrons
off polarized neutrons [7]. In the last 20 years, a dozen expnts have used the double
polarized techniques [5].

The double polarized spin asymmetry is dependent upon tiwe(¢g, /G, via

Aphys = [sin 0* cos p* A | + cos H*AH] hP, P, (1.1)
where
A = Gy 2\/7(T+ 1) tan(0/2) (1.2)
TGy (G/GR )+ (r+2r(1+ 1) tan®(0/2)) '
and
27v/1 4+ 7+ (1 4+ 7)2tan?(6/2) tan(6/2
A= — V ( ) (0/2) tan(0/2) 1.3)

(Gn/GR )2 + (T +27(1 4 7) tan?(0/2))
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The variables are defined for the lab frandg; P, andh are the beam polarization,
target polarization, and incident electron helicity, svely; 6* is the lab polar angle
and ¢* is the azimuthal angle of the target polarization with respge the axis of the
momentum transfer and scattering plafhes the electron scattering angle with respect to
the electron beam direction; and= Q?/4m?, is the square of the momentum transfer
scaled by the nucleon mass squared.

In this experiment, the target spin was nominally alignegbpedicularly to the mo-
mentum transfer. This separates the perpendicular asymmet from the longitudi-
nal asymmetry4;, and the perpendicular asymmetry is measured. In our kihesna
(G%/G%,)? is small compared to the second term of the denominator oflEz). there-
fore, G /G’), is nearly proportional tod ;. Due to the large acceptance of the electron
spectrometer and the neutron arm, there are small, nonepetabutions from longitu-

dinal asymmetry that will need to be taken into account.

1.2 Experimental Overview

This experiment, E02-013 [8], measures the asymmatryin the semi-exclusive
quasi-elastic reactio?ﬂ?;(e*, ¢'n), where both the final state electron and neutron were
detected. The dominant source of error for our measurerseheistatistical accuracy.
To improve statistical accuracy in a finite amount of timeg thte of detected particles
must be maximized. This was achieved by optimizing the be@engy and spectrometer
angle, and by adjusting the beam current, the detector taoteg and the target thickness.

The maximum beam current was limited by the rate at which #te can be recorded
and the durability of the target. For a given beam currerd, dfatistical accuracy can
be improved by increasing the acceptance of the detectowelkr, an increase in the
acceptance of the detector can also limit the precision®gttperiment by introducing

an uncertainty in the scattering angle of the electron.



5

In a fixed target electron scattering experiment, the tasggtosen to maximize the
likelihood that the incoming electron will scatter from arfiae within the target and
be detected in the spectrometer. This is done by increasitigthe target density and
length. For a polarized target, the desire is to maximizelikedihood of the electron
scattering from a polarized particle. The designed thiskna the target is determined
so that polarization, durability, and stability are maxied, and multiple scattering is
minimized.

The combination of a high pressure (10 atm), highly polati#®%)He target and
a large acceptance, open geometry spectrometer, BigBite@dpsoa better combination
of statistical and systematic uncertainty than previousbte polarized=?, experiments
[5]. BigBite is a non-focusing dipole magnet with an accepgaot 76 msr over a 40
cm target. The electrons were detected with a detector st@magisting of 15 planes of
wire chambers, a scintillator plane, and a lead glass ca&ar. During production data-
taking, the wire chambers operated at a total rate of 20 MHplame. The calorimeter
was used to trigger on electrons with energy greater tharM@\0to reach an acceptable
trigger rate of 2 kHz.

To maximize the size of the asymmetry and to suppress thastielcontributions,
the scattered neutron was detected. The measurement afutrem momentum provides
information about the missing momentum, which controlsdize of the correction due
to final state interactions. Detection of the neutron fos #periment was accomplished
by means of a large time-of-flight spectrometer. The spewter was built to match the
acceptance of the BigBite spectrometer, with an active fteartza area of 8 fimade up
of 244 neutron bars and 196 veto counters. A time-of-flighohation of better than 0.5

ns was achieved in this experiment.



1.3 3He Targets

The principle of spin-exchange optical pumping (SEOP) teenldeveloped in the
last 25 years [9]. Circularly polarized laser light excitee S, — 5P, transition of
an alkali metal in a magnetic field, quickly polarizing alltbe alkali atoms. Polarization
is then transferred from the alkali metal atoms totHe nuclei by means of a hyperfine-
like interaction between the outer electron of the alkatl tve*He nucleus.

This experiment was the first to harness an important advarite field of SEOP,
the so-called hybrid method of SEOP (HySEOP). Traditigné#hle alkali metal described
above has been a pure metal (typically Rb). Using a mixture odRbK resulted in a
decreased time to reach maximum polarization and, for ttpe@ment, a continuously-
pumped in-beam polarization of over 50%. Experiments usimppure Rb SEOP were
performed with in-beam polarization of approximately 40Because of the way target
polarization contributes to the statistical uncertaitity, improvement in target polariza-
tion was equivalent to receiving over 50% more beamtime.

The spin-exchange efficiency féHe-K is, under idealized conditions, an order of
magnitude greater than that fidde-Rb [10]. However, there remain technical difficulties
to pumping K directly for these polarized gas targets. Rathenixture of Rb and K is
used, and the Rb is directly optically pumped. The spin exglamoss section for Rb
and K is extremely large (comparedeg., the Rb2He cross section) and as a result, the
K and Rb have nearly equal spin polarizations [11]. The coatimn of the higher spin
efficiency between K anéHe and the very large spin transfer cross section results in a
very fast time to reach maximum polarization (“spin-up” &j12]. This more efficient

hybrid spin-exchange optical pumping also provides analviigher polarization [13].



1.4 Analytical Methods

The data were collected over two months. Nearly two billi@ncident triggers
were recorded from electron scattering from the produdgoget. The Hall A Analyzer,
Podd [14], was used to extract quasi-elastically scatteleciron-neutron events.

These events were selected by cuts on the invariant magangnef-flight, and the
missing perpendicular momentum. Once these events weretse)] further refinement
is made. The accidental random background was estimateddgrnong an unphysical
region in time {.e. events that appear to move faster than light, so cannot Ineident
events). This background was then subtracted from thetseleeutrons.

The operation of a SEOP target requires the presence of aaumaaltity of nitrogen
in the target (Sec. 4.1.1). This unpolarized nitrogen éffety dilutes the polarized
signal. A correction factor can be determined by compatieg/ield from a pure nitrogen
target cell to the yield from the production target cell @ning helium and nitrogen.

A further dilution can occur because of mostly unpolarizeatgns detected as neu-
trons. This is corrected through an understanding of progutron conversion, which
can be obtained through a study of events from differenetargn addition, if the scat-
tered neutron interacts with the rest of thée nucleus before being detected, an under-
standing of such an interaction with the final state requirpst from theoretical models.

Finally, all detectors have a finite acceptance. A propegrdahation of the kinemat-
ics requires the correct averaging of events over thesgtuses. Once these kinematic

factors are determined, the form factor can be extracted fhe data.



CHAPTER 2

Theoretical Basis

The development of quantum electro-dynamics (QED) pralalaseful framework
for describing the electromagnetic interactions of relstic particles. Relativistic field
theories can proceed from first principles to the descniptibthe interactions of point-
like particles with intrinsic spin.

However, interactions with particles that have an intestaicture are more com-
plicated. As early as 1933, measurements of the proton niagnement indicated that
nucleons may have an internal structure [15]. However, disi®fvriting in 2009, no sat-
isfactory complete description of the nucleon’s interrielcure exists. The goal of this

experiment is to provide experimental input to the theoedtilescription of this structure.

2.1 Point Particle

Following the excellent description Quarks & Leptonsby F. Halzen and A.D. Mar-
tin [16], the simplest physical case study of the electromegig interactions of relativistic
particles is the scattering of elementary, charged, ém‘mticles.

The proper description for this sort of interaction is theddiequation. In general,



its form is

Hy = (a-P + fm) 1, (2.1)
whereP is the momentum 3-vector for the particle,is the mass of the particlé] is the
Hamiltonian operator ang is the wavefunctions anda; are determined by satisfying

the relativistic energy-momentum equation:

H*Y = (P*+m?) 4. (2.2)
Specifically, this implies that;, as, a3, 8 all anti-commute with each other, and =
ai = o2 = > = 1. These requirements are satisfied by44matrices defined for

different representations. In the Dirac-Pauli reprederiathe matrices can be written

using the Pauli matrices and the identity matrix,

0 ¢ I 0
a= , 8= (2.3)
0 0 —I

Qu

where/ is the2 x 2 identity matrix, ands are the Pauli matrices:
0 1 0 — 1

01 = ) 09 = ) 03 = . (2-4)
1 0 1 0 0 —1

In covariant form, The Dirac equation is written
(iv"0, —m) Y =0, (2.5)

where is the wavefunctiong, is the 4-dimensional derivative operat@j;, V), m is

the particle’s mass, ang' are the four Dirac matrices,

= (8, 64). (2.6)
This definition, and the implications of the energy-momemtequirement (Eq. 2.2),

can be used to show that these matrices satisfy the anti-atetion relation:
Y A =29, (2.7)

where g* is the the four dimensional metric tensor. Since= 73, this implies that

T =4%and(y%)? = I.
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2.1.1 Electromagnetic Current

By introducing the adjoint relationship,

¥ =9y, (2.8)
the adjoint Dirac equation can be written:
10,0y +map =0 (2.9)

Multiplying the covariant form of the Dirac equation (Eq.520n the left by and the

adjoint form of the Dirac equation (Eg. 2.9) on the right:byand adding:
DY + (80) V' = 9, (YY) = 0. (2.10)
This is suggestive of a continuity equatiéh,* = 0, where
G = Py, (2.11)

This is a general probability current’ = (p,j). The introduction of charge allows one

to consider;* as the electron current density:

"= —eyt e (2.12)

The simplest physical example of this scatteringiis™ scattering, referred to as Mgller
scattering (see Fig. 2.1). The transition amplitude wmitteterms of the electromagnetic

current is

T =i [ 06 () dby(olas (2.13)

q
whereq = p4 — pc, or the energy-momentum 4-vector transferred to the otleetren.
2.1.2 Particles with Structure

In the case of point-like particles, these interactionscateulable from first princi-

ples. The internal structure of a more complex particleouhices additional terms. The
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FIG. 2.1:Mgller Scattering. Feynman diagram for Mgller scattering. Incoming electramsA
and B; outgoing electrons are C and D. The current from A toj:ffi)s

transition amplitude for electron scattering from a praton

1
Ty = —i / J (?) Jhd e, (2.14)

wherej* is defined as before, anfl’ is the electromagnetic current for the proton. The
additional structure of the proton must be reprsented ircthieent. This current cannot
be written as/y*. Instead;y* must be replaced with a term indicating the additional

structure. The most general Lorentz four-vector that comeseparity is:

T = [Fl(qQ)v“ n ﬁ@(&)wwqy " (2.15)

whererx is the anomalous magnetic momest, = % (yHA” — ~4¥4#), M is the mass of
the nucleon, and is the transferred 4-momentuni; and F; are two independent form

factors.

2.2 Form Factors

The electromagnetic structure of the nucleon is descrilyetivb form factors,F;

andF5, also called Dirac and Pauli form factors, respectivelyeSétwo form factors are
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used to parametrize the world ignorance of the nucleon. Hneyonstrained by their

values ag — O:

FF(#=0=1, F'(¢=0)=0 (2.16)

B@=0=1, F(@=0=1 (2.17)

In the case of? = 0, the expression for the current (Eq. 2.15) recovers itseepevalue.
For the proton, the equation for a positively charged poartiple is recovered; for the
neutron, one recovers neutral point particle with a magmatiment.

Using this current, the differential cross section for &l@a-nucleon scattering can

be written
do o’ £ K22 0 ¢ 0
- - — | F2_ F2 27 Ja F 2 . 2Y
d€ lab <4Ezsin4g> E [( IYE 2)005 5 2M2< | + kFy)” sin 5

(2.18)
which is often referred to as the Rosenbluth formula. In tbisnula, £ and E’ are
the incoming and outgoing electron energies, respectively the electron scattering
angle with respect to the incoming electron, anid the fine structure constant. Again, a
structureless charged particle would h@ye= 1 andx = 0, in which case the Rosenbluth

formula becomes:

do do £ 0
0 =22 = |1—2rtan? - 2.19
dQhap  dQ Mot E [ T 2} ’ (2.19)
wherer = _fW and
)
o) [l (2.20)
dS) IMott 42 81114%

is the Mott cross section.

2.2.1 Sachs Form Factors

The form factorg; andF; cannot be cleanly separated experimentally in the Rosen-

bluth equation. However, the form factors can be recastlinear combinations of the



13

q/2 -ql2
e N
-q/2 q/2

FIG. 2.2: Breit Frame. In the Breit, or brick wall frame, there is no energy transded the
magnitude of the initial and final momenta are equal.

two:
_ kg’
Gr = Fit ok (2.21)
G]y[ = F1+/€F2 (222)

These new form factors, respectively referred to as tharedeand magnetic Sachs

form factors, allow the Rosenbluth equation to be written:

do E' (G} + 1G5, 7
=|—= — [ —=2—H +27G5, tan’® = 2.23
lab (dQ)MOtt E ( I+ T ATGhy tan 2) ( )

do
a2

which allows the experimental separation(éf andG,, by measuring the cross section

for a constant value ap? while varyingé.

2.2.2 Physical Interpretation and the Breit Frame

These four form factorsi,, G%,, G, andG?,, are collectively referred to as the
Sachs form factors and can be related to the charge and ngiwet distributions of the
nucleons by means of a Fourier transformation in the Breitl{ock wall”) frame.

The Breit frame is the frame defined by the= —p;: the incoming and outgoing
three-momenta are equal, but in opposite directions. k ftlaime, there is no energy
transfer and the electron reacts as if it had bounced offck ovall (see Fig. 2.2). The
incoming momentum of the nucleonds; /2 and the final momentum isqz /2, which

means that the four momentum squaégd= |qz|*> (WhereQ? = —¢?).
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This transformation is hampered by the fact that the Breih&as not physical, as
there is a different Breit frame for every value of four-morugn transfer. As the four-
momentum increases, the frame begins to move at relatigpgeds with respect to the

lab frame, which affects the kinematics and interpretatibiine structure [5].

Kelly Prescription

Unfortunately, some would argue that the transformatida such a non-physical
frame of reference makes such measurements useless imuohéteythe charge and mag-
netization distributions. A recently developed model kelp resolve these issues by
performing the non-trivial transformation prescriptidv|[ 18].

The prescription follows the method of relativistic inversfrom Mitra and Kumari
[19], which involves starting with a spherical charge andynetization density in the

nucleon rest frame, normalized to the static propertie®hucleon:

/ dr r’pa(r) = Z, (2.24)
0

/OodTTme(?") = 1, (2.25)
0

whereZ = 0(1) is the charge for the neutron (proton). These densitieshene trans-

formed through a Fourier-Bessel transformation into “mgic” form factors:

A(k) = /0 " dr o (k) p(r). (2.26)

If these intrinsic form factors could be determined from tlaga, then a simple Fourier
transform would convert them into the charge and magnétizatensities. Simply sub-
stituting p..(k) — Gg(Q?) produces unphysical cusps at the origin and hard cores. A
proper treatment of the relativistic boost is required tocamt for the transformation of

a composite system.
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The synthesis of various models produces the prescription:

P = Gp(QH(1+71)'r (2.27)

wpm = Gu(@Q)(L+7)™ (2.28)

The factor(1 + 7) is the Lorentz boost. The differences between the modelsate
As. For example, Ji determined; = 0 and A\y; = 1 in the soliton model [20]; the
difference arises from the difference in the transfornmatd scalar (charge) and vector
(magnetization) quantities.

Kelly uses\y = \y = 2, as it preserves the scaling relation at lafgfeas deter-
mined from pQCD (see Sec. 2.3.2) [17]. The charge densitysofhédutron resulting from

this prescription can be seen in Fig. 2.3.

2.2.3 Previous Measurements

Previous methods of measuring the nucleon form factorsrsdl two main cate-
gories. First, is the Rosenbluth method, which requires assoreaent of the N cross-
section. The other broad class of measurements make usdaoizaption observables.
These measurements include the method of double polanzatsed for this experiment.

Previous measurements and theoretical curves are proagleds. 2.4, 2.5, 2.6, and 2.7.

Rosenbluth

In the Rosenbluth equation, 2.23, a separatiotrgfand G3, can be obtained for
anyQ? by varying the incident beam energy and the scattering agleat), andr vary
while Q? remains a constant.

Due to the lack of free-neutron targets, measurements ofie¢i&ron form factors
are performed on complex nuclei. The simplest of these isi¢heron. The deuteron is
sufficiently complex to require recasting the form factorsarms of the charge, quadru-

ple, and dipole magnetic distributions. These form factesG., G, andGp. The
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FIG. 2.3:Kelly Neutron Charge Density. The electric charge density of the neutron determined
from the form factorG%, [17]. The first column uses the world data and its uncertgnigr to
E02-013. The second column uses the projected uncertanB0R-013, assuming that}, will
follow the Galster fit. The third column uses the projectedartainty for E02-013, assuming

thatG?, is smaller than Galster 8 < 2 (GeVi)>.
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Rosenbluth equation for electron-deuterium elastic seatiean then be written [21]:

da_da
dQ  dQ

2 2 2 Qe
o <A(Q )+ B(Q?) tan 5) : (2.29)

whereA(Q?) = G2(Q) + 8G3(Q2) + (1 +1)G3, and B(Q?) = 3n(1+1)2G3,(Q?),
with 7 taking the place of from the expressions for the free nucleon= Q*/4Mp,
where Mp is the mass of the deuteron. The deuteron form factors aagetklo the
neutron and proton form factors and the Fourier transforne®mbinations of thes and

D-state wave functions of the deuteron [5]

Go = G0,

GQ = G%CQ, and
Mp [ s s

Guy = —— (G Cs+ -G OL) .
Mp M ) E

The isoscalar electric and magnetic form fact6#§,,, is defined in terms of the neutron
and proton form factors,

GE,M =Gpu+Gha (2.30)

An early functional form for the neutron electric form factoom a Rosenbluth
measurement arose from a measurement at DESY in 1971 [6] résul of this experi-
ment and many others [5], as well as the Feshbach-Lomon waetidn [22], a fit was

performed. The result was the well-known Galster paraegian:

OH(Q) =~ 5 - Or(@). (2.31)

wherey,, is the neutron magnetic moment. In most cases, estimatg$ ttiat quote the
Galster parametrization replac&. with the dipole form,
1
Gp = 5 (2.32)
QQ
(1 + O.71GeV2>

The dipole form shows very close agreement with atQ*> < 1 GeV? [5].
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The Rosenbluth method is more useful at loW&rvalues, particularly for the neu-
tron. At higherQ?, G';; becomes dominant to the point where such a separation become
quite impractical. For the neutron, the overall electrivalitrality means that the electric
form factor is very small. Early experimental measuremerdgse unable to distinguish

between:%, = 0 and the Galster parametrization [5].

Polarization Transfer

Originally proposed by Akhiezer [23, 24], the use of poladobservables has lead
to much greater precision in the measurement of nucleon factors. These measure-
ments require a polarized electron beam and either a pethniacleon or recoil polarime-
try.

The derivation of the form factors given earlier in this wadsumes a sum over the
spin degrees of freedom. If the spin states are not summegalarization components

can be written in terms of the polarization componeftsaand P,, and the form factors

GE andG]\/[:
P, = —2v/7(1+7)GpGy tang (2.33)
IP, = %(E + E"/71(1+ 7)G3, tan? g (2.34)
where
0
Iy = G%(Q*) + 7G3,(Q%) (1 +2(1 + 7) tan® 5) : (2.35)

z is the direction of momentum transfer, anés perpendicular te, but is confined to the
electron scattering plane.

Therefore, the rati6- /G, can be written in terms of these transverse and longitu-
dinal polarizations,

B T2l T tan < (2.36)
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Double Polarized Method

Raskin and Donnelly [25, 26] developed a formalism for doyimarized experi-
ments that allows the measurement of the rétjg/ G, using the scattering of polarized
electrons from a polarized target. This method requiresntbasurement of an asym-
metry. For our experiment, polarizé#ie is a suitable stand-in for a neutron target, as
described in Chapter 4, specifically Sec. 4.1.

In the Born approximation, the polarized cross section cawiitéen as the sum of
two parts: the unpolarized cross sectiopand a polarized patk, which depends on the

electron’s helicity. The total helicity-dependent crosst®n can therefore be written:
on =X+ hA, (2.37)

whereh = +1 indicates the electron helicity. The asymmetry is theeefiafined:

o, —o_ A
Ay=—""—== 2.38
N or+o_ X ( )

The denominatory is the unpolarized cross section, given by Eq. 2.23. Therpola

ized part is given by:

A = =200t T tang [\/7' (1 + (1 4 7) tan? g) cos 0*G3, + sin 0% cos ¢*G G|
(2.39)
wheref* and¢* are the angles of target polarization with respect to the akihe mo-
mentum transfer and the electron scattering planefaimsithe polar and* is azimuthal
angle. By aligning the target spin perpendicular to the mdarariransfer in the scatter-

ing plane of the electron, the perpendicular asymmetryoigisd:

Gg 2y/7(7 + 1) tan?
Gy (Gg/Gu)?+ (7 +27(1 4 7) tan? &)

In practice, the finite acceptance of physical detectos rmlsasures a small contribution

A = (2.40)
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from the longitudinal asymmetry:

27'\/1+T+(1+T)2tan2§tang

(Gr/Gr)? + (7 +27(1 4 7) tan? g) (2.41)

2.3 Neutron Models

2.3.1 Dipole

Perhaps the simplest parametrization possible comes fibouimodeling the charge
or magnetization of the nucleon as a decaying exponentthlaumaximum at the center.
If the charge distribution is written

m3

Pen(r) = o€, (2.42)
the corresponding form factor is
2\ —2
Gp = <1 + %) : (2.43)

This is the dipole form of the form factor attributed to Haigter and Wilson [27]. In the
case of magnetic form factors, the dipole must be scaledéyntignetic moments of the

proton and neutrony, and,,:

Gh(Q) Gy Q> \~
ty  fn 1+0.71GeV2 (2.44)

where then? = 0.71 GeV? is determined from proton form factor data [28].

For low values ofQ?, the dipole is also a good fit to the magnetic form factor data.
However, for values of)?> > 1 GeV? values ofG?, decrease very quickly with respect to
the dipole form factor. This behavior is only seen in the khghcision form factor data
taken from polarization observables, and is not seen in Rbsgnmethod measurements

abovel GeV? [5].
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Galster

The dipole form cannot be used for the neutron form factoabse% (Q? = 0) = 0
andGp(Q* = 0) = 1. The parametrization from the 1971 Rosenbluth measurement a
DESY, referred to as the Galster parametrization, has thecobehavior at)? = 0.

