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Abstract

The results of a measurement of the spin-dependent asymmetry in quasielastic scat-
tering of longitudinally polarized electron from polarized *He target are reported.
The neutron magnetic form factor at @? = 0.19 (GeV/c)® has been extracted from
the measured asymmetry and is reported in this thesis work. The experiment was
performed at the MIT-Bates Linear Accelerator Center with an incident electron
beam energy of 370 MeV. Two magnetic spectrometers, MEPS and OHIPS, were
used to detect the scattered electrons independently, with MEPS at the kinemat-
ics maximally sensitive to the spin-dependent transverse response function, Ry, at
Q? = 0.19 (GeV/c)? and OHIPS at the kinematics maximally sensitive to the spin-
dependent transverse-longitudinal response function, Ry, at Q% = 0.14 (GeV/c)?.
The elastic asymmetry and the quasielastic asymmetry Arps in the threshold re-
gion for three-body breakup have also been measured in OHIPS and reported. A
cryogenic polarized ®He gas target using a metastability-exchange optical pump-
ing technique was employed in this experiment. The target was operated at 13K
during the experiment with an average target thickness of 3.3 x 10'¥cm=2 (MEPS)
and 1.6 x 10"%cm™2 (OHIPS). The average target polarization with 25 A average
beam current was over 38%. A GaAs source produced the polarized electrons and a
Wien spin rotator was employed to rotate the spin to give longitudinally polarized
electrons at the 3He target. The average beam polarization for the experiment was

36.5%.

The measured 2He elastic asymmetry agrees very well with the calculated val-



vii

ues using the 3He form factors measured by Rosenbluth separation. The measured
spin-dependent transverse asymmetry, A7., which is expected to be sensitive to the
neutron magnetic form factor is in good agreement with recent PWIA calculations
using a spin-dependent spectral function. The neutron magnetic form factor at
@? = 0.19 (GeV/c)? has been extracted from the measured asymmetry based on
the recent PWIA calculations. The extracted G%; value agrees very well with the
standard dipole parametrization at this Q*. This experiment represents the first
measurement of the neutron magnetic form factor using spin-dependent electron
scattering. The uncertainty of the extracted G7,* is dominated by the statistical
uncertainty and the uncertainty due to model dependence is found to be compara-
tively small. The measured A7z in the threshold region has shown very large positive
asymmetry close to the three-body breakup threshold. To interpret the Ay data, a
complete calculation of the *He asymmetry Argzs in the elastic-threshold region us-
ing a spin-dependent spectral function with final state interactions (FSI) and meson

exchange currents (MEC) taken into account is probably necessary.
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Chapter 1

Physics Motivation

1.1 Introduction

Electromagnetic form factors are of fundamental importance for an understanding
of the underlying structure of nucleons. Knowledge of the distribution of charge
and magnetization within the nucleons provides a sensitive test of models based on
QCD, as well as a basis for calculations of processes involving the electromagnetic
interactions with complex nuclei. Due to the lack of a free neutron target, the neu-
tron electromagnetic form factors are known with less precision than the proton
electric and magnetic form factors. They have been deduced in the past from elastic
or quasielastic electron-deuteron scattering. This procedure involves considerable
model dependence. The development of polarized targets and beams has allowed
more complete studies of electromagnetic structure than has been possible with un-
polarized reactions. In quasielastic scattering, the spin degrees of freedom introduce
new response functions into the inclusive cross section, thus providing additional
information on nuclear structure [1].

3He is an interesting nucleus for polarization studies because its ground state
wave functions is predominantly a spatially symmetric S state in which the spin of

the nucleus is carried mainly by the unpaired neutron. Therefore, inelastic scatter-



ing of polarized electrons from polarized *He in the vicinity of the quasielastic peak
should be useful for studying the neutron electromagnetic form factors. This idea
was first investigated by Blankleider and Woloshyn within the closure approxima-
tion [2]. Friar et al. [3] have studied the model dependence in the spin structure
of the *He ground state wave function and its effect on the quasielastic asymmetry.
Recently the plane wave impulse approximation (PWIA) calculations performed in-
dependently by two groups [4,5] using a spin-dependent spectral function show that
the spin-dependent asymmetry is very sensitive to the neutron electric or magnetic
form factors at certain kinematics near the top of the quasielastic peak. Two previous
experiments [6,7] measured the spin-dependent asymmetry in quasielastic scattering
of polarized electrons from polarized *He, and demonstrated that this new experi-
mental procedure is feasible for studying the neutron electromagnetic structure. As
a result, new experimental programs utilizing polarized electrons and polarized *He
targets to study the neutron electromagnetic structure and the nucleon spin struc-
ture are under way at several