Recall Eq. 2.31, replacing”, with Gp,

GHQ) =~ 5= Cn(@).

This form still remains a remarkably successful paramation, although the original
parameters have been generalized. The generalized version

aqT
Gh(@Q) = 1356 (2.45)

whereas = 1.73, is constrained by the root mean square charge radius oftlteam as
measured by thermal neutron scattering. This le&vess a free parameter. Fits to data

have determined; = 4.59 [29].

Kelly Neutron Electric Form Factor Parameterization

In his determination of the charge and magnetization dessitf the nucleons from
form factor data [17], Kelly expanded the form factors in auffer-Bessel expansion.

Soon after he followed up with a simpler parametrizatior],[18

STk
G(QH ~ k 2+2 - (2.46)
1+ 00 et

for the form factorsGY;,, G%,, andG?,. The degree of the denominator is greater than the

degree of the numerator to ensuex Q—* for large@?. Usingn = 1 anda;, = 1, only
four additional parametersa{, b1, b5, andbs) are required to achieve good agreement with
the data [18].

For G, he proposed the generalized Galster parametrization.i@2 B§. The values

for a andbg, which are considerably different from the Galster parauzation, as well
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| Version | ac | b | (r}) (fm?) |
Galster [6] 1 5.6 -0.112
Friedrich [29]| 1.73| 4.59| -0.115
Kelly [17] 1.70| 3.30| -0.112

TABLE 2.1: Comparison of Various Galster Parameters.The different parameters used in Eq.
2.45; the root mean square charge radius values are detstioyrthermal neutron scattering.

as the corresponding root mean squared charge radius &® thedels are included in
Table 2.1. The charge radius is negative, indicating thegehdistribution is positively
charged at the center, and negatively charged at larger Tduil distribution is consistent

with the simple description of a neutron as a proton surredrizy a negative pion cloud.

2.3.2 QCD

Quantum Chromodynamics (QCD) is the theory of the strongacten and in prin-
ciple can be used to calculat€;,. However, perturbative calculations in QCD involve
expansions in the strong coupling constant. This couplongstantg, changes with the
momentum transfer of the reaction. For l6% reactions, the coupling constant becomes

larger than unity and perturbative calculations do not eoge.

pQCD

The measurements 6f}, by E02-013 are at energies that approach the practical use
of perturbative QCD (pQCD). According to Belitsky, Ji, and YU&0], the dominant
contribution to a calculation of;(Q?) comes from configurations in which the quarks
in the initial state carry zero orbital angular momentund #re quarks in the final state
carry one unit of angular momentum (or vice versa). In thigleidhe ratio ofF,/F}

reproduces the logarithmic scaling seen in the polarinatiansfer measurements Gf,
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31, 32].
nQy 1o (%)
RQY) T Q2

whereA is a soft scale related to the size of the nucleon, rangingdsst 200 and 400

(2.47)

MeV.

2.3.3 \Vector Meson Dominance

The vector meson dominance model describes the electrahagmteraction with
hadrons. In this model, the virtual photon first transform® ian intermediate vector
meson before interacting with the hadron. Vector mesons tiee/same quantum numbers
as the photon. The lowest lying mesons with vector quantumbaus are(770), w(782),
and¢(1020). These mesons are prominent resonancesdn — hadrons, and one can
speculate that these resonances should feature pronyineafV — e/N reactions at low
energy.

Early vector meson fits have proven quite successful, imetuoredicting the roughly
linear decrease of the prota#, /G%, ratio [5]. They continue to be successful for fits to

form factor data [33].

2.3.4 Constituent Quark Model

The constituent quark model predates QCD. There is not aesgayistituent quark
model, but many variations on this theme. What these theshare is a model of the
nucleon as the ground state of a quantum-mechanical thuadcgystem in a confining
potential.

Although these models are quite successful in describiagpectrum and structure
of low-lying baryons, they do not satisfy all symmetry prdpes of the QCD Lagrangian.
In the massless quark limit, the QCD Lagrangian is invariameun.SU (2), x SU(2)r

rotations of left and right handed quarks in flavor space alare, this chiral symmetry is
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FIG. 2.4: G}, World Data and Theoretical Curves. Experimental measurements 6f;,,
scaled by the dipole. Theoretical curves representingoveseson dominance and constituent
quark models have been included.

spontaneously broken, giving rise to Goldstone bosoneéihn the case of two flavors).
These are the pions, which acquire mass through the expieéking of the symmetry
by the current quark masses [5].

The constituent quark models are improved by the additicnmbn degree of free-
dom. Miller recently calculated the form factors using eotaly-bag model”, so-called

because it combines the constituent quark “bag model” waighpion cloud [34].

2.3.5 Generalized Parton Distributions

Generalized Parton Distributions (GPDs) are universattions containing nucleon
structure information. They are generalizations of thequadistribution functions de-
rived from deep inelastic scattering. They are constralmethe electromagnetic form
factors [2, 3].

The GPDsH, E, H, andE depend on the following variables; the fraction of the

nucleon momentum carried by the struck quarkhe skewness, or longitudinal momen-
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FIG. 2.5: G}, World Data and Theoretical Curves. Plot of theoretical interpretations with
selected data scaled to the dipole approximation.
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FIG. 2.7: G% World Data and Theoretical Curves. Plot of theoretical interpretations with
polarization observable data and the location of data tédethis experiment.

tum asymmetry; andthe momentum transfer to the target nucleon [3]. Unlike tieo
models of the nucleon listed here, GPDs are not currentlgl tssealculate form factors.
Rather, the form factors serve as constraints on the vari®iBsGAt¢ = 0, the 7 form

factors can be written in terms of the GHDfor the valence quarks

1
RO = [ dn (G0 - 30 (2.48)
0
! 2 1
Fit) = | de(SH(w,1,6) = SH!(5,4.6) ). (2.49)
0
Similarly, the F; form factors can be written in terms of the GED
p ' 2 u 1 d
0
n ! 2 d 1 u
0

A quark flavor separation of these GPDs when constrainednmesmodels requires a
measurement a&%, at hight.
These GPDs can then be used to calculate a variety of nucltepenies [1], and

may give insight into the contribution to the spin of the masi from quark orbital angular
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momentum [20]. Recent calculations using the GPD’s haveigeovinsight into the
transverse distribution of partons within the nucleon [BR, GPDs using form factor
input have also provided new methods of calculating thegehdistributions of nucleons

[63, 64, 65] without resorting to the Breit frame transforioas.



CHAPTER 3

Experimental Overview

The experiment, Jefferson Lab E02-013, was a measuremdére dbuble polarized
asymmetry of the reactioﬁl?;(e*, ¢'n)X. The double polarized asymmetry was mea-
sured using a polarized electron beam and a polaridtarget. The semi-exclusive
coincidence events were detected through a combinatiodarfja non-focusing dipole
spectrometer with multiple wire drift chambers (MWDC) in caithence with a large time
of flight spectrometer. A schematic of the experiment setuphe seen in Fig. 3.1.

Data were collected from February 28, 2006 until May 10, 20DBese data were
taken at four kinematic settings correspondingfo= 1.4, 1.7, 2.5, and3.4 GeV?. The

experimental parameters for the results presented hefistackin Table 3.1.

3.1 Coordinate Systems

Four different systems were employed for E02-013 (see Fig). 3Each had its
own coordinate system: the standard lab coordinate sydi@mnihe polarized beam),
the electron optics coordinate system, the electron detecordinate system, and the

neutron detector coordinate system.

28
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FIG. 3.1: Overhead View of Experimental Set-Up. Configuration of experimental pieces as
they were arranged in Hall A for E02-013.

Target _~
field

magnet

Kinematic Setting 4 2 3

Q? (GeV?) 1.7 2.5 3.4

Dates May 5 - May 10| Mar 10 - Mar 21| Mar 21 - Apr 17
Apr 17 - Apr24 | Apr24-May5

Epeam (GeV) 2.079 2.640 3.291

0.) (°) 51.6 51.6 51.6

0.) (°) 33.8 29.2 24.9

Neutron TOF distancén) 33.8 29.2 24.9

(P.) (%) 85.2 85.0 82.9

(Pre) (%) 48.5 45.2 a7.7

Qbeam (C) 2.2 3.5 11.4

TABLE 3.1: Kinematic SettingsKinematic settings and parameters for data taken in E02-013
Kinematic
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The standard lab coordinate system has its origin at thecehthe target. The-
axis is defined by the nominal direction of momentum of thetetan beamy is defined
against gravity (positivg is “up”), andx is defined as to the left when looking in the
direction of positivez. They form a right- handed coordinate system.

The electron optics coordinate system (Sec. 3.4.3) hasiggat the intersection
of the BigBite central ray with the labaxis. Positiver is in the direction of gravityi(e.,
“down”), z is parallel to the hall floor and in the direction of the BigBitntral ray, and
y forms a right-handed coordinate system.

The electron detector coordinate system origin is detezchiy the center of the
first plane of the drift chambers. Theaxis is normal to that first plane, and the nominal
direction of particles. It is at an angle with the lakx plane equal to the pitch of the drift
chamber stack~ 10°). Thex axis is perpendicular to the direction of the wires in the
X wire plane (see Sec. 3.4.2, and especially Fig. 3.12). ¢Taeis is defined to form a
right-handed coordinate system [67].

The neutron detector coordinate system is defined witbpposite gravity i(e.,
“down”). The directionz is normal to the scintillator plane, andis defined to form
a right handed coordinate system. The neutron detector @&lafscintillator bars (Sec.
3.5.1), ther and z are therefore roughly determined by the particular s¢atalb bar in

which the hit occurs. Theg position is reconstructed through timing within the bar.

3.2 Electron Beam

E02-013 used the CEBAF high polarization electron beamijnmelytreaching polar-
ization in excess of 80%. The facility consists of a polatdieéectron source, an injector,
two linear accelerators (linacs), two sets of recircutatimagnetic arcs and a beam switch-
yard. The facility is capable of delivering a continuouslgozed electron beam to three

experimental halls simultaneously. Because of the uniqustoaction, electrons may
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FIG. 3.2: E02-013 Coordinate SystemsCoordinate systems used in the analysis of data taken
for E02-013.
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pass through the accelerator up to five times before delivgoythe hall, picking up a
maximum of 1.2 GeV per pass. Each hall may have electrondfefeint energy, so long
as they are integer multiples of the energy from a single (@¥3to 1200 MeV).

Polarized electrons are released from a strained GaAsdmthiben it is struck with
a circularly polarized laser beam. Rapid changes in lasarigakion occurring every
33.3ms, as detailed in Sec. 3.2.1, are accomplished by &eRaml. Systematic effects
due to beam helicity can be isolated by inserting a half-wasee to reverse the helicity
of the beam.

These initial polarized electrons are initially accelecato an energy of 100 keV.
They are injected into the accelerator by passing throughstyperconducting accelera-
tor cavities, referred to as a quarter-cryomodule. Theyrgeeted into the beam with an
energy of 45 MeV. From there, they pass through 20 cryomaedinede of eight cavi-
ties each), accelerating to up to 600 MeV before passingugitrahe first recirculating
arc. The electrons then pass through another 20 cryomobafese either entering an-
other recirculating arc to bring them back to the injectoinpor entering one of three

experimental halls [68].

3.2.1 Beam Helicity

Properly forming the asymmetry required precise knowleaolgge beam helicity.
E02-013 used the delayed timing mode which was also usecklpattity violating asym-
metry experiment GO [69].

The helicity signal takes a quad structure: — — 4+, 0or— + + —. The time
between helicity flips is 33.3 ms (so that each quad is 133)3 s accommodate the
Pockels cell changing and settling, the helicity inforroatis not recorded for 0.5 ms after
each helicity change. As a result, 1.5% of the events havanlanmawn helicity (denoted

as helicity = 0).
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FIG. 3.3: Diagram of CEBAF. The Continuous Electron Beam Accelerator Facility proside
the polarized electron beam to Hall A.

Four signals are used to decode the beam helicity: the MBstse Signal (MPS), a
30 Hz pulse used as a gate for the helicity; the quartet tri@@BT), which indicates the
beginning of a new helicity quad; the helicity signal and & kHz clock. In general,
only the first three are required (as seen in Fig. 3.4). Howak¢he helicity of the
electron is missed due to, for example, DAQ deadtime, thekH35clock signal can be
used to determine an event's position in the helicity seqees well as the position in
the quad structure. Information from the first three sigii®IBS, QRT, and helicity) is
provided from a single read-out. The 105 kHz clock is readhftbree different scalers.

The decoding program requires two matched scalers.

Beam Charge Asymmetry

The beam charge asymmetry, or asymmetry in electron hglisisummarized in
Table 3.2. Overall, the beam asymmetry is quite small. Omebgrun basis, the asym-

metry could have been as large as 0.2%, although an asymafétdy® is more typical.
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FIG. 3.4: Helicity Decoding. Three electronic signals are used to relate the helicityhef t
electrons to the time of the interactions.



Mean Median Maximum
Q? Asymmetry | Asymmetry | Asymmetry
1.7GeV? | 445 x 107° | 2.59 x 107° | 8.86 x 104
2.5GeV? [ 835 x 107° | 244 x 107° | 7.68 x 1073
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TABLE 3.2: Beam Charge Asymmetry. The beam charge asymmetry for each run was calcu-
lated from the beam current monitors. The mean, median andmean of the absolute value of
these asymmetries are presented.

This small value of beam charge asymmetry when comparecetpliisical asymmetry

of the experiment implies that any helicity correlatedésdsymmetries must be small.

3.2.2 Beam Position and Raster

Two beam position monitors (BPM) provided information abth# location of the
beam within the beamline. These monitors are located 2.285dn7.517 m upstream
from the target. The BPMs are calibrated through a HARP scarRPIAeasurements
are invasive measurements in which a sensing wire is movedhe beam to determine
its location. These would be sufficient for an unrasteredteda beam. However, it is
necessary to raster the beam to prevent damage to the taligettdch is made of glass.
Rastering the beam also protects the end window of the beanmiiade thinner for this
experiment to reduce background electron scattering.

The raster is achieved by applying quickly changing magnggids to slightly
change the direction of the beam. Raster sizes of 2 xnthmm at the target are typ-
ical, and the raster dipoles are located 23 m before thettaiijee raster is created by
a triangular waveform applied to two air-core dipole magnefhe result is a uniform
rectangular distribution, as seen in Fig. 3.5.

The frequency of the raster is 50 kHz, much higher than thel hlanthe BPMs.
Therefore, event-by-event knowledge of the beam posittomfthe BPMs in regions

where the raster changes directions (the edges and corners of the rectangular pattern)
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FIG. 3.5: Raster vs. Beam Current.Plot of raster versus beam current using data taken on the
carbon foil target, Run 3356

is compromised. However, the precise vertex of the evenbeasetermined by combin-
ing information from the raster current, the BPMs, and spactter data calibrated to
optics foils.

The BPMs themselves need to be calibrated against an abswaure of the beam
position. This is done by a HARP measurement. For E02-013H#&RP scans could
not be performed without the raster (due to concern over dargahe beamline end

window), which required an experiment-specific calibrafié0].

3.2.3 Beam Polarization

The beam polarization was measured six times during theiexeet by using Mgller
scattering. This technique is based on the cross sectiomdjéh/scatterian; +e —
e~ +e~). This cross section depends on the beam and target polanigal he Mgller po-
larimeter uses a thin, magnetically-saturated ferrom@gfaal. This results in an average

electron polarization in the target foil of approximate¥ 8The foil can be tilted at angles
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Date \ Pol(%) |
Feb 28, 2006 | —88.43 4+ 0.08
Mar 4, 2006 | +87.81 +0.10
Mar 9, 2006 | —85.05 4+ 0.08
Mar 25, 2006 | —81.65 4 0.09
May 10, 2006| —85.27 £ 0.06
May 12, 2006| +84.77 + 0.20

TABLE 3.3: Mgller Measurements.Beam polarization measurements obtained through Mgller
scattering. The systematic uncertainty of 2% is not inailide

20-160 to the beam, so that the effective target polarizatioR iS.e = Pioil - €OS rarget -

A beam/target asymmetry is measured, and the beam poianzabtained by:

P}ZDeam_ N+_N7 1

- N, + N_ " prfoil (3.1)

- COS etarget : <AZZ>

where(A,) is the average analyzing power, which depends solely onghtecof mass
angle scattering. This value was obtained from a Monte Cadoutation of the spec-
trometer acceptance. The Mgller measurements are invastveequire dedicated beam
time. The results can be found in Table 3.3.

The Hall A Compton polarimeter was also used for the higheatrbenergy kine-
matics (> = 2.5 and 3.5 GeV?). This was not used for measurements)at = 1.4
and1.7 GeV? because the precision is very low for lower beam energies. Jémpton
polarimeter is a non-invasive measurement, and polasizatieasurements can be taken
at the same time as the production data. In the Compton measatea polarized pho-
ton beam scatters from the polarized electron beam. Thidtsaa an asymmetry that is

related to the beam and target polarization. The equatiothéelectron polarization is:

Aexp

p, = e
P’yAth

(3.2)

whereP, and P, are the electron and photon beam polarizations, respBctitg, is the

theoretical asymmetry which is which is calculable from mfuan electro-dynamics, and
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FIG. 3.6: Compton Polarization. Polarization forQ? = 2.5 and3.5 GeV? kinematics as
reported by the Hall A Compton Polarimeter. Systematicrerod 3% are not included.

Aexp IS the measured asymmetry. To measure the Compton asymthetgjectron beam

is diverted through a chicane consisting of 4 dipole magnetthe chicane, the beam in-
tersects an optical cavity, where it interacts with pokeditaser light. The back-scattered
photons are detected by the photon detector, and the eidat@m is directed from the

photon detector by the chicane dipoles. Since the scatedeetfons lose energy due to
their interaction, the scattered electrons can be detsejgarately to reduce background.
The complete results were provided [71]. A summary plot caisden as Fig. 3.6. Sta-
tistical errors for the Compton measurements were typidalyveen 1% and 2.5%; the

systemmatic error is 3%.

3.2.4 Beam Energy

Information on the beam energy is obtained from the so-@¢é&lleefenback” method,
which is a calculation based on a measurement of the defheofi@ charged patrticle

through a magnetic field. The Tiefenback measurement aomisly monitors the beam
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energy by using the relationship between the field integrhlevand the current setpoint
in the eight dipoles that direct the beam into experimentdl A [72]. Corrections to the
measuresment are then applied by using the BPMs and the neaggaasfer functions
along the Hall A beamline. The measurement has been caibegainst the invasive
ARC measurement, which uses the same principle of beam defieGthe energy value
obtained by the Tiefenback method is known to a relative @myuof5 x 10~%, in agree-

ment with invasive measurements not used during the pregpstimental run.

3.3 Target

This experiment used a polariz&de target. PolarizetHe targets have successfully
served as substitutes for free-neutron targets in a vasfethectron scattering experiments
at Jefferson Lab (see 4.1).

Details of the method of polarization, polarimetry, and tést of the target system

can be found in Chapter 4.

3.3.1 Direction of Magnetic Field

Extracting the proper ratid. = G'%/G"%, requires precise knowledge of the direc-
tion of the polarization. This can be clearly seen in the m®giependence d@f* on
the measured asymmetry. A Monte Carlo simulation was peddrand the uncertainty
in G'; due to the uncertainty off* was calculated to be as high as 1.6%/mrad, for the
Q? = 3.5 GeV? point. Therefore, the angle of polarization must be knowhetier than
2 mrad to keep the contribution to the uncertainty(gh small, relative to the statistical
uncertainty.

To reach this required precision, a special compass wagrtsssiand built. The

compass consists of a permanent magnet on a frictionlelssaiing. The airflow required
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FIG. 3.7:Diagram of Field Measurement Technique.The combination of a laser and a magnet
on an air bearing allowed measurements of the magnetic fietd) ghe length of the target cell.

for this bearing did produce a rotation, which was measunedtaken into account. The
magnetization axis and geometrical axis of the magnet watreaoincident, but a rotation
of the magnet allowed this effect to be removed from the firshsurement. The compass
direction was determined by using a laser pointer. The las@ter was fixed in position,
and shone on a mirror attached to the permanent magnet n@dweeproducibility of
the laser pointer position was accomplished by first shitivegight on a fixed reference
mirror (Fig. 3.7 and 3.8). The light was reflected onto a str@de deflection of the light
(with a total path length of approximately 6 m) allowed thegmetic field direction to be
determined withir2 mrad. These measurements were repeated by moving the compass
along the beamline. In addition, vertical spacers were @dahel removed. In this way,
the field direction along the entire length of the cell was p&hy and contributions from
the field above and below the beamline were calculated.

The results are plotted in Fig. 3.9. The accuracy Wasrad. Along the length of

the cell the field direction varies between 1T8d 117.8. The minimum occurs at the
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FIG. 3.8: Diagram of Compass Calibration. Calibration of the system was accomplished by
use of a surveyed reference mirror.

center of the target cell.

3.4 Electron Spectrometer

The electron arm consists of a large non-focusing dipolenag(ralled BigBite)
and a set of detectors. The set of detectors consists of itinuégle wire drift chambers,

a segmented, two-layer electromagnetic calorimeter (sting of a pre-shower and a
shower counter), and a thin scintillator plane (Fig. 3.10)

The spectrometer magnet is called BigBite [73] because it Hagga momentum
and spatial acceptance. For the configuration used for E32i0e average acceptance
was 76 msr over the 40 cm length of the target, with an eleatromentum acceptance
of 0.6-1.8 GeV¢. The field integral was approximately 1ri. Even with the larger
momentum acceptance, a momentum resolutio%i ef 1% was achieved.

The tracking detector consists of three separate horikzdnif& chambers spaced

approximately 35 cm apart. The drift chambers are the firsbkéetectors after the
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FIG. 3.9: Results of Compass MeasurementResults of the compass measurement show a
variation of 0.6 along the length of the target cett200 mm).

magnet. The maximum drift distance was 5 mm, which allow$ hage capability. The
drift chambers have the highest spatial resolutizi (xm) of the detectors used in this
experiment. Tracking information was derived primarilyrfr these drift chambers, which
operate in a virtually field-free region.

The trigger was formed by using a 600 MeV threshold for thermaleter signal.
This high threshold lead to an acceptable nominal trigger &2 kHz. The calorimeter
was split into two planes, labeled the pre-shower and thevehoThe pre-shower con-
sisted of 54 blocks of 348.5 cm? blocks of lead glass, arranged in two columns and 27
rows (Fig. 3.11). The shower was made of 189 block8.bfx 8.5 cm? blocks of lead
glass. The sum of photo-multiplier tube (PMT) signals in tadorimeter was used to
form the trigger.

The timing plane was made of 13 plastic scintillator panetsning a plane20 x
64 cm?. These were used as high precision timing detectors (résolaf 300ps), and

were operated with lower threshold. To prevent being ovetmid by high rates, the



43

Calorimeter

Drift Chambers

:::::

Scintillator

FIG. 3.10: BigBite Schematic. Schematic of the detector package used to detect quasicelas
electrons from E02-013.

paddles were protected from direct view of the target byipathem behind the pre-
shower.

Knowledge of the position of the detector was crucial for @ggr reconstruction of
the scattering angle. In addition to the survey performethieyJefferson Lab alignment

group, a survey was performed by the collaboration [74].

3.4.1 BigBite Magnet

Researchers at NIKHEF built a large non-focusing dipole reagmserve as a large
momentum and angular acceptance spectrometer, BigBite [13. magnet was built
to take advantage of the full thickness of storage cell tartjeat were typically 40 cm
long. This non-focusing design serves as a compromise beathigh-resolution focusing
dipole spectrometers, which choose resolution over aapoept and non-magnetic spec-

trometers, which have resolutions no better than 10% fatmles of energy less than 1
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FIG. 3.11: BigBite Calorimeter Configuration. The calorimeter consists of a pre-shower, a
thin scintillator trigger plane, and a lead glass showeoraaleter.
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FIG. 3.12: Wire Plane Orientation for MWDCs. Wire plane orientation with respect to the
detector coordinate axes.

GeV. The magnet was designed to have an acceptaneé(aim along the beamline for
electrons scattered perpendicular to the symmetry platreedbrget.

The magnet is a dipole with a gap of 25 cm. The entrance facerggepdicular to
the central trajectory, the exit face has a pole face rotaifé° [73]. This created a more
uniform dispersion across the acceptance, by having arléiedd integral for particles

entering at the bottom of the acceptance.

3.4.2 Multiple Wire Drift Chambers

In order to aid 2-D track reconstruction in each chamber,wiire chambers had
three types of wire orientations: X, U, V. The X wires are flatdo .., axis; V and U
are+30° to theyy.; axis, as seenin Fig 3.12.

Each plane consisted of alternating field wires and senseswibretween cathode
planes. Sense wires were separated 1 cm from each otheeramdéag. 3.13. The field

wires were located between the sense wires with the same baong between field
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FIG. 3.13:In-Plane Configuration. Wire configuration for a single plane in the multiple wire
drift chambers; the field wires and the cathode plane weredtedhe same potential.

wires. Therefore, there was a spacing of 0.5 cm between amwirves. This configura-

tion was chosen to provide a symmetric field around the seimes.wlhe chambers are
filled with a 50/50 argon/ethane mixture and are held at aspresslightly greater than
atmospheric pressure.

When a charged patrticle enters the chamber, it ionizes thengdsare along its
path. The ions then drift towards the grounded sense wiras.sbmewhat rotationally
symmetric field makes the drift time insensitive to the di@tof the ionized particle, so
a drift time can be converted directly to the track minimurstaince from the wires.

This experiment required the detection of electrons, batwire chambers were
insensitive to type of charged particle detected. Paritigatification is acheived through

a combination of electron optics (Sec. 3.4.3) and calomyn@&ec. 3.4.4).

3.4.3 Electron Optics

The non-focusing dipole magnet was used to determine theemtum of incoming
charged particles. In order to properly determine the beratd the magnetic field, the
location of the electron interaction point in the target tralso be determined. Both the

momentum and the location can then be determined from tlok trdormation in the
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FIG. 3.14:Pre-shower Particle Identification. The energy deposited in the pre-shower allows
for a clean separation of electrons and negative pions uhehown at 450 channels was used to
identify electron events.

multiple wire drift chambers.

3.4.4 Calorimetry

The optics information can determine the charge/momenétio of the particle. To
properly identify the particle, a lead glass array is useddtermine the energy of the
particle. Particles entering the lead glass blocks prodmoglectromagnetic shower. The
Cherenkov light from this shower was collected from all blw@nd the sum of these
amplitudes is approximately linear with the energy of theipke. The combination of
the shower and pre-shower gives reconstructed energy wétsodution ofoz/; ~ 10%.
Information from the pre-shower alone is sufficient to adgsgly separate electron and
pion events, as depicted Fig. 3.14.

The signals from individual shower blocks can be used instéahe summed sig-
nals. When this information is combined with the known tatgeation, a rough volume

constraining possible tracks is determined. This resttiice possible locations of the



48

track through the drift chambers by a factor of ten, incregghe speed of the search

algorithm [67].

3.4.5 Scintillator

A set of 13 thin scintillator paddles were located betweenghower and the pre-
shower. They provided the timing information for the eleatarm. The paddles have
a photomultiplier tube on each end. The timing signal hadsalution of about 300 ps.
Association with a track in the drift chambers allows theorestruction of the time of the
electron scattering in the target, and therefore the dinike tand path of the electron. This
timing information was also used in coincidence with thetreguarm timing information

to calculate the time-of-flight for the neutron.

3.5 Neutron Detection

Neutrons were identified in E02-013 by first detecting basydhiming information
separated particles that did not originate from the targah those that did. Furthermore,
this timing information was used to determine the initialmenmtum of particles that did
originate from the target. Finally, charge identificati@parated neutrons from protons.

Particles were detected in a wall of scintillating materizhyers of dense material
(lead and iron) increase the probability of an interactionldoth charged and neutral
particles. The resulting shower of charged particles pledithe signal for an interac-
tion. A cluster of signals from the scintillator was used &igfmine the location of the
interaction.

Two thin layers of scintillator before the conversion lag/provided charge informa-
tion. These veto layers would fire for a charged patrticle,tbate would be no signal

from an uncharged particle.
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The neutron detector was designed to match the BigBite acuemtavhile provid-
ing good time-of-flight information for the high velocity agons. In addition, it was
designed to suppress background and to operate with a higl{chae to the polarized

target’s high luminosity).

3.5.1 Hadron Time of Flight Spectrometer

The design of the hadron detector was based on two main @asimhs: precise
determination of the particle momentum and an acceptantehing that of BigBite. The
former was acheived through a combination of precise tinmfgrmation ¢t < 0.3 ns)
and a long flight path. The latter was matched by making thé&roeualetector very large.

Momentum resolution, path length, and timing resolutionratated as follows:

B me3? 1
ool [ o

wheredp is the momentum resolutionjs the speed of lighty: is the mass of the patrticle,

¢ is the path length, and is the velocity of the particle as a fraction of the speeddgtiti
B = {/(ct). For a given particle velocity and time resolution, a lonflight path results
in a finer momentum resolution.

The selected path length is limited by the second designt@ns matching the
BigBite spectrometer. Practical considerations for the trangon of the detector limit
the size of the detector to roughly this size. The final dinmrsof4.2 x 2.0 x 6.2 m?
(width x depthx height)—an active aresl.27 m?>—allowed the neutron detector to be
placeds m from the target and still subtend neatl§0 msr. This path length, combined
with the 300 ps timing resolution provided a momentum retsahuof 6p = 200 MeV /¢
for the highest)? point (Q® = 3.5 GeV?, 3 = 0.95.)

The neutron detector contained two thin veto planes foltbiaethe neutron-detector
planes: seven planes of converter material/scintillefay.(3.15 and Fig. 3.16). The ac-

tive region of the neutron detectors are 5 or 10 cm thick 8leitdr bars read out on both



50
sides, providing a horizontal position as well as precisgng information. The seg-
mentation of the neutron detector planes permits a coatsenti@ation of the neutron’s
vertical position. The trigger was formed by summing rightedt PMT signals across a
group of bars. These groups are shown by bars of the sameicdlmy. 3.15.

The different kinematic settings required the detector @éonibved several times.
To minimize downtime, shielding and electronics were lawal on the detector. This
allowed the entire structure of detector, electronics, stmdlding to be moved within 2

hours [75].

3.5.2 Charged Particle Veto

Due to the large number of protons emerging from the targetial attention was
paid to the design and implementation of the veto counteezhBeto plane was com-
posed of independent left-and-right scintillators read @u one end, with a total of
48 x 2 = 96 detectors per plane. This left-right segmentation sereechinimize the
counting rate on the phototubes. To further reduce the shtelding was placed in front
of the veto counters. The thickness of the lead shieldingapéisnized by Monte Carlo
simulations. The use of sheilding may have contributed godbnversion of neutrons
to protons (and protons to neutrons). This possibly wasiated for by comparing the

ratio of uncharged to charged events from different targetkis detailed in Sec. 5.6.
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FIG. 3.15:Diagram of Neutron Detector. The neutron detector consisted of layers of converting
material and scintillating material. The first two layersnied the veto detector. The different
colored bars correspond to different trigger sums.



52

FIG. 3.16:Drawing of Neutron Detector. Design drawing of the neutron detector showing the
layers of scintillating material and cassette structure.



CHAPTER 4

Target

4.1 3He as an Effective Polarized Neutron Target

This experiment required polarized electrons scattermghfpolarized neutrons.
The ideal target for this experiment is a dense gas of freeorexi However, this is im-
practical for several reasons, primary among them is thd Bfegsime of the free neutron
(885.7+ 0.8 s [76]). In order to achieve the luminosity required tdkea precise mea-
surement of the asymmetry, neutrons in light nuclei are aseahn effective stand-in for
free neutrons. For recoil polarimetry measurements, wi@ghire a neutron polarimeter,
deuterium is often used. Thide nucleus is ideal for measurements using a polarized
target.

A decomposition of théHe ground state wave function yields a small contribution
from the P-wave, approximately 10%-wave contribution, and the rest Kywave [77].

In the space-symmetri§-wave of the polarizedHe nucleus, the protons are in a spin-
singlet state due to the Pauli exclusion principle. Theeefeheir magnetic moments
cancel out, and the magnetic moment oftHe nucleus is nearly equal to the free neutron

magnetic moment. The contribution of tiewave is small enough to essentially ignore.

53
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The effect of theS’” and D states can be handled in the analysis of the experiment (see
Chapter 5). For E02-013, we restricted the initial momentdrthe detected neutron,
preferentially selecting th&-wave, which is 100% polarized.

Polarized®He targets have been used as effective polarized neutigetsasince the
experiments at SLAC (E142 [78] and E154 [79]). At Jeffersab)the*He polarized
target has been used successfully in six experiments prie@2-013 [80, 81, 82, 83, 84].
Since E02-013 ended, the polarized target has been useeviem snore experiments in
Hall A that ran in 2009 [85, 86, 87, 88, 89, 90, 91].

In general, there are two methods of polarizithte which are widely used: direct
optical pumping of théHe meta-stable state and optical pumping of an alkali vapichy

spin-exchanges with thi#He nucleus.

4.1.1 Spin-Exchange Optical Pumping

The term spin-exchange optical pumping (SEOP) refers taastep process. First
an alkali metal atom is optically pumped, and quickly padad. Second, that polarized

alkali metal atom spin-exchanges with a noble gas nucleu(fr experimentiHe).

Optical Pumping

Optical pumping is the polarization of an alkali metal byqitey the metal in a mag-
netic field and exciting it with circularly polarized lighDue to the angular momentum
selection rules, the alkali metal quickly becomes polatiZeor this experiment, rubidium
is optically pumped. Other alkali metals can be used, butdiuin has several practical
benefits (lower vapor temperature and larger Zeeman spljttivhich makes it the pre-
ferred alkali metal for the Jefferson Lab target.

Ignoring the spin of the Rb nucleus, the Rb atom can be excitad thesS, ,,

m = —1/2 state to theb P, », m = 1/2 by right circularly polarized laser light of the
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correct wavelength (795 nm), as in Fig. 4.1. The atom can mumtaneously decay,
emitting a photon which may reduce the optical pumping &fficy. At Jefferson Lab, a
small amount of nitrogen gas is added to the sample. As andiatmolecule, nitrogen has
vibrational and rotational degrees of freedom to absorbgsn@nd enables radiationless
decay of the atoms. Using measured quenching cross se¢@i2jysthe radiationless
guenching time of the excited state is estimated to be 1.@Inish is much shorter than
the radiative decay time of 28 ns. Therefore only 5% of exc®ms emit a photon [93].
Due to collisional mixing of Rb atoms, the atom can decay toegithe5.5; j», m = —1/2
orm = 1/2. By using only right circularly polarized light, the atom cent be excited
from the5S, ,, m = 1/2 state. By continually pumping with right circularly polagid
light, the alkali sample quickly becomes highly polarized.

However, this picture is muddied by the hyper-fine inteactiue to the non-zero
nuclear spin of the Rb atom. The hyper-fine splitting is lathan the Zeeman splitting
at the holding fields used at Jefferson Lab @5 G). Therefore, the electrons are in
eigenstates of the total spin= 7+ S, wherel is the nuclear spini(= 5/2 for ®*Rb) and
S is the electron spin. As in the simplér= 0 example, there is a staté’ (= 3, mp =
3) from which the electrons cannot be excited, so the Rb becauiekly polarized,

although they must go through more excitation cycles bdfemmming polarized [93].

Spin-Exchange

In rubidium optical pumping experiments usitige as a buffer gas (similar to Jef-
ferson Lab’s use of nitrogen), it was discovered that Rb “tel would spin-exchange,
resulting in a polarization of théHe gas [94]. Spin-exchange occurs through a hyperfine

interaction characterized by the magnetic dipole intévact

Hgp = aKHe . SR (4.1)



56

Collisional Mixing

AP
SPUZﬁ/—

795 nm

o+ B Field

(25G)

1 Zeeman Splitting
581/2 ; ;

M=-1/2 M=+1/2
FIG. 4.1: Optical Pumping. Simplified description of optical pumping, neglecting rear spin.

whereK"e is the3He nuclear spin an®" is the Rb electron spin. The coupling func-
tion, « is a function of the internuclear separation of the Rb-He. pHire interaction is

dominated by the Fermi-contact interaction:

_ 16_7TMBMK
3 K

a(R) [W(R)” (4.2)

where s is the Bohr magnetony is the magnetic moment of the noble-gas nu-
cleus and)(R) is the wave function of the alkali-metal valence electroaleated at the
position of the noble-gas nucleus [95]. This wave functiociudes an enhancement to
the alkali-metal valence electron wave function in the eneg of noble gases. This en-
hancement comes from the large kinetic energy acquireddgltttron as it scatters in
the core potential of the noble gas atom [96, 97].

The spin-exchange foiHe is dominated by binary collisions described above. For
heavier noble gases, the spin-exchange has a large cdioimifbtom van der Waals

molecules. This can be suppressed by a large magnetic fitdd/ (faundred Gauss) [9].
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Spin Relaxation

In addition to spin-exchange interactions, which polatize noble gas, there are
interactions which can limit the total polarization.

The first is an anisotropic hyperfine interaction. The igoittdwyperfine interaction
between the alkali metal electron and the noble gas nuctansfers the polarization
to the noble gas. The anisotropic magnetic-dipole couptialgrizes in the opposite
direction to compensate for the excess angular momentum [9]

Spin-relaxation can also come from the spin-rotation axtgon which transfers po-
larization from the electron spin to the translation degm@dreedom. For the light noble
gas nuclei this interaction is primarily due to the alkaktad core [9].

Spin-relaxation in the alkali metal can also occur throulgh ¢ollisions of spin-
polarized alkali-metal atoms. The Rb-Rb spin destructiorscreection is very large

(1.5 x 10717 cm?).

4.1.2 Hybrid Spin Exchange Optical Pumping

This experiment was the first to take advantage of the grestegsforward in SEOP
in recent years: hybrid alkali pumping [13, 98].

The polarized targets at Jefferson Lab have relied on threesfwhange between po-
larized Rb andHe. However, this is primarily due to the commercial avdllgbof high
powered lasers tuned to the BE,, — 5P,/ D, transition (795nm). In fact, greater
spin-exchange photon efficiencies can be achieved wittr atkali-metals. Photon effi-
ciency,n,, is defined to be the number of polarized nuclei produced petgm absorbed
in the vapor. A near 100% efficiency is predicted from ‘N#e [9]. Experimental mea-
surements of KXHe demonstrate a 10 times improvement in spin-exchangéeeitiz for
K-3He over RbiHe at temperatures ranging from 400 to 460 K [10], see Fig. St&ted

in other terms, approximately 50 photons are required tdyre a single polarizetHe
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FIG. 4.2: Spin-Exchange Efficiencies foHe-Rb and *He-K. Over a range in temperatures,
the spin efficiency ofHe-K is an order of magnitude larger than féte-Rb. Figure from [10].
nucleus when using RbHe SEOP, but only 4 photons are required fotHe.

However, there is still no source of commercially availdbkers of sufficient power
and narrow linewidth to polarize K for an electron target. Athod of hybrid polarization
may be adopted to achieve high polarizations [98]. The nteilvolves a mixture of Rb
and K vapors. The spin-exchange cross section between thalkali-metals is very
large, and the spin-exchange rate is over 200 times fasiarttte typical spin-relaxation
rates [11]. Therefore, the K vapor has an electron polaomagqual to the Rb vapor
electron polarization.

The rate of helium polarization is:

d P1e
dt

= Ysu(Pa — Pue) — Ve Pite, (4.3)

wherevysg = kk[K] + krp[Rb], kx andkg,, are the spin-exchange constant, is the
alkali polarization (identical for K and Rb) angk, is the spin lost byHe through relax-
ation.

The effective spin relaxation rate for Rb is modified to ac¢danthe presence of
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Fi{b = FRb + DFK -+ qKR[K], (44)

wherel g, is the spin-relaxation rate for Rl is the ratio of the alkali metal densities,
D = [K]/[Rb], 'k is the spin-relaxation rate for K, ang » is the K-Rb loss rate (taken
to be small for most conditions of interest).

Spin-exchange efficiencygg, is the ratio of the rate at which angular momentum is
transferred to théHe, and under ideal conditiong, = 7ss. The typical expression for

spin-exchange efficiency can be modified to include the effdtaving two alkali-metals,

S YSE [3He] _ (ka + Dk’K)PHe]
[Rb]T:,  T'ry + DI'k + gxr[K]

The spin-exchange constants have been meastired, (6.1 & 0.4) x 1072 cm®/s

(4.5)

andkgy, = (6.84+0.2) x 1072° cm?/s [99]. The relative closeness of these values indicates
that improved spin-exchange efficiency is not due to an erdraent of the spin-exchange

rate, but rather a decrease in the spin-relaxation rate.

4.2 Magnetic Field

4.2.1 Field Requirements

The magnetic field for this experiment was constrained bersg\considerations.
First, the strength of the field must be large enough to ssfuds polarize the’He and
measure that polarization. On the other hand, the totalifisggral must be small enough
that the incident electron beam is not deflected from the shamp. For E02-013, a 25G
holding field was used.

Finally, the field must be sufficiently uniform. The unifotyis required to mini-
mize two depolarization effects. The first is the relaxatiome due to field inhomogene-

ity. This effect is somewhat mitigated by the constant @tpumping. Because of the
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constant optical pumping, this effect manifests itselhi@ torm of a limit on polarization.
From previous measurements, it was determined that not effes seen if the field gra-
dient was kept below 100 mG/cm. The hybrid-alkali mixturepded a much faster rate
of polarization, making this experiment less sensitivenis effect than earlier Jefferson
Lab polarized’He experiments.

There is also a prompt effect due to NMR measurements. Thatsige of this effect
is a depolarization evident in back-to-back measureménisng an NMR measurement,
the nuclear spins oHe change direction, and are then returned through a pré&nesm
as Adiabatic Fast-Passage. Field gradients of 20mG/cm rattupe depolarizations of

approximately 1% per measurement.

4.2.2 Magnetic Field Box

The distinguishing feature of previotisle targets was a set of Helmholtz coils. For
this experiment, the coils were not present. In their plaas alarge iron box. This box
served as a shield for the fringe fields coming from BigBite. boe had 4 sets of 2 coils
(8 total) wrapped around the sides of the iron box. They weranged in such a way
to produce a field in the iron that resulted in a uniform fieldoas the target region. An

overhead schematic is presented in Fig. 4.3

4.2.3 Induction Enhanced by Iron Core

A major concern in using coils wrapped around an iron box teegate the magnetic
field used to polarize the target was the possibility of a leearity in the field ramp used
to produce the spin flip required to measure the polarizatiomas assumed that the non-
linearity would be due to hysteresis in the iron. Careful meaments of the magnetic
field using a Hall probe were made to investigate this po#sibiThe tests showed a

linear “up sweep,” and a “down sweep” with minor variationsn linearity. In short, no
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FIG. 4.3: Schematic of Target Holding Field.Overhead view of target box showing placement
of coils and the location of the resulting uniform field.

hysteresis effects were observed.

When the linearity was checked, it was assumed that the dotnaaatribution to
any non-linearity would be from the hysteresis. The field s&pped, a measurement
was made, and the field was stepped again. This would be suffit@ detect hysteresis
effects, but not time dependent effects. In the course afingnthe experiment, a time
dependent effect was discovered.

In order to perform an AFP NMR measurement (see section}4téd field must be
swept from a low to high field value and back again. In otherdspduring the AFP NMR
measurement, the field is time dependent. A pronounced lagpeaoticed between the
voltage sent to the coils and the field produced. Invesbgatof this effect indicate that
is due to the inductance of the coils. This inductance is lsfomlopen core coils, but

becomes large when iron is introduced into the coils, asesése for E02-013.

1The work in this section was performed by the author and JgiSif the University of Virginia,
jsTuq@virginia.edu
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The control voltage for the field is determined by the simplationship:
B(t) =aV(t)+ (4.6)

where B = |B| is the magnitude of the magnetic field, amdind 3 are constants to be
determined experimentally, from exactly the tests thatewesed to check for linearity.
When the field sweep for the magnet box was calibrated, a \arifiom the expected
value was observed. It became impossible to reconcile thdtsefrom the earlier tests
with the observations of the time of the sweep and the maxirineich
In Eq. 4.6, the standard DC Ohm'’s law is assumed, as the charegplied voltage

is considered slow enough to allow this approximation. Qfrse, the complete form of
the voltage for an LR series circuit is given by:

dI
V(t) = IR+ LS (4.7)

Again, in previous experiments it was assumed that the ahancurrent was sufficiently
slow to ignore the inductive term.

For this experiment the basic set-up was modified by the iadduf the iron in the
circuit. In that case, the DC magnetic permeability of tlumiis 2-3 orders of magnitude
larger than that of air. This is a boost to the inductance. rékeof change of the current
is still small, but the product of the rate of change and tloeiatance is now significant.

It is useful to define a time constant,such that:

V() dI

We can solve this equation by treating the current as theygtaaf two functions:
I(t) = f{)g(t) (4.9)
I' = fd+/fyg (4.10)
The equation can then be written as:

—=1+77+7= (4.11)
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Sinceg andg’ are arbitrary functions, and will be multiplied by anothenétion, we can
arbitrarily fix the relationship.

/

T% 11=0 (4.12)

The result of this choice is a decaying exponential (what weld/ naively expect from

the solution in the, = 0 case).

dg(t) g
- = (4.13)
g(t) = g(0)e~ (4.14)
What is left is to solve forf and f’:
fgLR = rf?/ (4.15)
Vo
1= R (4.16)
df(w) — V(u)
du  g(u)Rt (4.17)
1 [V
flu) = T o(0) du (4.18)
1 u
With these functions determined, the current can be written
I(t) = f(t)g(t) (4.20)
— g(0)eE— V(u)erd 4.21
= 00 s [ Viwetan (4.21)
1 t u—t
= - V(u)e = du (4.22)

In our “current sweep” the resistance is assumed to be aun#te power supply is
actually sweeping the voltage. The voltage sweep is synereatd triangular—ranging

from time —7" to +7°, with a maximum at = 0.



Vi=W
Vo=Vo+Va(l+
Va=Vo+Va(l—

Vi=W

t<-T

1) T <t<0

1) 0<t<+T
t>+T

Similarly, the current is a continuous piecewise function:

For the first section:

1
Rt

L) = %U;v

t
{/ Vl(u)euf;tdu
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(4.23)

(4.24)

(4.25)

(4.26)

(4.27)
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For the second section:

L(t) = %{/_T%evdu—l—/_;(vo—i—VA(1+%)>eurtdu}

o0

1 t VAT —T—t
= }—%[%—FVA(l%—T”—ﬁ[l—e . } (4.28)

For the third section:

I3(t) = %[/_T%e“rtdu+/_(;(%+VA(1+%))e“Ttdu

[e.9]

1 t VAT T 1=t ot Tt
_ }_%[VO+VA<1—f)}+ﬁ[eT 2%t te } (4.29)

Overall, the current can be written in terms of the DC soluand a dynamic term.
The dynamic term can be written proportional to the “lag tifiuection [(¢):

V(t) VATZ

I(t)= —=+ —I(t 4.30
(1) = =+ Z=l(0) (4.30)
This “lag time” function is piecewise continuous:
0 t<-T
—l4e —T<t<0
I(t) = (4.31)
1—27+e -  0<t<4T
e — 2 r fe t>+T

\

Results for different values of have been plotted in Fig. 4.4.

In principle, the corrections to the NMR sweep could be dakewd by measuring or
calculatingV, L, andR. In addition, a plot of the magnetic field versus time during a
sweep could be made, and then fit with this function. Howetlieme may be difficulty
in fitting to a discontinuous function. Another way existslasithe method used for this
experiment.

For this method, we first investigate the effect of a steptiondn the voltage on the

current. We use the voltage step function:

V(t) = - (4.32)
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FIG. 4.4: Decay Constant.A stable magnetic field is disconnected from a current, tealtiag
decay is used as a measurement of the dafif.

The current is therefore:

L=I(t<0) = % /:V{)euftdu (4.33)
L=It>0) = % :Voeuftdu + % /Ot (Vo + Va) €7 du (4.34)

This gives:
I = % (4.35)
L = % ;VA . %e—i (4.36)

Similarly to the ramping case, this can be written in terma &fC term and a term
containing a “lag time”:
V() [ Va s

1(t) = ==+ et (4.37)

So, the deviation from an ideal step function is paramedrizethis “lag time” func-

tion.

I(t) = (4.38)

In the laboratory, this results in a simple manner of meaguti A power supply can

hold the current at a nominal level (correspondindgh While measuring the magnetic
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FIG. 4.5: Magnetic Lag Decay Constant.A stable magnetic field is disconnected from a cur-
rent, the resulting decay is used as a measurement of thdraf.

field, the power supply can be switched off (correspondingridnstantaneoug, =

—V5). In such a case, the equation for the current (and correlspgmagnetic field) is:

I(t) = %ei, (4.39)

which is much easier to reliably fit. An example of such a fitig. &.5.

This time lag in the magnetic field due to the enhanced indadtas no effect on the
target polarization numbers presented. The lag resultdine ahaping effect, but it will
be the same for both the NMR measurements used to extracaazablon constant and
the NMR measurements used to monitor the polarization. ysmbf NMR signals used
demonstrate that this effect is consistent. This line sigpifect will have an overall
effect on the error due to the fit for each NMR measurement. é¥ew this uncertainty
is small compared to the uncertainty due to the calibratmmstant (roughly 0.6% vs.

roughly 4.5%).
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4.3 Polarized Laser Light

Optical pumping requires a source of polarized light of therect wavelength. In
Hall A, this light is provided by lasers of 795rMhese laser diodes are coupled to optical
fibers. The light emerges from these fibers unpolarized: imxéune of S and P polariza-
tion states. After passing through a collimating lens, tgktlhits a beam splitting cube.
P-wave light passes through the cube, S-wave light is reflie® to the path of the beam.
The S-wave light passes through a quarter-wave plate, msréfkected from a flat mirror,
and passes through the quarter-wave plate again. The of$udtse two passes is that the
light is now in the P-wave state and passes back through @ kelitter. At this point,
the light from the fiber has produced two beams of P-wave liftg#ich of these beams
pass though a quarter-wave plate, resulting in two beam&ailarly polarized light.
Both right- and left-circularly polarized light can polagizhe Rb, however, both beams
must be polarized with the same handedness to accumulaiezadlon. A schematic can
be seen in Fig.4.6.

In previous Hall A and SLAC experiments using a polariZete target, the laser
light was directly transferred from an array of lasers, tigtothe polarizing optics, to the
cell. This lead to experimental design constraints due ¢oréfguirement of a separate
building in the experimental hall. The separate structuas wequired for laser safety
considerations, and to shield lasers from ionizing raclati

This experiment used 75 m optical fibers to bring 150 W of laght to the target (by
using 5 fibers, each transporting 30 W). The light was brougtite polarizing optics near
the target through five optical fibers and a 5—1 combiner. Heeafi these high powered
fibers eliminated the need for a separate structure in therempntal hall, allowed lasers
to be operated outside the experimental hall, and will, éfttiure, allow for even more

flexible designs.

2FAP System purchased from Coherent, Inc. 5100 Patrick HBrive, Santa Clara, California 95054
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FIG. 4.6: Polarizing Optics. Schematic of optics set-up used to convert unpolarized ligh
right circularly polarized light to polarize Rb vapor

4.4 Target Oven

Once it became clear that the experiment would benefit fromgusybrid target
cells, the design for the target oven was modified. In a cell tises rubidium only for
spin-exchange, a temperature of 1ZQvas sufficient to achieve a desirable alkali vapor
density. In a cell that uses a mixture of rubidium and potassa temperature of at least
230°C was required to achieve a sufficient potassium vapor detwibenefit from its
addition to the cell.

There was a concern about using the materials similar taquswvens at high tem-
peratures, above about 2@ A metal oven would have reached the higher temperatures,
but was not considered due to possible effects on both thdirngpfield and the applied
RF field. The precision position requirements of both an ed&cscattering experiment

and nuclear polarimetry meant that if a ceramic was usedhoiilsl be machinable, and
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not something that was formed and later fired, since suchriakstéend to change shape
slightly in the firing process.

The final design was a mixture of a machinable glass sold uhderame Macor, and
a machinable glass mica. The two materials were chosen fferett parts of the oven
due to the relative strengths and weaknesses of the matehrabreas where precision
was a strict requirement (location of target ladder, lazabf oven with respect to the
support structure, and the NMR pickup coils) Macor was u3ée. glass mica is a brittle
material and flakes off under certain stresses. For the pttitie oven that did not require
such a high level of precision the machinable glass mica sad to save both weight

and costs.

4.5 Target Cell

The heart of the target system is the target cell. The tamgiéicontains the’He
gas, the alkali mixture and the nitrogen buffer gas. Theetaegll has three sections: the
pumping chamber where the polarized laser light interadts thve alkali metals, and the
polarized metal vapor spin-exchanges withtHe gas; the transfer tube, which separates
the two main chambers and allows the pumping chamber to lskdted much higher
temperature than the target chamber; and the target chambere the electron beam
interacts with the polarizetHe gas. A photograph of one of the cells, Anna, is included
as Fig. 4.7.

The entire target cell is made of handblown glass. The cdillezl with roughly
8 atm at room temperature &fle gas, a small quantity of Ngas, and the alkali metal

mixture, and sealed.
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FIG. 4.7: Target Cell.The target cell has three sections: pumping chamber, gahdbe, and
target chamber.

4.5.1 Construction of Cell

The cells are constructed of GE180 aluminosilicate glass. H92-013, a longer
transfer tube was used to accommodate the target oven d&@signstyles of cells were
prepared for the experiment. The first had a pumping chanmiglas in volume to the
target cells used in previous polarizéide experiments. The second style had a much
larger pumping chamber (approximately three times largéurmae), but a similar sized
transfer tube and target chamber. The larger pumping chavabgme was used in an
attempt to make the cells less sensitive to depolarizatientd ionization ofHe by the
electron beam.

The cells were prepared in the Princeton University glasgiolg shop by Mike
Souza, who did the pioneering work for the SLAC experimemid bas been involved

with every polarizedHe experiment performed at Jefferson Lab.
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FIG. 4.8:Location of Thickness MeasurementsBlack squares show the approximate location
of cell thickness measurements.

4.5.2 Cell Thicknesses

The cells are prepared with tight tolerances, but due to #tera of glassblowing,
variations can occur. Since a charged particle travelinguh a material such as glass
may lose energy due to processes such as Bremsstralungamadagre must be taken
to accurately measure the thickness of the glass cell sahitsaéffect can be properly
accounted.

In order to aid in the interpretation of physics data, cell \Wacknesses for all cells
used are included as Tables 4.1-4.5. The approximate d¢ocatithe measurements can

be seen in Figure 4.8.

4.5.3 Filling the Cell

Once the cells were prepared by the glassblower, they weappesh to either the
College of William & Mary or the University of Virginia to be fied with *He, N,, and

K-Rb mixture.
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Right/Left | From

Distance (cm) Thickness (mm)

n/a Upstream 0 0.131
Left Upstream 3.0 1.42
13.2 1.59
Neutron 19.2 1.59
Side Downstream 12 1.62
2.7 1.66
Average 1.57
Right Upstream 2.7 1.74
14 1.77
Electron | Downstream 19.5 1.70
Side 11 1.66
3.3 1.58
Average 1.69
n/a Downstream O 0.127

TABLE 4.1: Cell Wall Thicknesses — Anna. This cell was used in the target commissioning
studies, before beam was turned on.

Right/Left | From

Distance (cm) Thickness (mm)

n/a Upstream 0 0.151
Left Upstream 3.1 1.60
12.2 1.63
Neutron 20.9 1.60
Side Downstream 12.5 1.64
3.8 1.47
Average 1.59
Right Upstream 2.2 1.52
12 1.71
Electon Downstream 19.3 1.77
Side 12 1.76
3.0 1.62
Average 1.68
n/a Downstream O 0.134

TABLE 4.2: Cell Wall Thicknesses — Barbara. This cell was used for the first data point
Q% = 1.4 GeVZ.
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| Right/Left | From Distance (cm) Thickness (mm)
n/a Upstream 0 0.121
Left Upstream 3.5 1.65

12.11 1.71
Neutron 19.3 1.72
Side Downstream 12.2 1.62
4.2 1.54
Average 1.65
Right Upstream 4.0 1.49
11.3 1.60
Electron | Downstream 19.6 1.56
Side 134 1.66
3.7 1.61
Average 1.58
n/a Downstream O 0.152

TABLE 4.3: Cell Wall Thicknesses — Dolly. This cell was used for the second data point
Q% = 2.5 GeVZ.

| Right/Left | From Distance (cm) Thickness (mm)
n/a Upstream 0 0.126
Left Upstream 3.6 1.64

11 1.60

Neutron 20 1.60
Side 27.3 1.62
Upstream 3.0 1.59

Average 1.61

Right Upstream 3.8 1.55
Downstream 27.0 1.64

Electron 19.5 1.65
Side 12.3 1.64
3.9 1.59

Average 1.61

n/a Downstream O 0.138

TABLE 4.4: Cell Wall Thicknesses — Edna.This cell was used for the third and fourth data
points@Q? = 1.7 GeV? andQ? = 3.5 GeV?



Right/Left | From

Distance (cm) Thickness (mm)

n/a Upstream 0 0.128
Left Upstream 2.8 0.708
115 0.815
Neutron 18.7 0.852
Side Upstream 13.2 0.859
3.5 0.944
Average 0.836
Right Upstream 4.1 1.10
12.2 0.84
Electron 194 0.812
Side Downstream 10.9 0.784
4.3 0.849
Average 0.877
n/a Downstream O 0.122

TABLE 4.5: Reference Cell Wall ThicknessesThis cell was used to measure background from
glass and nitrogen in the cell.

Left Right Upstream Downstream
Cell Side (mm)| Side (mm)| Window (mm) | Window (mm)
Anna 1.568 1.690 0.131 0.127
Barbara 1.568 1.690 0.151 0.134
Dolly 1.648 1.584 0.121 0.152
Edna 1.610 1.610 0.126 0.138
Reference 0.836 0.877 0.128 0.122

TABLE 4.6: Summary of Cell Glass ThicknessesSummary table of the thicknesses for all
cells used in experiment 02-013, where left is the side slasethe neutron detector and right is
the side closest to the BigBite spectrometer.
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FIG. 4.9: Target Cell String. The target cell is shipped as part of a string that allows #iet@
be connected to a vacuum pump.

The K-Rb mixtures for all cells used in E02-013 were prepatdteUniversity of
Virginia. A nominal K:Rb ratio of 20:1 in the vapor state at 2B5vas used for every cell
except Edna, which had a 5:1 ratio. Once mixed, this alloyseated in a glass ampule.

The cell is shipped as a string of cell, connecting tube, atwit. At the end of the
connecting tube, a metal to glass connection allows thestatlg to be connected to a
combination vacuum pump and gas handling system (see F3g. Ypon arrival at the
university laboratory, the alkali mixture is added to theoreand the cell is connected
to a vacuum pump and evacuated. To remove any surface imegujpiarticularly water)
an oven is constructed around the cell to bake out the surfRoetions of the string
which are not contained within the oven are heated at regutarvals by means of an
oxygen-enriched methane flame, kept at a temperature fawkié melting point of the
glass.

Prior to the cell fill, the alkali metal mixture is introducéalthe pumping chamber
by heating the metal and “chasing” the vapor into the pumgimgmber. It is possible
that some variation in the final alkali ratio is the resultiobtprocess.

The cells are filled by first measuring the internal volumehaf tell and string by

using a known volume of nitrogen at a known temperature. Yetem is evacuated, and
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then the nitrogen buffer gas is added to the system. Thesd#flien externally cooled
using liquid*He and the’He gas is added. Cooling is required to keep the pressure of
the gas in the cell below atmospheric pressure so that thearebe separated from the

string and sealed. Details of this procedure can be found in[R&0].

4.6 Polarimetry

In previous experiments using a polarizéte target, two methods of measuring the
polarization were used. The first is the straightforwardhodtof adiabatic fast passage
nuclear magnetic resonance (AFP NMR or just NMR), where tiessgf all of the*He
are flipped, creating EMF in a nearby coil that is directlyated to the polarization. The
second is electron paramagnetic resonance (EPR), wherdktlleadoms are used as
sensitive magnetometers. They are sensitive enough tbgidlarization is measured
through the shift in the magnetic field around the atoms dueléopolarization.

These were independent measurements in the past, with the $iduhal calibrated
to the known thermal polarization of water. For this expent) EPR, with its precise ab-
solute polarization measurement, was used to calibrate NMR straightforward NMR,
which is measured in the scattering chamber, was used asta-day check on the po-

larization.

4.6.1 Nuclear Magnetic Resonance

Throughout this document, the term NMR refers to a specifie tyf nuclear mag-
netic resonance. The specific type is nuclear magnetic aesenseen through adiabatic
fast passage (AFP). AFP is a method of reversing the spinslafiped®He gas. In sim-
ple terms, this spin reversal is performed by changing thgneic holding field while

applying an orthogonal RF (91 kHz) magnetic field. If this apaums performed slowly
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FIG. 4.10:Schematic of NMR System Diagram of the NMR system used for E02-013

enough, it will be an adiabatic change and the spins will geatirection. However, the
change must be fast enough that the spins do not have timé&io fEhis relatively fast
spin reversal produces an EMF in nearby pickup coils. ThiFEs8Awhat is commonly
referred to as our NMR signal.

A schematic of the NMR system can be seen in Fig. 4.10.

Adiabatic Fast Passage

A 3He nucleus in a static magnetic field can be described by #ssiclal equation
for a free magnetization in a magnetic field [101]. For suchegnetization, the magnetic
field exerts a torque:

dM

Here, the’He nucleus magnetic moment/( interacts with the static holding field/,.
~ is the gyromagnetic ratio.

The form of equation 4.40 indicates a rotation. It provesfulst® transform to
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rotating coordinates, with angular frequengy The time-derivative of a time dependent
vectorff(t) computed in the laboratory frame and its derivative catealan the rotating
frame (rotating with frequency) is:

dA  9A . .
%_WJFWXA' (4.41)
The motion of the magnetic moment in the rotating frame caoliiained by com-
bining 4.40 and 4.41:
OM

2 (a2 @
= =M (HO+;). (4.42)

This is similar to equation 4.40, provided th is replaced by an effective field, =
H, +d/~. The quantityd/~ can therefore be thought of as a fictitious field resultingifro
the rotation. Assuming thdf,, is constant with time, we can choose a frame in which the
effective field vanishesd = —yﬁo). In this frame the magnetic moment is fixed. Back
in the laboratory frame, the magnetic moment rotates welqdencyw, = —vH,, the
Larmor frequency of a magnetic moment in an applied figid

The unit vectork is defined such thati, = H,k. The total fieldd can be described
as the total of the static fieltlok = —(wo/)k and a fieldH, perpendicular taH, and
rotating with frequencyw. In the rotating frame, therefore, the effective field is now

written as:

i, = (Ho n %) b+ Hy. (4.43)

The magnitude ofi, is therefore:

2
w
<HO+;> +H12

=

H, = =-2 (4.44)
Y

where

a=—[(wo— w)? + w? | ua (4.45)
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In terms of these frequencies, the angle 0 < 7 betweenH, andH, is:

H1 w1
tanf = = 4.47
Hyo+ (w/7)  wo—w ( )

or, in terms of sine:

. w1 Hl
= —=— 4.48
sin . ( )
and cosine:
_ Hy+ ¢
cosh =N "W 015 (4.49)
a H,

Therefore, in the typical case éf; < H,, the effect of the rotating field on the magnetic
orientation is small unless the frequency of the rotatios close to the Larmor frequency
wp. Furthermore, in the typical case a rotating applied fieldas used, but rather a
linearly oscillating field, a linearly polarized fielH; cos wt can be considered to be the
superposition of two fields of magnitudé rotating in opposite directions with frequency
Ww.

This is the case for a statig,. If instead of a static field, the field varies slowly, the
angle of magnetization with respect to the holding field soal constant of the motion.
The condition that the holding field varies slowly enoughltovathe magnetization angle
to be constant is the adiabatic conditiofl| < |yH|, where|Q2| has units of frequency
and is the rate of change of the magnetic field.

A general description of the variation of time of vecﬁ%(t) Is:

—

— = QOx H+ 0 H (4.50)

The time variation of the effective field (where th& is varying linearly with time)

df, Hy H ,
5 = oo QFZHe + sin Qi(ﬁ x H,.) (4.51)

where7 is a unit vector orthogonal téf, and H,. Comparing this with the general

expression for the time derivative of the vector Eq. 4.50, gives the relation:

. H, H
Q:smeﬁ(::Hng

e
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So, in terms of the fields used in AFP, the adiabatic conditEmbe written as
YH?

Hy < =
0 sin @

(4.52)
At resonance (where the condition is strongest), the ati@bandition simplifies to:
Hy < yH?. (4.53)

It can be shown that if this condition is met, then the anglmagnetization with respect
to H, is a constant of the motion[101].

If the holding field starts below resonance with the osaiiigfield, then the effective
field is practically parallel to the holding field. As the hmid field changes and moves
through resonance, the magnetic momenttté will follow the effective field. By fol-
lowing the effective field the magnetic moment will eventyélecome anti-parallel to the
holding field. As the magnetic moment tfle passes through resonance, there will be a
magnetic moment equal to the initial value of thée magnetism, in the direction af

The change in the magnetic field must be slow enough to sadkiefpdiabatic con-
dition. However, the change must be faster than the relaxatmes7; and75, which
are longitudinal and transverse relaxation times. Henegitadinal and transverse are
with respect to the static holding field. The longitudindaxation time is the trend of the

magnetization to its equilibrium value:

=— , (4.54)

whereM, = xoH, is the equilibrium magnetization( is the magnetic susceptibility).
The transverse relaxation timg,, comes from the interaction of the spins with each
other. In other words, the description of the motion of thegnedic spins above is for
a free magnetic moment. The transverse relaxation timesafism the fact that these
moments are in an ensemble with other magnetic moments.rahgverse effect can be

written:
dM, M, dM, M,

dt Ty, dt T
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In practice, the sweep rate of 1.2 G/s is both faster thandlevant relaxation rate of
approximately2 x 103 G/s and slower than the adiabatic condition of approximnyatel

6 x 10° GIs.

NMR Signal

If the holding field starts far from resonance, then the migmeoment of the’'He
is parallel to the holding field (aH. is also parallel to the holding field). As the magnetic
field is swept through resonance, the magnetic moment felldwand ends up anti-
parallel to the holding field. As the holding field reacheoresce with the oscillating
field, there is a transverse magnetization equal in sizetotfignetization when the field
was held static. This will induce a voltage signélt), that can be measured in pickup

coils that are perpendicular to both the holding field andogwllating field [93]

b4 b8
S(t) ox My = M=% = M ! _, (4.55)
| H| V/(H(t) — Ho)* + H;

whereM is the component of the magnetic moment vector that is temssvo the static
holding field, andH., r is the component of the effective field transverse to thecstat
holding field.

In practice, this signal is modified by the magnetic flux tigiothe coils, the gain of
the electronics used to measure the signal, and the deriighg ¢He gas. Due to these
factors, the signal is a relative measurement. Absoluibredion is possible through the
use of a water cell [100]. However, for E02-013, calibratieas performed with electron
paramagnetic resonangesitu (see Sec. 4.6.2), so the factors that modify the signal were
constant. EPR calibration allows the use of NMR as a fairypde, robust measurement

that can quickly provide a relative measurement of the pa#ion.
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NMR Pickup

FIG. 4.11: Adjustable NMR Coils. For the first time in a Jefferson Lab polarizéide experi-
ment, the adjustablitity of the coils was part of the targetign.

NMR Background

Background signals in Jefferson Lab NMR measurements areatijpsuppressed
through the use of a lock-in amplifier. An RF signal generaémds a timing signal that
the lock-in amplifier uses to isolate signals that occur Withsame frequency. The back-
ground is limited to two sources: the small fraction of thedam background spectrum
that is accepted by the lock-in amplifier, and signal thabisaelated with the RF signal
generator.

In general, this correlated signal has produced the greatese” for the NMR
signal. The most direct method of reducing this signal is skenminute adjustments
to the location of the NMR pickup coils so as to be orthogooalhte RF drive field.
For E02-013, this method was made easier through the iocludia specially designed
mounting system that allowed remarkable adjustabilite (Sig. 4.11).

In addition, a gross adjustability of the RF drive coils wasedl (Fig. 4.10). One

coil was fixed in place, and the partner second coil was ilestao that its angle with
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respect to the other coil could be adjusted. In practice, ddjustment was made first,
and locked in place. Then the fine-tuning adjustments coellchéde at the NMR coils.
Previous experiments had attempted to cancel this signasing an electronic de-
vice to take a copy of the signal, match the amplitude of th®y/¢o the amplitude of the
signal through the pickup coil, then add the copy and theypdignal out of phase. For
E02-013, a small coil on an adjustable mount was installeskclo the RF drive coil. The
orientation of the coil was adjusted so that the amplitudénefsignal through the small
coil was the same as the signal through the NMR coils. Thesrtal coil signal was fed
to the NMR system’s pre-amplifier. The pre-amplifier has tmjouts (A and B) and the
option of adding the signal out of phase (A-B). This passivece#iation signal proved to

be stable and significantly reduced the background sigrtaeiNMR measurements.

NMR Measurements During E02-013

In a typical day, an NMR polarization measurement was madeyevhours. NMR
measurements were also taken before data-taking resutee@afextended down time.

The procedure for performing an NMR measurement, from tifetstkers perspec-
tive, was relatively straightforward. First, the shifkés prepared the cell by confirming
that the3He cell is in the beam position, and making sure that the beaif.i The tar-
get ladder was designed so that the NMR measurement coulikbe in any location.
However, for the sake of consistency, the measurementsalwesys made with the tar-
get in the same position. This avoided any effects due t@laogle field inhomogeneity
and mis-alignment of the laser. Moving the target changed&ser path length and could
mean less laser light was incident on the cell; this wouldltés a change in internal tem-
perature, and therefore an incorrect polarization extraciThis is also why, if the target
was moved before the measurement, the target operator raitsimtil the temperature

has stabilized before proceeding.
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The target operator ran the NMR measurement by running aieabpMogram. This
program turned on the RF field, then ramped current througledhe on the magnetic
box to ramp the magnetic field from 20 G to 32 G (referred to adiR sweep). As the
field was swept, the signal from the pick-up coils was readheyldck-in amplifier. After
the current was lowered back to its set point, re-alignireg’te magnetization, this was
the DOWN sweep, and data were collected during this sweep lasAachematic of the
NMR electronics is included as Figure 4.12. At this poing target was ready to take
data again. If target movements were kept to a minimum, NMRsuements could be
taken within a five minute window. The target operators thanaeted the signal height
using the LabView fitting program, and received four valwsesthey fit both the up and
down sweeps. The lock-in amplifier split the signal into X &hdhannels, relative to the
reference signal. Once UP and DOWN signal heights for the Xvafiiés for the pickup
coils were determined, the target operator could competpdharization by applying this

formula to the values:

C
P= (x/X%p Y+ X + YD%WH)

where P is the target polarization, C is the calibration tamsprovided by the target

experts, Xy, is the signal height of the Up sweep in the x-channel, ¥s the signal
height of the Up sweep in the y-channel, ang.%, and Yp... are the signal heights of

the Down sweep.

4.6.2 Electron Paramagnetic Resonance

The method of electron paramagnetic resonance uses l@httfre target cell’s al-
kali metals as a precise magnetometer. This magnetomaisedsto measure the small
change in the magnitude of magnetic field due to polarizéel that is either aligned or

anti-aligned with the main holding field.
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FIG. 4.12: NMR Electronics. Arrangement of the electronics required to make electsonic
measurements. The pre-amplifier subtracts the signal fhenstibtraction coil before sending
the signal to the lock-in amplifier.

There are two shifts in the Zeeman resonance of Rb and K in #sepce of polar-
ized®He. There is a shift due to the same spin exchange mechanigrprtduces the
polarization in the gas [102]. There is also a shift due topfessence of a classical mag-
netic field of the polarizedHe. These shifts can be isolated by changing the direction
of the magnetic field, or by reversing the direction of fitee magnetic moments with
respect to the field. A variation of the method of AFP desctilmeSec. 4.6.1, in which
the holding field is held constant and the frequency of the R& ievaried is used to flip
the3*He magnetic moments.

The shift due to the magnetic field produced by the polaritéelis proportional to

the3He magnetization (and therefore the density and poladraif the*He [93]):

d F. M d F. M
_ wen(B M) o dveen(BM) 0 (4.56)

Ay B B

wherey, is the shift due to théHe magnetic fieldygpr is the frequency due to the EPR

transition and depends on thhe M quantum numbers of the transitiaBi,is the magnetic
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FIG. 4.13:EPR Measurement.Sketch of the EPR transition, with the the shift of the frage
from the frequency due to the main holding field,, Bighlighted.

field, C is a dimensionless quantity that depends on the shape oathels, and\/y, is
the magnetization ofHe. The magnetization is the product of the numbettté nuclei,
nue, the magnetic moment 8He, i, and the average polarization of thde sample,
Py.. For a spherical sample, combining the shifts due to cohisind classical magnetic

field, we obtain:
8_7T dVEPR(Fa M)

3 dB Ko e Pre (4-57)

Avgpr =

wherek, is a constant which depends on temperature that has beenm@@asperimen-

tally [103].

Measuring EPR Frequency

This change in frequency depends on many things, but the simélthat is due
to the magnetization ofHe is the only shift that depends on the direction of thie
spins. Therefore, we can isolate the shift if we can changélitiection of the spins while

keeping everything constant. We do this by means of frequeneep AFP (applying
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an oscillating field that is in resonance with thde nuclei's precession in an applied
magnetic field—this is very similar to how NMR is performed).

We measure the frequency before and after the “flip”. Thitates everything else
and leaves us with (twice) the frequency shift due to*tHe polarization. Taking differ-

ence between the frequency before the flig) and the frequency after the flip (),
v 1 =V |= Van — Van + VsHet — V3Hel, (4.58)

wherevsyy, is the frequency shift due faHe andv,, is the frequency shift due to all other

effects. Since
V3HeT = _V3Hela

the difference between the two frequencies is twice the shié to the polarization of

3He. This can also be seen schematically in Fig. 4.13.

Locking the Frequency

The EPR transition is excited by broadcasting an RF frequsigtial through a coil.
We scan across a frequency to find the transition, and thértdahat transition.

Exciting the EPR transition depolarizes the alkali metal,(fb simplicity). Once
the alkali metal depolarizes, it begins to re-polarize, pratiuces a florescence. We can
track the amount of florescence as a function of RF frequenayaige our RF frequency
is FM modulated, we see the derivative of the EPR transiiieer$hape. We lock to the
zero of the derivative (e., a maximum or minimum, but we know it’s the local maximum),
using a feedback loop. Figure 4.14 is a diagram of the feddloap electronics.

Once the frequency is locked, the AFP sweep can begin. At thraent of reso-
nance, all theéHe spins flip. The feedback system can track the EPR frequeudyg
this flip and the system is locked to the new EPR frequencyhimdtate, théHe spins
are anti-aligned with the alkali metals polarization diieg, so a return flip is required to

prevent depolarization.
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FIG. 4.14:EPR Electronics Diagram. Diagram of the electronics used to create the feedback
loop required to precisely measure the frequency of the E&#ition.

The Parameter s,

In Eq. 4.57 there is a parametey, that depends on temperature, but not the density
or the polarization ofHe. If all Rb*He interactions were ignored, the frequency shift
would be due to the classical magnetization of a sphere. rifrpatally, v, ~ 6 and can
be thought of as an enhancement due to the attraction of théeRlipo: wavefunction to
the3He nucleus.

The Fermi-contact interaction term for the interaction gfdarized alkali and a
noble gas takes the formK - S, whereK is the spin of the noble gas nucleus, ad
is the spin of the alkali metal. The coupling parametgi?) depends on the distance
between the nuclei and of the noble gas and the alkali metais Jarameter takes the
form,

8 MK

o= ?gsuB?]\P(RﬂZ, (4.59)

whereg, is the Lan@ g-factor, up is the Bohr magneton, andy is the magnetic mo-

ment of the noble gas nucleus [104]. The wavefunctibi?) has been enhanced by the
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presence of a noble gas:

U(R) =no(R), (4.60)
where¢(R) is the alkali-metal valence wavefunction in the absence mélsle gas, and
n > 1 for all noble gases. The enhancement comes from the largé&anergy acquired
by the electron as it scatters in the core potential of théeaghs atom [95].

This spin-exchange enhancement translates to an enhamiderttee EPR frequency

shift. It can be easily seen in the calculatiorxgfat high pressure [104]:
Ko = 1° / 1h(R)[Pe”V B/ yr R2 AR (4.61)
0

whereV (R) is the van der Waals potential. Uncertainty in the van derl8Vpatential
and the enhancement factor prevent accurate calculatiorg. oRecently efforts have
been made to determine the temperature dependencge @learly, calculations of the
temperature dependence suffer from the same difficulties:

dkg 772 - 2_—V(R)/kT 2
0

However, since this enhancement is due to the the interaofizalence-electrons
with the alkali metal, there is a strong dependence on thaliatketal density.~, can
be seen as the proportionality factor between an averagacedelectron density and the

alkali metal atom densityA],

(19]*)av = Kol A]. (4.63)

4.6.3 Magnitude and Direction of B,

This measurement of the polarization also provides “fregbrimation about the
magnitude of the magnetic field and orientation of tHe spins with respect to the mag-
netic field.

As seen in Fig. 4.13, the magnitude/®f can be extracted from the frequency about

which the EPR transitions occur. This has proved to be aredilly precise measure-
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| State| Flip? | Spins \
Hat | Flipped Aligned
Well | Not Flipped| Anti-Aligned

TABLE 4.7: The States of the SpinsThe alignment of the spins with the magnetic field can be
determined from the shape of the EPR signal.

ment of the magnetic field in the location of the EPR measunémieéor E02-013, this
effectively means we measured the magnetic field about odeg.a

The direction of the’!He spins cannot be determined directly from the EPR data.
However, once the magnetic holding field direction is knowns a simple matter to
determine if the spins are aligned or anti-aligned relatvthe holding field. One needs
to combine this information with some other measurementterthine the direction of
the3He spins with respect to an external coordinate system.

In the case of a frequency shift above the holding field “fiegry,” meaning the
mid-point between the two EPR frequencies, (“well” statetyed in Fig. 4.13), the
effective field seen by the alkali metal is the holding fieldpthe classical field of the
polarized gas. For the “hat state” (not pictured), the fieilotsacts.

Recall that the magnetic moment féide is negative, and the neutron spins are
aligned with the*He spins. This means that if the field is adding, then the sfifs
both the neutron antHe) are pointed opposite the magnetic field. The relatiow&en

the direction of the spins and the shape of the EPR signaleaedn in Table 4.7.

4.6.4 Hybrid EPR

When only one alkali metal is used in the cell, EPR is a stréaghard proposition.
For the hybrid cells, there is a mixture of two alkali metalfie EPR response of either
metal can be monitored by the fluorescence of the metal beingppd.

In Rb-K hybrid cells, the spin exchange between Rb and K is soiefii that at
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any point in time the polarizations of the two metals are tabah It is this property that
allows the K to polarize théHe without being pumped directly. However, it is also this
property that allows EPR to be performed on either metalitixcthe EPR transition in
K depolarizes the K. The depolarized K depolarizes the Rbptheess of re-polarizing
the Rb causes the RbD to fluoresce.

The depolarization of interest comes from exciting the ERIR4ition in the alkali
metal in the cell. In the case of a hybrid cell, either alkaéitad can be depolarized. In
either case, we use the, line of the metal that is optically pumped. It is possible s&u
the amount ofD, light of one metal € g. Rb) to monitor the depolarization of another
(e.0. K) because the spin-exchange cross section for Rb and K snegty large [11]. In

this way, the Rb polarization serves as a real time monitane@# polarization.

Potassiumxs, Temperature Dependence

The value ofk, for Rb-*He has a marked temperature dependence. Recent mea-
surements by Babcoaddt al. [103] expand the temperature range beyond the precision
measurements of this value by Romalis and Cates [102]. TypiealT") is reported as

two parts: a static value:() and a temperature dependent piegg,(so that:
/i()(T) = Iig(Tref) + HE)(T — Tref)a (464)

whereT,¢ IS a given reference temperature.
For the recent Babcock measurement [1@3]= 6.39 andx;, = 0.00934 £ 0.00014,
with T, = 200°C. The uncertainty on the temperature dependence is smaB%#t 1
This is not the case fotf. In the same paper, Babcoekal. use the values from
Romalis and Cates [102] and hybrid cells to measure valuegfandx)®. Both & and

ko have temperature dependence similas}0. However, there is a greater uncertainty
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on both the reference value gf and the temperature dependence.

KE(T) = (5.99 + 0.11) + (0.0086 + 0.0020)(T" — 200°C) (4.65)

KNMT) = (4.7240.09) + (0.00914 =+ 0.00056)(T" — 200°C) (4.66)

The target used for E02-013 was routinely operated at testyress of approximately
280° C (see Sec 4.6.5 for details). At these high temperaturesyticertainty on:{
due to temperature is 2.4%. When the systematic uncertamthpereference value is
combined, the total systematic uncertaintyghis 3.0%, which is a 4.1% effect on the
measurement of the polarization. This is, by far, the larggstematic uncertainty on the

target polarization.

4.6.5 Target Density

The 3He cell has 8 resistive temperature devices (RTDs) attachedrious loca-
tions. These RTDs are constantly read out via the Hall A EPN&Em. Since they are
placed on the outside of the cell, localized internal hgateg., from laser energy ab-
sorption in the pumping chamber) is not registered by the ®TDe to the temperature
gradient across the thick (approximately 4 mm) glass wadl.cdrrect for this, a series
of temperature tests are performed on the cell to gauge dleetémperature of the gas
within.

These tests are a series of NMR measurements. First, the NdviRI $s measured
with the lasers on. Then lasers are turned off, and the callag/ed to reach equilibrium
temperature. Then, another NMR measurement is performede @e depolarization
effects due to performing the NMR measurements are takenaotount, the relative
difference in signal height gives an indication of changdensity. The change in den-
sity, combined with the measurement of the target chamivepeeature, gives the true

pumping chamber internal gas temperature.
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Theory of Density Measurements

The NMR signal can be expressed as the product of a numbectofsa
SNMR =P NHe - o - HHe * Celectric (467)

whereCq..iric @accounts for factors due to the electronics used, is the*He magnetic
moment® is the flux through the coilssy is the number ofHe atoms that generate that
flux and P is the polarization of those atoms. When performing the teatpee tests, we
will be looking at the ratio of signals, reducing the equatio an expression that depends

solely on the polarization and density,

Son o Pinon
- )
Soff Pj Nofr

whereS,, is the signal in the NMR pickup coils with the lasers on, &g is the cor-

responding signal with the lasers off,, ) is the number ofHe nuclei seen by the
pickup coils with the lasers on (off). The polarization mdyange during the series of
measurements and # P;. There is a depolarization of tHéle each time that an NMR
measurement is made (referred to as AFP loss). A correctiotbe applied to so that the

polarizations can be treated as equal. Once correctedgtiadien simplifies even further.

Son. _ Mo (4.68)

S off Nofr

Since the volumes are the same, the NMR signal effectivelgtians as a pressure gauge.
The number of atoms in the target chambe)) €an be determined from the known vol-

umes, and the ratio of the temperatures,

no
V; T,
1+7§<T—;—1>

wheren, is the number ofHe nuclei in the target chamber of the target when both cham-

ny =

(4.69)

bers are in thermal equilibrium, is the number with the target at a different temperature,
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V, is the volume of the pumping chambé, is the total volume of the cell, arifi and
T, are the temperatures of the target and pumping chambepgctesly.

Equation 4.69 follows from the ideal gas law. Although theslty of the cell {.,) at
uniform temperature is known, it is not required, since tterof the target chamber with
the lasers onr{,,) to the density with the laser offis) is required. The approximation
T; on = T; o = T; IS supported by the data. There are only slight fluctuatiatéch are
consistent with fluctuations if the target pumping chambergerature is stable.

Vb T
SOII _ non _ 1 + VO <Tp off 1) (4.70)

Sof‘f Nofr 1 + Vo <L — ]_)

VO Tp on

Experimental Method

There are two series of tests that must be performed for amatedaser on/off tem-
perature test. The first is the hot AFP loss tests, the sesahé iaser on/off temperature

tests.

AFP Loss Tests

When an NMR measurement is performed on the E02:M8 target, there is a
small loss in the polarization. This loss is particular te tiipe of NMR measurement
performed. Since we use adiabatic fast passage NMR, thisdassmmonly referred
to as “AFP loss”. There are many factors that contribute ®AlirP loss. There are
gradients in the magnetic holding field, impurities in thasgl used for the cell, etc. While
it would be possible to calculate these contributions toAR® loss, it is much more
straightforward to merely measure this loss. Observatairthis loss indicate that it
changes with temperature. Due to the variety of contrilmstio the loss, both temperature
dependent and independent, it is again much more straiglatfd to measure the loss

than to attempt to calculate it.
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FIG. 4.15: AFP Loss Test. Multiple NMR measurements are performed and the average los
per measurement is calculated

The measurement of this loss is very direct. With the cellnrequilibrium state
(close to maximum polarization and little recent interactwith the electron beam), the
lasers are turned off. The temperature of the cell is alloweddabilize. Once the temper-
ature is stabilized, a number of NMR measurements (typiéall0) are performed. The
result is a clearly visible loss per measurement, as seeigumé=4.15. A correction could
be made for the depolarization over time that will occur wkiga cell is no longer po-
larizing. Since the characteristic decay time is approxahye30 hours and the tests took
approximately 10 minutes, the depolarization due to thertabeing off was considered

a negligible correction.

Lasers On/Off Tests

The next step is to collect the data with the lasers on andFifkt, with the cell
at equilibrium, a single NMR measurement is made. Then,akers are turned off and

the cell is allowed to cool. This cooling takes about 10 masut The temperature is
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FIG. 4.16:Uncorrected Lasers On and Off. There is a clear separation between measurements
made with the lasers on and off.

monitored via a stripchart display. When the cell tempegatiattens out, the next NMR
measurement is made. Once this measurement is made, treedeséurned back on and
the cycle repeats. For Edna, the cycle was repeated fous.time

In the case of Edna, the temperature stabilized approxiyit€ below the previous
set-point. The time between measurements was approxyriahinutes. Figure 4.16
shows the clear separation between the lasers on and ldGelsi® also clear that the
“slope” is similar to that of the AFP loss test. Once the AF8Slaorrections have been

made, the differences are even clearer, as in Figure 4.17

Results

Table 4.8 lists the results for the AFP loss test. The averatiee losses is 1.24% for
the up sweep and 1.27% for the down sweep. The value of 1.288/pker measurement
was used to correct the signals for the lasers on/off testimilas dataset exists for the

AFP loss at the operational temperature with the laser ahdtild not be a surprise that
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FIG. 4.17: AFP Loss Corrected Lasers On and Off. With the AFP corrections added, the

separation between measurements with the lasers on arsdveffyi clear; the measurements can
also be seen to group together.

the AFP loss is less when the lasers are on. The average addbesl for lasers on are
1.07% for the up sweep and 1.12% for the down sweep. The avefafpese losses is
1.10%.

Table 4.9 lists the temperature for each measurement iratiegd on/off test. The
control RTD and RTD 7 are the measurements for the temperatihe oven (measured
on the cell). RTDs 1, 2, 3, and 5 are measurements on the tlayef the target chamber.
All measurements are in degrees Celsius. A striking featirestable is the lack of vari-
ation between measurements for the RTDs on the target chaiibe is the justification
for the approximation made in Section 4.61%;,, ~ T; .¢ = T;.

Table 4.10 contains the corrected values from the laser folests. Each value on
the table (except for the first ones) are corrected based ethehor not the lasers were
on during the previous measurement.

The parameters used for the calculation of the temperatittetiae lasers on are

listed in Table 4.11. Given these values, we can go back tafimu4.70. Notelj is the



total volume of the cell.

Son
Soff

From Table 4.11, the following useful ratios are formed:

What remains is to finq%.

Vi T;
1+7§<Tpiff _1)

Vi T
1 + Vf)) (Tpton o 1)
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Son 1.0625 (4.71)
Soff

Vo

£ = 0.7730 4.72
v (4.72)
B 0.6086 (4.73)
Tpof‘f

1+ 0.773(0.6086 — 1)

1.0625 —
1 0.773 (75— 1)

L 05556
Tpon B .

T

: - Tpon
0.5556

T, = 30877K
Tyon = 555.74K
Tyon = 28259°C
AT = 39.63°C

4.6.6 Calibration of NMR System Using EPR Measurements
Polarization Gradient

Polarimetry for the’'He target in Hall A is typically performed with a combination
of EPR (see Sec. 4.6.2) and NMR (see 4.6.1).For the experia@:013, no water cal-
ibration was performed. Therefore, the EPR measuremenhuataes cross check against

the NMR calibration, but instead the only calibration foe titMR measurement.



Measurement Up (mV) | Down (mV) | Loss Up| Loss Down

Ok wWwDNPRF

94.945
94.167
93.199
91.784

90.328

95.361
94.448
93.470
92.057
90.601

0.82%
1.03%
1.52%
1.59%

0.96%
1.04%
1.51%
1.58%

100

TABLE 4.8: AFP Loss Results. The results of the AFP loss tests performed with the lasérs of
and the cell at its working temperature of approximately°Z20

control  rtd rtd rtd rtd rtd
Measurement rtd 7 1 2 3 5
On1l 240.9 245.6/ 39.2 38.0 32.3 338
Off 1 235.8 233.3 39.4 37.8 339 32.0
On2 241.0 245.2/ 39.1 39.7 33.7 325
Off 2 235.9 233.4 39.1 39.7 33.7 32.1
On3 240.7 244.7/39.2 37.7 33.8 325
Off 3 2354 232.7/39.1 37.6 335 32.0
On 4 240.8 244.7/ 389 37.7 334 323
Off 4 234.6 232.2 389 374 334 31.8
On5 241.0 245.0 39.0 375 334 322
Off 4 236.1 232.9 386 37.5 33.3 31.9

TABLE 4.9: Lasers On/Off Temperatures. The temperatures listed (in degrees Celsius) were
taken before each measurement.
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Measurement Up (mV) | Down (mV) | Average (mV)

Onl| 1228 123.3 123.0
Off 1 115.2 115.2 115.2
On2| 1228 123.4 123.1
Off 2 116.1 116.5 116.3
On3| 1226 123.3 122.9
Off 3 1155 116.1 115.8
On4| 1222 122.9 122.6
Ooff4 | 114.6 1155 115.1
On5| 121.3 122.2 121.7
Off5 114.6 115.3 115.0
Average On| 122.3 123.0 122.7
Average Off| 115.2 115.7 1155

TABLE 4.10: Corrected Laser On/Off Values. NMR values from the laser on/off values that
have been corrected for AFP losses

Parametef  Value |

T, 35.62C
T, | 234.23C
T,on | 242.96C
7 377.73 mL
v, 292 mL
Son | 122.67 MV
Sor | 115.45 mV

TABLE 4.11: Calculation Parameters. Parameters used in the calculation of the true tempera-
ture in the pumping chamber when the lasers are on.
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Location of EPR measurement

Location of NMR measurement

Electron Beam

/ ~
N =

FIG. 4.18:Relative Position of MeasurementsThe NMR measurements are made in the same
location as the electron beam interaction; however, the BB&surement used to calibrate is in
another location.

The main difficulty with using this method for NMR calibratidies in the relative
position of the two measurements. EPR is performed in thewuppthe two chambers.
This is the chamber where tHele gas is polarized (“pumping chamber”). NMR mea-
surements are performed in the lower of the two chambers;camber is where the
electron beam interacts with the polarized gas (“targeintiea”). See Fig. 4.18.

For E02-013, an additional NMR pickup coil was added. Théwas constructed at
the College of William & Mary, and was added to the outside eftdrget oven (see Fig.
4.10). This pickup coil detected an NMR signal. However, tlués distance from the
polarized cell, it was not possible to use this signal tokithe polarization. Studying this
signal, and in particular the ratio of this signal and thealdgrom the lower coils provided
insight into the polarization gradient and the relativegit®s in the two chambers.

After the3He is polarized in the pumping chamber, it must diffuse tgtothe thin
transfer tube before reaching the target chamber. OnctHbatoms leave the pumping
chamber, they are no longer affected by the polarized Rb afdh&y therefore begin the

spin-relaxation process. This results in a lower polaioratit must be the case that the
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polarization in the target chamber is lower than the poddian in the pumping chamber.

The expression that best explains our situation is:

o0 [e o] 1
P = P; o
Gt

(4.74)
where G, is the diffusion rate['; is the depolarization rate anb>™ and P;° are the
equilibrium polarizations in the target chamber and the piaignchamber, respectively.

The factors of7; can be separated into three groups. There are geometritaifa
relating to the volume of the pumping chamber and the lengtreaea of the transfer tube.
There are factors that are intrinsic chemical propertietHef gas, and there are factors
that are related to the relative density and temperatuteeajas in the two chambers. The
first two groups of terms are well known. The last group—thesitgy and temperature of
the gas—can fluctuate throughout the experiment and caerditdctly measured during
the experiment.

I'; not only depends on the these temperature and density p@raritalso depends

on the depolarization due to the electron beam.

Polarization Gradient Theory

As 3He gas flows from one chamber to the other, it is no longer inamwith the
polarized alkali metal, and starts to depolarize. We carktbf a polarization current that

flows from one chamber to the other.

1 dP

J(z) = —n(z)D(z)g (4.75)

wheren(z) is the density of helium and(z) is the diffusion coefficient. Both are func-
tions of position along the transfer tube due to the thermedignt. After conserving the

current and integrating along the transfer tube, we get

1
J = 5@%[( (P,—P), (4.76)
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whereL is the length of the transfer tube.
K is a constant that depends on the ratio of temperatures tatpet and pumping

chambers, and an empirically determined diffusion paramet,

1 - T,
K=02-m——— (4.77)
for 3He,m = 1.70 [105]. D, is the diffusion coefficient at the target chamber.

Ne T;: m—1
D, = D(To)n—t T (4.78)

The rate of change in polarization due solely to diffusiar @ach chamber) is there-

fore
dP, 2J Ay,
— = — 4.79
dt nyVyp ( )
dP, 2J Ay,
b 4.80

Finally, we are left with the following for the change in poiation due to diffusion:

de Atr ng

— = — — DK (P, — P, 4.81
i = ULa DB R (4.81)
dPt - Atr

whereA,, is the cross section area of the transfer tube.
This almost completely describes the polarization in tmgeiachamber, since the
polarized gas can only come from the upper chamber. The gdeeinpper chamber,

however, is continually polarized. The change in polarain the upper chamber is

dP, Ag n
—2 = - —LD,K (P, — P) +7§pPry + v5uPx — (V65 + 785 + Tp) By, (4.83)
dt VoL n,

wherey5E () is the spin-exchange rate for He-Rb(He-K).
The target chamber polarization only needs a correctiontdube depolarization

effects in the target chamber.
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dPt Atr
For ease of notation,
Atr
= DK
Gt ‘/pL t

If we considerP > and P;°, the equilibrium cases, then Eq. 4.84 is equal to zero.
The equilibrium polarization of the target chamber in teroighe pumping chamber

polarization is therefore:
pe =L " (4.85)
L+5

In principle, this equation has everything that we need term@ne the relationship
between the two chambers. In practice, an additional stegmjisired. When the beam is
on (or has recently been on, as is the case for most of our ERiRatens), we need to

determine the effect of the beam on the polarization.
F?eam ON — Fltaearn OFF + Fbeam (486)

We do not have a direct measurementpf™ °F¥ for our in-hall setup. However, it
can be approximated at a very high level from the data takéredtniversity of Virginia.

We have NMR signals at times where the beam was on and the baaraffv This
will allow us to extract the polarization. Another way to terithe polarization in the

chambers makes this clear:

Pk ry < VsE >
PBeam ON _ ) 487
Pt <VSE>+<F>+ftheam ( )
B < >
Pffam OFF _ K,Rb YSE (488)

<7y >+<I>
P, < >
_ K,Rb < VSE (4.89)

Vspin up

wheref, is the fraction of particles in the target chamldgy,,, and-yspin up iS the inverse
of the spin-up time constant measured for the cell;ysg > is the volume averaged

spin-exchange rate.
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Since we are measuring in the same chamber without movingethat all, we can

take a ratio of the signals, and let the factors of flux andbcation constants cancel:

Gbeam ON _ Ptbeam ON _ Yspin up T JtI'beam (4.90)
Sbeam OFF Ptbeam OFF Yspin up
r eam

_ gy B (4.91)
Vspin up

From measurements at the University of Virginia, we havesugzments ofi;, up,
andf;.

1/Yepin up = 6.174 £ 0.058 I,

Polarization Gradient Results

Results have been determined from the use of the temperatiseind the EPR cal-
ibrations taken with beam on and beam off. From the temper&tists we can determine
the true temperature in the pumping chamber, and includentiraber in our diffusion
model. Recall from Eqs. 4.77 and 4.78 that the diffusion patars are temperature
dependent. They are therefore corrected for each catibrafihe average size of the
correction is 5.7% with a spread of 2.5%. The depolarizalifetime due to the beam

during Edna’s running was:
1/Theam = 50.8 hr 4 29.6 hr

Due to the large uncertainty, the EPR calibrations use ferfithal numbers have
come from the measurements with the beam off. For previopsrerents the relevant
calibration constant between NMR and ERRsr can be expressed in terms of the ex-

pression [100]:
SNMR
PEPR(npcq)pc + nth)tc + ntt(btt)CVCTj

where Sxyvr IS the signal from NMR pickup coilsPgpr is the polarization measured

CEPR — (492)

through EPRp,.®,. is the number ofHe nuclei in the pumping chamber, multiplied by
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the flux of the magnetic field from the pumping chamber seeoutyin the NMR pickup
coils. Similarly, n.®,. andn®; are the number and the flux from the target chamber
and transfer tube, respectivelgs is a correction factor due to holding field gradients,
andC'; is a correction due to the time constant on the lock-in aneplifi

For this experiment, we used only EPR calibrations. Theegfilne uncertainty due
to the correctiong’y, and ('’ is effectively zero. These factors affected the NMR signal
shape, but were not changed for calibrations with EPR. Thetfitough the pickup coils
did not change, since the cell did not move once mounted legtwiee pickup coils.
However, due to the uncertainty in the temperature measmtsywe are concerned with
the uncertainty in density. The flux is used to properly weitis uncertainty, and the
uncertainty on the product of flux and density is requireder@lil, the net error associated
with this product is estimated to be 1%.

We are left with the error in the ratio ¢fyyr t0 Pgpr. Through a careful consider-
ation of every calibration measurement with the cell in anildgrium state, we have this
number to the level of 1.3% uncertainty. Errors due to otlegrsity effects register at the
sub-0.25% level.

Combining uncertainty from most sources, we have an errouircalibration con-
stant of 1.67%. The uncertainty due to the temperature dkpee ofx, from Eqn. 4.57
is 4.11% at the temperatures used for the cells Edna and.BahBarbara, the Rb EPR
resonance was measured, and the facgdras been measured to much greater precision.
Additional error due to the uncertainty of the fit of roughly% is added to each data
point. Overall, the average uncertaintyp(/ P) for Edna was 4.47%, with a spread of
roughly 0.01%. Similarly, the uncertainty on the caliboaticonstant used for Dolly was
4.41%. For both cells, the uncertainty duestois clearly dominant. For Barbara, fewer
EPR calibration measurements lead to a larger uncertamtiyeocalibration constant, and
the cell was moved once in place, leading to a larger unegytan the flux and density.

The collected uncertainties are listed in Table 4.12.
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Barbara| Dolly Edna
Ko 1.47% | 4.07% | 4.11%
EPR Measurement 2.00% | 0.87% | 1.32%
Flux and Density | 2.17% | 1.00% | 1.00%

NMR Fit ~06%|~06%| ~0.6%
Other temperature 1.79% | 0.89% | 0.25%
Overall 3.80% | 4.41% | 4.47%

| Days in use | 8 | 14 | 48 |

TABLE 4.12: Error Budget. The sources and relative sizes of the uncertainty for trgetar
cells.

4.6.7 Target Polarization

Edna achieved a higher in-beam polarization than any cetl usan electron scat-
tering experiment at Jefferson Lab. At times, the cell ppéion was above 50%. In
addition, this cell was used continuously for over 48 days.

Two other cells, Barbara and Dolly, also achieved acceptabbeam polarizations.

A chart of the polarization is included as Fig.4.19.

4.7 Other Elements of the Target System

4.7.1 Target Ladder

The polarized target was one element of a four position tdegleler. The ladder
could be raised or lowered to position the required elemientise beam. The four po-
sitions were: polarized target, no target (clear path tdodeem dump), optics foils, and
reference cell. Items were held in place along the targeldaldy attachments to a single
milled sheet of Macor, a machinable glass ceramic. Thistshas on the side of the
target opposite the electron spectrometer, to minimizeeristbetween the targets and
the electron spectrometer. These positions and the gleamsimecan be seen in Fig. 4.20.

A design drawing is included as Fig. 4.21. The target laddes supported from above
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Polarization for E02-013
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FIG. 4.19:E02-013 Polarization MeasurementsThe polarization numbers for all target cells
used in E02-013, the time axis is in days from the start of tra.yThe error bars do not include
a roughly 4% relative systematic uncertainty. Target cBiblty” was used for kinematic 2a,
“Edna” was used for the other kinematics on this plot. Thekiatics are defined in Table 3.1.

by a large ceramic tube. The target was moved by a stepper.moto

4.7.2 Reference Cell

In order to determine the nitrogen dilution, as well as theBitigjoptics and neutron
timing, a reference cell was used. The reference cell isssglall identical to the polar-
ized cells’ target chambers. A gas handling system is cdededo the inlet of the cell.
The cell can then be evacuated and filled with different gasse

For analysis, there are two main differences between evemtsthe reference cell
and the polarized cell. The first is a possible misalignmérthe reference cell with
respect to the beamline. The polarized cell and the refereeitare mounted and aligned
separately. Both are mounted to the transfer tube in the cefitiee cell, and as a result,
there may be a rotation relative to the beamline. The effethis possible rotation can

be determined by means of the same raster check used for ldmé&zpd cell. In fact, a
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FIG. 4.20: Target Ladder Photo. Photograph of the target ladder, the target oven, productio
cell, NMR pickup coils, optics foils and reference cell ateatly visible.

FIG. 4.21:Target Ladder Design. Artist rendering of the target ladder from the reverse angle
showing adjustable coil mounts.
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different set of beam location parameters was used for feearece cell and the polarized
cell.

The second difference is the material that a scattered owicteust pass through to
reach the neutron detector. The target ladder was desigritedtsthere was little material
on the BigBite side of the target. The target support materéd wcated on the neutron
detector side. Design considerations placed up to 1.25 dtaobr on the neutron side of
the polarized cell, but nothing on the neutron side of therexice cell. These differences

were included in all simulations used for the experiment.

4.7.3 Solid Targets

A set of carbon foils were used as part of the optics determimdor the BigBite
detector. The set consists of 6 carbon foils (of thicknesg@tvhg/cmi ) and one BeO
foil. Along the beamline, the BeO foil was located in the cewtiethe foils and was also
used as a visual verification of the location of the beam. iBet&the optics calibration
can be found in Ref. [67]. However, a plot demonstrating tisérithution of counts along

the beamline can be found in Fig. 4.22.

4.7.4 Collimators

In order to reduce the counting rate in the electron arm, tegtsity collimators were
required. In order to be effective, the collimators must lose to the target. However,
most of the readily available high density materials com@lectricity. A large block of
conducting material in the presence of an RF field will prodaisenhomogeneity in the
field, which could lead to depolarization in the target celfidg NMR measurements.
Our experiment used a tungsten powder combined with an ep®oRis allowed us to

achieve a density of 9.5 g/ciywith no measurable conductivity.
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FIG. 4.22: Optics Foils. Data taken from electron scattering on optics foils; the bemnof
events from foils at the same location as the target cell mirsdwas greatly diminished due to
the collimators. The axis is the position along the beambhwi¢h O at the center of the target.
The center foil is BeO.

4.7.5 Beamline Elements

After the electrons are produced at the machine sourceaiteegccelerated in a vac-
cuum system until they reach the end station scatteringtafg the end of the vacuum
pipe is a beryllium window. To minimize the radiative losskge to excessive material,
the beryllium was made as thin as possible (0.003 in). Aféeesl weeks of running
the experiment, the beryllium window failed. The window waplaced with a thicker
window (0.005 in) with an aluminium foil cover, and a low flow aooling jet was intro-
duced.

Ideally, the beryllium window would be located as close te térget as possible, to
minimize material that the electrons must pass through. t&fget is a glass cell filled
with a high pressure gas. As such, there is a possibility efc#ll rupturing and send-
ing shards of glass into the beryllium window. Such a celufa could penetrate the

beryllium window, and send pieces of glass into the vacuustesy.



113

He Gas He Gas
e- beam = < High Pressure Glass Cell

Thin Window (to contain He)

Thin Window in Thick Frame

FIG. 4.23:Helium Expansion Chamber. Conceptual diagram of the expansion chamber used
to protect the beam window from the scattered glass and hiegspre gas jet.

To prevent this damage to the CEBAF electron beam pipe, a safpainsion cham-
bers were placed before and after the target. The expansamber consists of a tube
several times larger than the target chamber, sealed atelpotth with a thin (8:m) Al
window. The center of the chamber contains a thicker Al 28 m) window, set in an
aluminum frame. In the event of a rupture, the scatterecsghards and high pressure
gas would destroy the thin foil and proceed to the center foihe center foil failed, the
center frame would serve as a baffle for the gas and shardsaghasin of the expansion
chambers can be seen in Fig. 4.23. To minimize material legtwee beam pipe window
and the target cell, the expansion chamber was filled withaqpmately 1 atm of'He (a
slightly positive pressure was maintained). Two expanstweimbers were used, as the
electron exit from the target was also under vacuum to mzerbackground.

A series of tests was performed at the polarized target labatCollege of William
& Mary to establish the requisite expansion chamber voluamesfoil thicknesses [106,
107]. The final design was modified to fit the geometry of thget(Fig. 4.24).

Although thoroughly tested and installed for E02-013, ¢helsambers were never

used, as the experiment did not experience a cell rupture.
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FIG. 4.24: Beamline Elements. Diagram demonstrating the location and design of various
beamline elements.



CHAPTER 5

Analysis of Electron Scattering Data

The goal of the analysis is to select quasi-elastic scatteeritrons and form the
double polarized asymmetry. Additionally, the proper tidao factors must be determined
to translate the measured asymmetry into the physics asymrsce the asymmetry is
determined, the ratio a¥ z /G, for the neutron can be extracted.

The asymmetry is defined as the difference of the neutrorigitvio helicity states

divided by the sum of all neutron events:

N, - N_

Aos:—
TN, + N

(5.1)

where NV, is the number of neutron events with positive electron ftglend NV_ is the
number of neutron events with negative electron helicitlyeSe true neutron events are

determined from the measured events:

A B A, + Apack + Ap + ANQ + Aother

Araw - s = 9
b)) Zn + Eback + Ep + ENQ + Zother

(5.2)

where and A denote sums and differences, respectivély. and A,, are the neutron
sums and differences;,.. is the sum of events from the random backgrouxiglare
proton events detected as neutroigp are events from the small quantity of nitrogen

required to produce a polarizéHle cell, and>,., are events from other sources.
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These contributions can be separated from each other thrilieguse of dilution

factors:

- Eback o Zn + Ep + ENg + Zother

Dback =1 5 S (53)
DN _ 1 . ENQ _ En + 2]p + Eother (5 4)
: X — Zback 2n + Ep + ZNz + Zother
D = 1— Ep _ En + Eother (55)
P 2 - Eback - ENQ En + Ep + Zother
X by
Dpgg = 1 L (5.6)

a X — Ebau:k - ZNQ - Ep - En + Eother7

where Dy, is the background dilution)Dy; is the nitrogen dilution,D,, is a dilution
factor to correct for proton events detected as neutrorsDag; is the dilution factor ac-
counting for interactions with the scattered neutron aeditial state of théHe nucleus.

The product of the dilutions is
2y,
DyaacDn, Dy Drst = 5 (5.7)

The uncorrected asymmetry can be written in terms of thdggah factors and the mea-

sured asymmetry,

Aback + Ap + ANQ + Aother
>

Araw - DbackDNg DpDFSIAobs + (58)

whereA s = i—z. Since the nitrogen is unpolarizefly, = 0.
The asymmetry due to the neutron form factass,(s) is diluted in the observed
asymmetry, by a number of factors. The relation betweenliserwed asymmetryA(,s),

and the physics asymmetry () is
Aobs - Pe : Pn : Aphys> (59)

where P, is the polarization of the electron beam (see Sec. 3.2/3 )s the polariza-
tion of the neutron (a combination of the measutel@ polarization and the theoretical

polarization of the neutron in the nucleus).
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By combining 5.8 and 5.94,,,,s can be written in terms of the raw asymmetry, the

dilution factors, and the relative asymmetries:

DI E (5.10)

Apys =
phy PP, Dyaac Dy, D, Drsy

Finally, an analysis of the acceptance and the kinematitseotcattered particles
allows the extraction of the ratid = G /G, from this asymmetry, see Egs. 1.2 and 1.3:
2\/7 (7 + 1) tan (6/2) sin 6* cos ¢*

A2+ (7 + 27 (14 7) tan? (0/2))

20147+ (1+7)* tan? (9/2) tan (9/2) cos 6"
a A2+ (1427 (1 + 1) tan? (0/2))

Apys = —A- (5.11)

5.1 Podd - The Hall A ROOT Based Analyzer

The primary software tool used for this analysis is the HAR®@OT-based analyzer,
referred to as “Podd”. Podd is a C++ based object-orientelysingpackage. This allows
an intuitive approach, where individual detector and b&zarglements can be calibrated
and incorporated to produce physics variables.

E02-013 used many new pieces of equipment. These changesineerporated
into Podd using an experiment-specific library “AGen.” Thizary contains the code
necessary to provide tracking in BigBite, cluster reconsitbndn the neutron arm, timing
information, and other experiment specific code.

Podd is built on the ROOT software package developed at CERNDTRI® a set
of object-oriented frameworks designed to handle largeusntsoof data in an efficient
manner. Data is defined as a set of objects, which allows s¢oeattributes of these

objects without touching the bulk of the experimental dazg].
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5.2 Flow of Analysis Process

Signals from the BigBite detectors, the neutron arm, and bearmslements includ-
ing injector hardwaregg., helicity information, raster information, etc.) are cansxl
and decoded in the first pass through Podd. After the raw elemaiding, tracking, cluster
finding, and first-pass optics are performed, the data aguoutto “trees”, the ROOT
data structure [108].

With these trees, calibrations based on the data may berpexfbo For example,
revised BigBite optics from carbon foil runs can be determindgdrogen data may be
used to properly calibrate the neutron detector’s timingm®& physics variables can be
determined at this time, but for the most part, this outputsed to build and refine the
AGen libraries.

The ROOT files were then generated again with the revisedregitbns. The second
pass data now has usable physics information. At this pamtasymmetry could be
formed by placing cuts on the data. In most cases, howevditi@thl processing was
performed by individual users using the Podd frameworkspinocessing determined the
values for variables related directly to the analysis of Q3 data, including the missing
momentum, the charge identification, etc.

Dilution information, theoretical inputs, and beam andéaipolarization were added
to a final analysis of the data. The output of this analysibésphysical asymmetry, the
average energy transfer seen by the detectors, and fitedlyatioG’. /G%,. A schematic

of this analysis is included as Fig. 5.1.
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Big Bite

Second Pass:
Physics Variableg

First Pass:

Neutron Arm A -
Calibration

Analyzer
Analyzer
Analyzer

Beamline

L Determine QE Variables

Calculate Asymmetry,
Acceptance, Dilutions

= Analyzer

Target Polarization
Theoretical Inputs

FIG. 5.1:Flow Chart for Analysis. Information is collected from the electron detector, neutr
detector, and from various sources along the beamline. Afbenation is then processed by the
Hall A analyzer to produce kinematic variables. Cuts canlaequ on these variables and the
asymmetry can be formed.

5.3 Selection of Quasi-Elastic Events

5.3.1 Helicity Selection

The beam helicity changed every 33.3 ms, and this informatias included in the
datastream. However, to check for systematic uncertainéidhalf-wave plate was also
used to make an additional periodic change in the helicitthef beam. In addition,
the target polarization direction was changed periodica#l a check for target-related
systematic effects. The sign of the observed asymmetreipithduct of the sign of the
physics asymmetry due to the form factors and the sign of dlaenbhelicity and the sign
of the target spin orientation.

An accurate record of the beam and target signs is essemtipidperly combining
the asymmetries from the different runs. The asymmetry enrdw BigBite triggers
serves as a check on the product of the beam and targetyslgits. These asymmetries

provide a clean selection of the sign of the asymmetry, as iseleig. 5.2. Details of the
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FIG. 5.2: Asymmetry sign per run. Asymmetry as seen in the BigBite only trigger, used to
combine asymmetries for each run.

variables used to generate the asymmetry follow.

5.3.2 Electron Selection

Electron events were selected from all possible eventsarBilgBite detector by
using tracking information, as well as calorimeter infotioa.

Negatively charged particles are identified through thekirag information. Infor-
mation on the location of the scattering is also determiheaugh the tracking informa-
tion. The polarized target is a well defined location, anddhents can be selected to
restrict the analysis to events originating in the targeg.(b.3). The tracking information
is calibrated by using the carbon foils target seen in Fig@24as well as the hydrogen
target.

The particle identification is further narrowed by placingw on the energy de-
posited in the pre-shower. The clear separation of thesetehelped to determine the

location of the cut (Fig. 3.14).
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FIG. 5.3: Pre-shower> 500 Channels Scattered from a Polarized TargetPrimarily elec-
tron events distribution along the length of the polarizegét. Although the end windows are
blocked by collimators, scattering from the air gap betwierbeamline window and the target
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FIG. 5.4: Pre-shower < 500 Channels Scattered from a Polarized TargetGlass end win-
dows, which are blocked for electrons, can be seen clearly.
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Non-electron events that deposit little energy in the r@aser detector are generally
pion events. This property of pions can be exploited to detez the location of the end
windows from the data collected in the BigBite spectrometer.il&the location of the
windows is well defined, confirmation of this location froneetron events is difficult due
to the presence of collimators placed around the targets& hellimators are included
to reduce the number of events detected by the BigBite speetesrariginating from the
end window. By looking at pion events, both the location of &mel windows and the

efficacy of the collimators are confirmed (Fig 5.4).

Invariant Mass

The invariant mass of the reaction can be determined frormttial energy and the

momentum of the scattered electron:
W2 = (pgmua) + q)° (5.12)

wherelV is the invariant masy; nuc) 1S the initial 4-momentum of the nucleon and
is the 4-momentum transferred from the electron to the munclé&’he calculation ofV/
assumes that;; ... iS the 4-momentum for a nucleon at rest, ..y = (mN,ﬁ). In the
case of a bound neutron, this is not always true. Howeves,assumption allows for a
separation of electrons quasi-elastically scattered fameutron and inelastic events in
the BigBite spectrometer. A loose cut is placed on these evamdsthe latter selection of
events with relatively small missing momenta further jfuessi this cut. A comparison of
the invariant mass spectrum with and without the inelastis on the neutron arm is seen

in Fig. 5.5.

5.3.3 Hadron Selection

Nucleons are selected by the time-of-flight (TOF) methodnithe beam energy

and the electron tracking information, the energy trameteby the electron can be deter-
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FIG. 5.5: Invariant Mass Spectra. Invariant mass spectra for electraf$ = 1.7 GeV? on top,
Q? = 2.5 GeV? below. Many inelastic events were removed through a co@raid requirement,
allowing for a clean selection of quasi-elastic events.
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FIG. 5.6: Time of flight (in units of 1/3). Time of flight spectrum with no cuts on invariant
mass or perpendicular momentum. Prompt photons can be sééfi & 1.

mined. By assuming elastic scattering from a stationaryetarbknown mass, a predicted
time of flight can be determined. Events which are locatedme tlose to the predicted
time of flight are considered as having quasi-elasticaldtteced from the target by the
electron detected in the BigBite spectrometer. The relgtieefe distance of the neutron
detector from the target (9.6 — 12 m) and the timing precisicthe neutron detector (300
ps) allowed for a clean separation of the high speed neutgmating from the target

and other events.

Missing Momentum

The neutron is considered as being quasi-free for this arsalyfhe variable which
serves as a measure of the quasi-freedom is the missing mamerThis variable is
calculated from the momentum observed in the electron speeter and the momentum
of the scattered hadron in the neutron detector. The difterdetween the momentum

transferred from the electron and the TOF momentum is theingamomentum. As it
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is a vector, it is instructive to consider the missing moraenin the direction of the

transferred momentum separately from the transverse ntomen

Pmiss,| — Cf : (J_ ﬁTOF) (513)

(5.14)

Pmiss, L. = |€7— PTOF — pmiss7||(j
where g is the momentum transfer angor is the momentum determined from the
time of flight. These missing momentum components haverdifiteinterpretations in
the neutron arm.p,,; | is related to the difference in time of flight between the time
predicted by thej-vector and the observed time, these spectra can be seeg.ib Fi.
Pmiss, L 1S related to the spacial separation from the predictedilmtan the neutron arm
and the observed location of the hit. The missing perpetaticnomentum spectrum as
a function of invariant mass is presented in Fig. 5.8. Thesmgsmomentum describes
the initial momentum of the nucleon within the nucleus. Nwcis with small initial
momentum values are considered quasi-free for this asalykie selection of low values

of missing momentum suppresses the effects of final stateaictions.

Missing Mass

The combination of separate cuts on the missing momenturtharaits on the scat-
tered electron serve to effectively identify quasi-elastiattered nucleons. However, this
sample can be contaminated by inelastic events, primatignd=* electro-production.
A small fraction of these events can be included in the sawigg@od hadron candidates.

A strict cut on the missing mass for the reactiéfe(e, ¢'n) X can separate inelastic

events from quasi-elastic events. Missing mass is defined as
miﬂss = (PZ + qpf)27 (515)

whereP; is the initial 4-momentum of the target nucleyds the 4-momentum transfer,
andp; is the measured 4-momentum of the scattered particle. lmtpealse approx-

imation, the missing mass for quasi-elastic scatteringpésnhass of the two remaining
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FIG. 5.7: Parallel Missing Momentum Spectra. Missing parallel momentum, determined pri-
marily through the time of flightQ? = 1.7 GeV? on top,Q? = 2.5 GeV? below. Events have
been selected for electrons and a loose cut on invariant wesapplied.



127

o
3]

=
[

Q)

> -

9, ||

Eoar .l: —500
T =

gosf —400
i ' :- -
E :- [ | —300
2 o2

g Ve

EL L

[0 -

o L

[o2]

£

[}

2

=

PRI B SEI II BR!
12 14 16 18 2 2.2 0

Invariant Mass (GeV)

5 05F I120
> B -
o - m | —100
§0.4j -
‘g | |
g B —80
> 0.3j
8 [ —60
5 B
2 B
2o2— ™
g L —40
[o) -
o - m -
g 01 20
£ B
KL B
i B

L s~ IR PRI Y

1
14 16 1.8 2
Invariant Mass (GeV)

FIG. 5.8: Invariant Mass vs. Missing Perpendicular Momentum. Q% = 1.7 GeV? on top,
Q? = 2.5 GeV2 below. A cut on missing parallel momentum, and selectingted@s have been
applied.
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nucleons. In the case of pion electro-production, theraniadditional mass due to the
additional pion.

Therefore, restricting the sample to only events with a mgssass smaller than 2
GeV (approximately the mass of two nucleons and a pion) &gy rejects events which
originate through pion electro-production. This resioictincreases in importance as the
transferred 4-momentum increases. The dominant contibt the resolution of this
variable is the resolution of the neutron TOF. In practibes is used to further restrict the
neutron sample to quasi-elastically scattered neutrolags Bf the missing mass against

the invariant mass are seen in Fig. 5.9.

5.3.4 Neutron Selection

Neutron events are separated from the general hadron dwentsng two thin lay-
ers of scintillating material before the main hadron detecCharged particles passing
through this material will produce a signal; uncharged &véave a smaller probability
of producing a signal. Events that produce a signal in thedmadetector but do not
produce a signal in the veto layer are considered to be neatrents.

In practice, there are many events in the hadron detectomyatime due to high
accidental rates. The analysis used the location of theohagignal to further narrow the
region in which a veto event was expected.

For every hit in the neutron detector, the analysis scrigpsoover all tracks to iden-
tify possible veto hit candidates. First, the neutron @ustposition (vertical position) is

used to identify possible veto hits. Veto hits that satisly inequality
|‘Tclus — Lyeto — I0| < Az (516)

are further examined to determine if the time of the hit inwk& corresponds with the
time of the cluster:

|tvet0 - tclus| = At. (517)
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FIG. 5.9: Missing Mass Spectra. Missing mass plotted against the invariant mags, =
1.7 GeV? on top,Q? = 2.5 GeV? below. Quasi-elastic events have an invariant m&ssear
the mass of the nucleon, and a missing mass near twice theofrthigsnucleon. Inelastic events

are excluded by requiringimiss < 2.
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In Eq. 5.16,x., IS the position of the neutron cluster,., is the position of the
veto hit andz, is an offset determined by the dataz is determined from proton events
(scattering from a Kltarget), and is 70 cm for these data. Similarly, in Eq. 5t4{, is
time of the hit in the neutron detector. The veto timg,, IS not merely the time in the
veto TDC, but has been corrected for the position of the hibvérteutron cluster.

If At is within a time determined from proton data (20 ns), theretrent in the neu-
tron detector is considered charged Alf is larger than the time window, but within the
deadtime associated with the veto electronics, then thgeld the event is considered
to be undetermined. Events in the neutron detector whichoddave a hit in the veto

detector within the good location and timing window are d¢desed neutral.

5.4 Background Subtraction

A plot of the time-of-flight indicates the presence of a ramdfat background. This
is particularly clear if the plot uses units of 3, wheres = v/c. In such a plot, events
arriving at the detector witth/5 < 1 must be random background as they correspond to
events moving faster than the speed of light. This become=zal if the plot does not
contain the cuts on invariant mass or missing perpendicn@nentum. In such a plot
(Fig. 5.6), events from photons detected in the neutrorctiatare seen as a distribution
atl/g=1.

By shifting the time-of-flight to the unphysical region, angpéying the same cuts
(W, time-of-flight, particle identification, etc.), the randdoackground can be approxi-

mated. In Fig. 5.10, the background is indicated in red.

Missing g-perpendicular

Shifting the time-of-flight spectrum will change the valedbthat depend on time-

of-flight. In addition, the time-of-flight background maytrme flat through the physical
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FIG. 5.10: Background Events. The time-of-flight spectrum, with relevant cuts. The time-
shifted events used to determine the background are irdidated.

region. The kinematics of the experiment are such that weleéine a time-independent
variable. Since the experiment is a measurement at a iatiigh momentum transfer,
and the*He nucleus is weakly bound, quasi-elastic neutrons shairhpily move in the
direction of the momentum transfer. True coincident evehtsuld be limited to small
variations from the momentum transfer, and the deviatiomfthe momentum direction

can be tracked by using a variable which we qall defined as

qL =7 p—|p* (5.18)

This can be clearly seen in Fig. 5.11. The results plottedthagthe time-of-flight

can be seenin Fig. 5.12.

5.5 Nitrogen Dilution

Operation of the polarized target requires 1-2% by numb#refas in the cell to be

nitrogen. Even though the percentage is small, the effettt®polarization could be up to
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FIG. 5.11:Diagram of ¢, . This variable is used to determine whether neutron eveigiated
from a quasi-elastic scattering.

14%, due to the relative difference in the number of protorsreeutrons. By restricting
the analysis to a selection of quasi-elastic neutrons withllsmissing momentum, the
effect is reduced. The exact value is determined by anajydata collected from the
reference cell filled with different pressures of nitrogen.

The asymmetry correction factor is determined through asoreanent of the event
yield due to nitrogen from a nitrogen-filled reference célhen, the effect is scaled to
the effect on the target cell by ratio of the densities ofagén in the reference and target
cells. The dilution factor is determined by comparing thelds in the detectors from the

reference cell and the polarized cell.

. ptarg (NQ) Y(NQ)
pref(N2> Y(N2+3He)

D=1 (5.19)

wherep,.¢(N») is the density of nitrogen in the reference cgll,,(N-) is the density of
nitrogen in the target cell (a fraction of the total targehsigy), and Y is the yield. The
ratio p.¢(N2)/ prarg(N2) has a temperature dependence. It is clear, however, thattibe
prarg(No) /Y N2+He) andp (N2) /Y N2) do not, since they are the yields scaled by factors
of the target luminosity. Therefore, the overall diluti@cfor is temperature independent
and can be applied to alHe runs.

These yields are the total number of events, after apprtepciats have been ap-
plied, and normalized with charge, live-time, and deteetbiciencies. The same cuts are

applied to both nitrogen reference cell and polarizeié cell runs. The yields can be
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‘ Q2 (Ge\/z) ‘ D) (MeV/C) ‘ D (MGV/C) ‘ DN2 ‘

1.7 250 150 0.960
2.5 250 150 0.939
3.5 400 150 0.947

TABLE 5.1: Nitrogen Dilution for Different Kinematics. The nitrogen dilution factor varies
with Q2 and with the cuts on missing momentum.

expressed as
Ncuts

y — fous
Q-LT-€

(5.20)

where( is the accumulated charg€?’ is the live-time (combined electronic and com-
puter),e is the combined detector efficiencies, alid, is the number of events after all
cuts are applied. These cuts are determined byHeeanalysis.

Previous documents on this topic have made reference to-taciecorrection fac-
tor (e.g. [81]). This factor is only necessary for inclusive measugata. The coin-
cidence requirement of our experiment imposes the regeinéthat each event have a
well-defined track.

The nitrogen dilution factor must be determined for eaclekatic as it is dependent
on the N(e, e'n) cross section. It is also dependent on the cuts on perpdadiand
parallel missing momenta, as the nuclear effectsite and N are different. FoQ? =
1.7 GeV?, using momentum cutsip| < 250 MeV/c and|p,| < 150 MeV/c, Dy, =

0.943 £ 0.02. Results for other kinematics can be seen in Table 5.1.

5.6 Proton to Neutron Conversion

The neutron detector identifies hadrons and uses the vetdersuo determine if
the event was charged or uncharged. The particle must ttaneelgh materials and may
experience an interaction before reaching the veto plaie €effect of this interaction

can be determined through a thorough Monte Carlo analyshsedddattering process. In



135
addition, insight may be gained through the analysis of dall@acted on several different

nuclear targets during the experiment.

5.6.1 Formalism

The goal of this analysis is to develop a correction factomficsidentified protons
that can be applied to the neutron asymmetry after apprtepnads are implemented. This
correction factor can be written

n

1 _ %"
b

Nn On My

(5.21)
where p/n is the ratio of protons to neutrons in the targeteusco,, (o,) is the cross
section for free neutrons (protons). The efficiency of ditgca neutron as a neutral
particle isn,,, and the efficiency of detecting a proton as a neutral partgl;. Ratios

of the efficiency can be determined by comparing data talan ftifferent targets. The

factors of N} and N are then generalized,

N' < (A= 2Z)o.ny (5.22)

Ny o Zopn, (5.23)

p

where A(Z) is the atomic mass(number) of the targat; is the number of neutrons
detected as neutral particles aigl is the number of particles originating as protons that
are detected as charged particlies,(with an associated veto hit).
Ratios of the number of particles detected as a charged oatgmth hadron can be
written as
N™ (A= Z)ouny + Zoyn)

[ 5.24
B Ne (A= Z)ouns + Zopn ( )

During the experimental run, targets tie, H,, N,, and mixed C/BeO were used.

These provide data from targets with different ratio§0f- 2) /7. It is useful, therefore,
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to re-write Eq. 5.24 in terms of these ratios:
A_Z On n (& n (&
( Z )E (nn/np> + (np/np)

R, = — (5.25)
BB ee (/) + 1
This can be used to specify the ratios relevant to each tayiyen as
Ry = /1y (5.26)
YOO _ o (Unli/n;) + (/1) (5.27)
2 (e /ng) + 1
o (m/my) + & (my /my
RZI/{(? _ o (U p) ( 1; p) (5.28)
2 (e /mg) + &
In terms of the ratios of efficiencies:
o_ gy (5.29)
p
’I’}_,Z _ @ %RN(RBHe - RH) — RBHeRN ‘|‘ RSHQRH (530)
n;c) On RN - R3He
c E_1)(Rspge — R
In o _ @((n ) (B H)—1> (5.31)
7]; On RN - R3He

The ratios of efficiencies are precisely what is required fitevthe dilution factor in

terms of the charged and uncharged ratios of counts forrdiftdargets:

Ry(RN — Rspe)

Dy, —1—
p/ E Rn(Rspe — Ru) — Rspe Ry + RsneRu

(5.32)

5.6.2 Rate Dependence

The efficiencies of detecting a particle as charged or uggubare highly dependent
on the rate of events in the veto detectors. The identifinadfouncharged particles is
determined by the failure of the veto detector to fire. The@dstector could fail to fire
because the particle has no charge, or, it could fail to ficeibse of electronic or proces-
sor deadtime. Such deadtime is rate dependent, and an igra&lyfsis issue based on the
probability of detecting a veto trigger in the correct timiwindow has been performed.
Conversely, a neutral event could be associated with anedeildveto hit. In practice,

the latter is a larger effect than the deadtime effect.
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5.6.3 The Ratio: p/n

The formalism leaves the term p/n fée intact throughout the derivation of the
dilution factor. The neutron and proton have different mataen distributions in the
3He nucleus. Therefore, the relative densities of protowsrautrons in théHe nucleus
appear to be a function of initial momentum selected. The &tp/n for the choice of
initial momenta used for E02-013 has been calculated baséakeowork of Schiavillaet
al. [109, 110], and its effect on the final value@f, has been determined.

A calculation of the single nucleon momentum distributiomgHe is presented in
Fig. 5.13. Aratio of the proton to neutron as a function of nemtam was then calculated
(Fig. 5.14). The ratio does converge to 2/1, when the monmeméaches approximately
600 GeVE. This calculation was used as the basis of a study into tleetadf cuts on the
perpendicular and parallel momentum (Fig. 5.15) on the i@tproton to neutron.

These cuts represent limits on the momenta in the initit¢ stdowever, we measure
the proton and neutron momenta through detectors that haie fesolutions. As a
result, the initial momenta may be different from the detdahomenta. A Monte Carlo
simulation was performed to estimate the size of the effedetector acceptance on the
ratio of p/n. The resolution effects were simulated by theitawh of random noise with
the same width as the detector resolution. Then cuts weceglan the final momentum.
An example can be seen in Fig. 5.16.

For each set of momentum cuts, the ratio must be calculateddde dilution factor
can be used (Table 5.2). The difference in the ratio is batvée20% depending on the

cuts. The effect on the extracted, is 3-5%.
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FIG. 5.13:Nucleon Momentum Density in?He. Normalized density as a function of momen-

tum.
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FIG. 5.15: Ratio p/n with Varying Momentum Cuts. Ratio p/n presented as a function of

limits on components of momentum.
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@l e»n [ p [Pn]
1.7 | <150 MeV/e | <250 MeV/c | 2.15
2.5 | <150 MeV/c | < 250 MeV/c | 2.15
3.5 | <150 MeV/c | <400 MeV/c | 2.14

TABLE 5.2: Table of Ratio p/n.The p/n ratio calculated for specific missing momentum cuts,
using Monte Carlo calculations that take resolution efféato account.

5.7 Run Summation

For the most part, corrections to the asymmetry can be eabulifor the entire
dataset. However, for corrections such as beam and tartggizadion, the corrections

must be applied to each run individually. Recalling Eqg. 5.9,
Aobs - Pe : Pn . DN2 : Dbackground : DFSI : Aphy57

the factorsDy,, Dyackeround, @Nd Dygp can be calculated for the entire run. Once these
factors have been determined, a physical asymmetry caridadatad for each run. These
asymmetries can be combined by summing the asymmetrieghteeli by the inverse

statistical uncertainty squared:

>, P
Aphys - Z—l; (533)

The uncertainty on the weighting includes the statisticaleutainty as well as the uncer-

tainty on the beam and target polarizations. If statisticedertainty alone were consid-
ered, this would reduce to a weighting by the number of evargach run. The statistical
uncertaintygg.. = \/_IN introduced to Eq. 5.33 yields:

A o Zi AphySJNi

phys = SN, (5.34)
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5.8 Final State Interactions

The goal of E02-013 is to measure the electric form factohefrieutron. Since no
free neutron target could be used for this experiment, aoeltound in a nucleus must
be used. The selection of small missing momentum insurésit@aeutron is quasi-free.
Even with this condition, the neutron may interact with tihetpns in the nuclear medium
as it becomes free.

These final state interactions have been calculated. Theoohesed is the General-
ized Eikonal Approximation (GEA) [111]. This is a generatrfoof the eikonal approxi-
mation introduced by R. Glauber [112, 113]. In general, foamrmprocesses contribute to
the semi-exclusive scattering reaction. The largest tertha impulse approximation, in
which the virtual photon knocks-out the bound neutron. Ia dase, neither the nucleon
nor the virtual photon interact with the other members oflibend system. The second
largest contributor to the cross section are the final staggactions, which contributes
when the struck nucleon interacts with the residual nudgsiem before being detected.
Smaller contributions come from less direct interactiorih the virtual photon. In the
case of meson exchange currents—the third process—thiaMpthoton interacts with a
meson exchanged between two nucleons in the system. Inuhih forocess, the virtual
photon interacts with the nucleon to producA-asobar before decaying.

The contributions from meson exchange current (MEC) andaisobrrent (IC) be-
come smaller at higher momentum transfers (such as thos@2+DE3). The strength of
the interaction scales dgQ*. In GEA calculations, the final state interactions remain
constant with momentum transfer at our value§)of

At energies higher than a few GeV, the GEA gives rise to a reglu¢theorem. High
energy particles propagating in the nuclear medium camtetact with the same bound
nucleon a second time after interacting with another bouwrdeon. In the case of an

electron scattering with a higp? from a *He nucleus, the struck nucleon can either
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not interact with the residual system, interact with oneher ather nucleons, or interact
with both nucleons. It cannot re-interact, so the potegtialfinite series of scattering
amplitudes is truncated after double scattering. Thesditgs can then be calculated
from the well known proton-proton or proton-neutron saatig cross sections [111].

These total cross sections are constant with momentum alpgveximately 1.5 GeV/
approximately the momentum of the lowest momentum neutstudied in E02-013.

GEA calculations performed for this experiment includefih#ge acceptance of the
experimental setup. While calculating the contributiomiréSI, the effective neutron
polarization for E02-013 kinematics was also calculatexicl&sivity and the kinematic
restrictions cause the effective polarization to be latban for inclusive measurements

[114].

5.9 Extraction of G,

From Eq. 5.11, it is apparent that the extraction\of= G, /G, is not straight-
forward, as it enters into the expression fo),,s non-linearly. Eq. 5.11 can be written

simply by separating the kinematic terms from the terms deéeet onG:;:

AB+C
Apnys = AN+ D (5.35)
where
B = —=2y/7 (74 1)tan(0/2)sin 0" cos ¢*
C = —2r\/14 7+ (1+7) tan? (9/2) tan (9/2) cos 0"

D = A+ (7+27 (14 7)tan*(0/2))

Following the derivation in Ref. [115], this simplified formiggests expansion in a
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series inA aboutA = 0:

Apys ~ (BA+C)(1/D — A*/D* + A*/D?)
_C B ¢, B., C. B
= 5+ ph- 5 - A+ A+ A

= Ty(0,0) + T1(0,0)A + To(0, ) A* + T3(0, ¢)A® + Ty (0, )A* + T5(6, ¢)A°

where
C
TO - E
B
T1 — 5
C
T2 - _ﬁ
B
T3 — _ﬁ
C
T4 - ﬁ
B
T5 — E
5.9.1 Angular Acceptance
The physical asymmetry
o, —o_ A
Appys = ———— = — 5.36
phy O'++O'_ E ( )

is related to the observed asymmetry through factors ofrizal@don and other dilution
factors (Eq. 5.9). Itis also determined by the acceptaneewhich the measurement is

made:

Ny —N_ PDfdQeA(G, ¢)e(0, 9)
Ny +N_ "7 [dQ.00(0,0)e(0,0)
whereA andX. are defined in Eq. 5.3@ and D are the polarization and dilution factors

Aobs -

seen in Eg. 5.9, and(). is the electron acceptance as a function of the electroreangl|
For an asymmetry measurement, only the relative accepianegquired,

AN (0,0) +dN_(0,¢)

€(0,0) = 25(0.0) ) (5.37)




144
wheredN (0, ¢) is the number of events with positive (negative) helicityaigiven
angular bin, which then allows the asymmetry to be written:

f dQe%(dN‘l‘(e? ¢) + dN—(ea ¢))

Aops = PD 5.38
b fdQe%(dN+(07¢> +dN—(87¢)) ( )
Or, in terms of the sum of elastic events:

A= 12 > A(0,9) (5.39)

N+ N (6, 6)

Returning to the expansion of the physical asymmetry in tesms, the physical

elastic events

asymmetry can be rewritten in terms of the averages of tharesipn coefficients,

1 Ny, —N_ — — . _
Aphys = ﬁm = ﬁo + T A +ToA? + TsA® + T4A* + T5A5] . (5.40)

5.9.2 Determination of()?

This expansion allows determination of the value(f averaged over the accep-
tance. If a linear dependence &fon Q? is assumed over the acceptance, theran be

written

AMQ*) = A+ (@ = @), (5.41)
whereA,, is A at a nominal value of)? (i.e,, Q?), anda is the slope of\ with respect to
Q?. Using this expression in Eq. 5.40 and retaining only thengelinear inc,

2= %(Qi) T - Q2). (5.42)

00

Writing the asymmetry by averaging over the acceptance:
A= AQ) + oM@+ TQ}). (5.43)

The acceptance averaged value of the asymmetry is the saime asymmetry at a

nominal value ofp?, if the nominal value of)? is determined by:

,  NhQ?
Q2 = = (5.44)
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5.9.3 Acceptance Averaged:’,

The kinematics for E02-013 were carefully chosen so thantbenentum transfer
direction was nearly perpendicular to the polarizatioedion of the target. In that case,
and since\ < 1, A can be written

Aphys - TO

Ao —
0 T,

(5.45)

Even though the angle of polarization was not perpendi¢aldre momentum trans-
fer, this approximation is good to 5%. A higher accuracy carabhieved by including
higher order terms in Eq. 5.40. An accuracy better than 1%beaacheived by using the
first 5 terms. The roots of this function can be determinederically. Newton’s method

is applied to find the roots of:
f(A) = Apnys — (TO + T1A +ToA* + T35\ + T4A* + 751\5) . (5.46)

The method uses the approximation:

W)
f'(A)

Ay = A, (5.47)

using the first order approximation of Eq. 5.45 as the stgupiint.



CHAPTER 6

Results

The results of the analysis allow the physical asymmetretodiculated. Recall Eq.

5.10:

Araw Aback AP %

PYS D P Dy Dy Dy Drps

A

From this asymmetry, the ratib = G%/G7, can be determined, from Eq. 5.11:
2\/7 (7 + 1) tan (6/2) sin 6* cos ¢*
Aphys = —A- 2 2
A2+ (7 +27 (14 7)tan” (6/2))

2r /14 7+ (14 7)* tan? (9/2) tan (9/2) cos 6"
a A2+ (7 +27 (1 + 7)tan? (6/2))

6.1 Cut Selection

To properly identify quasi-elastic events, cuts were piage data collected in the

electron spectrometer and the neutron detector.

6.1.1 Electron Cuts

The first set of cuts applied to the full data set selects omines caused by quasi-

elastic scattered electrons originating from the targéte @€lectron beam interacts with

146
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| Variable \ Low | High |
Target Position —0.18 m 0.18 m
Pre-Shower 400 channels —
BigBite Momentum| 0.5 GeV/c 1.4 GeVie
Invariant Mass 0.7 GeVil? | 1.15 GeV/c?

TABLE 6.1: Electron Arm Cuts. Cuts on the data to restrict events to quasi-elasticalliesesl
events originating from the target.

the polarizedHe gas within the target portion of the glass cell. This celténtered at
the origin of the hall coordinate system. The long dimengibthe cell is 40 cm and is
aligned withz. Cuts to ensure that the electrons were scattered from thareet18 cm
in the z-direction. Loose cuts on the momentum and the location @fihin the drift
chamber serve to reduce the random background.

As described in Sec. 5.3.2, good electron events are sepdraim pions by using
the pre-shower calorimeter. A cut is made so that only evagpiesiting an energy greater
than 400 channels (143 MeV) are included. In a perfectiytielageraction, the invariant
mass, as measured by the scattered electron, would be ednalhass of the neutron. A
wide cut is permitted on the data taken in this experimentha@seutron arm data helps

restrict the selection of inelastic events. The electrds ate summarized in Table 6.1.

6.1.2 Missing Parallel Momentum

In practice, the limits on missing parallel momentum candpgaced by limits on the
time-of-flight with respect to the expected time-of-fligtitloe neutron. For each electron
event, an expected time-of-flight can be determined fromctieulatedg-vector. The
difference between the expected time of the hit in the nauran and the actual time of
the hit is attributable to the motion of the neutron withie thie nucleus. In other words,
this difference in timing is simply the missing parallel memtum expressed in units of

time. Figure 6.1 demonstrates the equivalence of the cutseotwo variables. There is
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| Variable | Low | High |
TOF difference —1ns 1ns
qL 0 150 MeV/e
Fiducial,z-direction| —1.6 m 1.0m
Fiducial,y-direction | —0.87 m 0.2m

TABLE 6.2: Neutron Arm Cuts. When combined with the electron arm cuts, these restrict the
events to events originating from the target, which scattérom a quasi-free neutron.

some variation due to the lengths of the different pathsrtdkethe particles.

6.1.3 Other Neutron Cuts

The time-of-flight is the primary cut to restrict the data teagi-elastic scattered
neutron events. However, a cut on the missing momentum péigédar to the direction
of flight further restricts the data set to quasi-elasti¢ttecad events. This is accomplished
by placing a cut on the variablg , as discussed in Sec. 5.4.

Finally, a loose fiducial cut is used to restrict events torégion of the neutron
detector that is well covered by the veto plane. The neutntsiare summarized in Table

6.2

6.2 Dilution Factors

Once the proper neutron sample has been identified, theodiltsctors need to be

calculated to extract the physical asymmetry.

6.2.1 Background

Random background can be accounted for by applying a shiftetditne-of-flight
spectrum so that events in an unphysical region are usegtoxmate the random back-

ground in the good time-of-flight sample.
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FIG. 6.1: Missing Parallel Momentum with Time of Flight Cuts. The missing parallel mo-
mentum histogram in white. The red histogram is also theinggsarallel momentum, but with
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plotis for Q2 = 2.5 GeV2.
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FIG. 6.2:Charge Ratio v. Time of Flight. The neutral/charged ratio varies as a function of time
of flight, but is constant in a region far from the majority eagtering events{30 to —20 ns).

The time shift must be large enough to be free of the effecésattering events, but
should be in a region where the background exists and iy feamstant. The shift used
for all kinematics in this experiment was 30 ns. Fig. 6.2 shdwat the neutral/charged
ratio is consistent in this region, indicating that it isdref scattering events. The number
of events in this region is consistent with the number of &veloser to the good time-of-

flight region.

Background Charge Identification

Recall that charge identification in the neutron detectott experiment is deter-
mined by the use of a thin veto layer. If there is a signal frowva teto layer in good
agreement with the time and position of a hit in the neutraecter, then that event is
determined to be from a charged event. This method of detémgncharge means that
charged and uncharged events in the background sample entrsglbed differently.

The goal of this analysis is to subtract the number of eventa bur neutral sample
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that are there as the result of a neutral background. Simcelthrges of the events are
determined using timing information, a shift in the timeflaght may change the effi-
ciency of determining the charge. In fact, there are twoeswé, but ultimately unlikely
scenarios. First, the veto could properly identify all e¢dn the background as charged
or uncharged. In this case, the number of neutral eventshiimest is the number calcu-
lated by shifting the time-of-flight. The second case is tltate of the events are properly
identified. The true uncertainty must therefore be somesvimdoetween. Following [67],
the correct number of neutral eventy,. , from the background sample is:

un
N back

Yhack = + (M) (6.1)

where (N2, ) is the root mean square value of a flat distribution fred} (no neutral
background) tdg (background is as measured). If this is normalized to 1, th&RMue
can be written:
2 2 2 N

(Nback)RMS = (/]2v Wd$> = (6.2)
While one extreme may seem more likely than the other, detengnthis from the data
is tedious and does not result in a significant reduction pearmental uncertainty. Such
information could be extracted from a sufficiently preciserie Carlo simulation. How-
ever, as will be shown, the effect on the knowledgé&-gf due to this uncertainty of the
charge of the background is small and this method sets rebkohmits on this uncer-
tainty.

If a background event is identified as charged, this mearistiieae was a signal
in the veto layer at the proper time and location. These svarg charged background
events. However, if the neutral events are misidentifiedn tthe misidentified events
must come from the charged events, so the number of backdjexents can be written:

Ypn o = + 6.3
back 2 \/ﬁ ( )

un un
ECh _ Nch 4 Nback Nback
back T back

2 V12

(6.4)



152

Dilution

Recall the dilution factor due to background is simply:

And, for the uncharged background,

Nk?élck + Nll)lal‘lck
2 V12

The asymmetry associated with the background is simply:

un - __
Eback -

+ J—
Aback _ Nback — Nback

by by

Uncertainty

The uncertainty on the neutral background due to chargeifbation, N\, //12,
is combined with the statistical uncertainty/(V\>, /2) to calculate the uncertainty for

the background dilution factor.

532 772 (52)2 1/2 Nun (Nun )2 (Nun )2 1/2
5Dback — ( back + back > _ < back + back + back > (65)

332 34 2572 12372 433

6.2.2 Nitrogen Dilution and Proton Misidentification Uncertainty
Nitrogen Dilution Uncertainty

The nitrogen dilution factor is:

 Pg(Ng) NO) QU9 Oy,

D=1 Pref(NQ) N (Na+3He) Q(NQ) CHe’

(6.6)

whereCly, and Cy, are the number of quasi-elastic events normalized by thdugto
of the nitrogen density and accumulated charge for the gemmareference cell and the

polarized®He cells, respectively.
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The factors of accumulated charge and number of events cealtidated from the
data. The density of nitrogen in the reference cell is detesthby a pressure gauge and
reference cell RTDs, and the density of nitrogen in tHe cell is calculated when the
cell is filled. The number of event®/ ¥2) and N (N2+"He) gre background subtracted and
therefore have the associated systematic error.

The uncertainty on the dilution factor is:

dCN2)*Chie + (0CH)*CR,

(6Dn,)* = ( ot (6.7)

whereCy, andCy, are defined in Eq. 6.6.

The uncertainty for these terms is
_ Spret(No)\ >  (ONON? 7 5QMN)\
5CN2 B CNQ\/( pref(NQ) * NN2) T Q(Nz) (68)
_ 6ptarg(N2) 2 & N (N2+3He) 2 5Q(N2+3He) 2
e CHB\/(ptarng) N ) T garm ) 69

Proton Misidentification Uncertainty

The expression for the proton dilution factor was given as%E82:

1 RH(RN — R3He)

Dpju=1—
v/ E Rx(Rspe — Ru) — Rspe Ry + RspeRu

Following [67], the uncertainty on this factor is:

< 2 Rir(Rspe — R )0 Ry )2 ( 2 R Rid Rape >2
Rpo(Rn — Ru)2(2 — 1) (2 — 1)R2, (Rx — Ru)

0Dy n,

1/2

N ( 2(Rsye — Ry)d Ry >2 . (( (Rpe — Ryp)o2 ))2

(2 —1)(Rn — Ru)? 5 12(Ry - Ry (6.10)

6.2.3 Other Contributions to Uncertainty
Final State Interactions

The other major dilution is due to final state interactioriscdssed in section 5.8.

At this time, a calculation has been made, but the unceytaimthe final results has not
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been agreed upon by the collaboration. For this analy$isg; = 0.05 was used.

Inelastic Contribution

For the kinematics studied in this document, the contrdsufrom inelastic events
is very small. Monte Carlo estimates indicate that they douite at the 1.5% level [116]
to the overall dilution factor. This is not the case for measwents at highe®? using
the same experimental procedure. In that case, the cotmbimbio the dilution is 3-10%

[116].

6.3 Error Propagation

This experiment is primarily a counting experiment. Onceper cuts are applied,
the number of neutral events detected from one electrogityettate and the number
from the other state are compared. If these events are raatisome fixed rate, they
should form a Poisson distribution. A Poisson distributioth a mean number of counts,
N, has a variance? = N. The statistical uncertainty on each bin is therefo¥e= \/N.

For a given asymmetry of uncorrelated counts,

N* — N~
A=
N+ + N~

the uncertainty on the asymmetry can be written:

ANTN~— 1— A?
A —_= — " = .
o VivisNp VTN

Thus, for small asymmetrie§ A o 1/v/N.

The statistical uncertainty is completely contained inrdng asymmetry. To propa-

gate this to the physical asymmetry, the proper dilutiondiecare applied,

5Araw

. 6.11
PePnDbaCkDNgDpDFSI ( )

Ostat —
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| Variable |  Value | Uncertainty| Relative Uncertainty
Q? 1.70 (GeV?)
Dy, 0.960 0.008 0.5%
Py 0.485 0.02 4.4%
P, 0.853 0.026 3%
Disckgroma | 0.925 0.02 2.2%

| Dy | 0778 | 0014 | 1.8%
Drysrip, 0.9025 0.05 5.3%
G, [46] —0.1656 0.022 1.7%

TABLE 6.3: Extraction Factors for Q2 = 1.7 GeV?. The required dilution factors and theoret-
ical inputs required to extract?, atQ? = 1.7 GeV?2.

The systematic uncertainty is:

2
AP
o 5Afaw+5(§> e {5Per+[5ﬁ]2
phys (P.PyDoaaDx, D, Dpst)? "™\ [ P

5Dx, 1> [6D,1>  [6Desi]? 2
No P FSI 2
A2
|:DN2 :| + |:D :| + |:DFSI:| ) + (5back) ) 9 (6 )

p

whered,..x IS the correlated uncertainty, written as:

(Aphys . 1 )2 (5Nk;ck>2

Dback PePnDbackDNgDpDFSI 2%

+ Aphys _ 1 ’ §Nl:ack ’
Dback PePnDbackDNgDpDFSI 2%

+ ((Aphys (1 - DbaCk) . Aback 1 - 1 ) )2
Dback b Dback PePnDbackDNgDpDFSI \/ﬁ
(6.13)

5back

1/2

6.4 Results

The results of the calculations of the dilution factors ameirtrelative uncetrainties

can be found in Tables 6.3 and 6.4.
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| Variable |  Value | Uncertainty| Relative Uncertainty
Q? 2.50 (GeV?)
Dy, 0.939 0.008 0.9%
Pre 0.462 0.02 1.4%
P, 0.848 0.025 3%
Dyackground 0.938 0.018 1.9%

| Dy | 0756 | 0014 | 1.9%
Drysrip, 0.9229 0.05 5.4%
G, [46] —0.0961 0.0022 2.3%

TABLE 6.4: Extraction Factors for Q2 = 2.5 GeV?. The required dilution factors and theoret-
ical inputs required to extraci, at@Q? = 2.5 GeV?2.

’ Q2(Ge\/2) ‘ Araw ‘ Aphys ‘ Nneutral ‘
1.70 —0.05263 £+ 0.0028 | —0.2039 £+ 0.00295 | 118355
2.50 —0.04886 + 0.0053 | —0.2097 £ 0.00552 | 35122

TABLE 6.5: Asymmetries and Statistical Errors. Measured asymmetries presented with un-
certainty from counting.

Once the factors required are calculated, the ratie GY/G%, is extracted from

the physical asymmetry using the extraction outlined in Se2.1:
Apnys = To + TiA + ToA? + T5A® + TyA* + T5AP.

The uncertainty in\ is contained inA,,s, and is extracted by:

0 Aphys

A = = )
{Zf:n nTnA”—l{

(6.14)

Finally, the uncertainty on the neutron form factor comesrirthe uncertainty in
A and the uncertainty o4/%,, obtained at our value af)?> from the recent precision

measurements at Jefferson Lab [46]:

3G = £/ (3G, A)? + (Gly0A) (6.15)
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| Q*(GeV?) | Gy | (stat) | (sys) |
1.70 0.0242 | 0.0020 | 0.0061
2.50 0.0247 | 0.0029 | 0.0031
3.41 0.0156 | 0.0020 | 0.0015

TABLE 6.6: The Electric Form Factor of the Neutron. The electric form factor of the neutron
at three values of momentum transfer. The= 3.41 GeV? result is from Ref. [116].

6.4.1 Note on Preliminary Results

The results present in this dissertation should be coreidereliminary. There are
several additional analytical methods that will be appledhese data. First, a Monte
Carlo simulation of the experiment has been written, prilmaad gain a better under-
standing of the contribution of inelastic events to the famtimmetry. Preliminary results
indicate that this is a relatively small effect (negligitite > = 1.7 GeV?* and approxi-
mately 2.5% forQ? = 2.5 GeV?)—well within the quoted uncertainty.

Additionally, a closer inspection of the pion events idBeti as electrons in the
electron spectrometer has been performed (Ref. [116]), duapplied to the results in

this document. The effect on the asymmetry is less than 1%uokinematics.

6.5 Conclusion

A plot of new results foiG%,(Q?) is shown in Fig. 6.3. In addition to the results of
the analysis in this document, a preliminary poinQdt= 3.4 GeV? has been added. The
analysis for this point was performed by another memberettilaboration [67].

The determination of%, at@*> = 1.7 and2.5 GeV? is in excellent agreement with
Miller's constituent quark model [34]. Miller's SU(6) waltenction differs from several
other models in the calculation of the neutron’s core radidss region is only experi-
mentally resolvable at higher values of momentum transfer.

Perturbative QCD predicts a scaling functidn,/ [} o« In® (Q?/A?)/Q? [30]. If
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| Version | ac \ be: \
Kelly [17] | 1.70 = 0.04 | 3.30 = 0.32
E02-013 | 1.40+0.08 | 1.89 +0.36

TABLE 6.7: New Galster Parameters from Data. By fitting existing data and the data from

this work, a new set of coefficients for Eq. 2.48}, = %GD can be established.

this scaling function is normalized to the value®f, measured af)?> = 1.7 GeV?, the
measured value af, at Q> = 2.5 GeV? appears to somewhat agree with this scaling.
However, the highef)? = 3.41 GeV? point [116] indicates that this is not the case at
higher@?.

A continuation of Lomon’s vector meson dominance fit to st data [33] pro-
vides a value ofG%, that is smaller than the measured valugdt = 2.5 GeV?; the
difference is not statistically significant. This model iditato the data published be-
fore E02-013 began. While there is little predictive powestich a fit, it is remarkable
that an extension of the fit is in good agreement with the daithout re-tuning the fit
parameters.

A continuation of the Galster and Kelly parametrizationk3;117] predicts a smaller
G". than measured 2 = 2.5 GeV*. Using the same modified dipole form, but including
these data points, new modified dipole constants can bdishh The fit is included in
Fig. 6.3, and the new fitting parameters are included in Talle

Finally, using the method described by Ref. [17], an improvev of the neu-
tron charge distribution can be seen. As the charge disivitbumoves from positive to
negative, the new uncertainty on the location of the zersstng is nearly half the old
uncertainty. Figure 6.4 shows the new view of the chargeitiens

An experiment has been approved to run at Jefferson Lab tsurne@?, at Q* =
10 GeV? with similar precision [120]. These experimental valuedl piovide insight

into the nuclear models at regions in momentum transfer evttex predictions diverge.
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FIG. 6.3: G at High Q2. The electric form factor of the neutron as a function of motaen
transfer. Historical data and theoretical curves are et The value of%, atQ? = 3.4 GeV?
from Ref. [116].
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| Neutron Charge Density |
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FIG. 6.4: Neutron Charge Density. The charge density of the neutron determined from the
values ofG,. The outer band is the uncertainty before the analysis of@®data. The inner
band includes data taken in E02-013.
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It will also serve to describe the neutron charge densiti even greater precision.
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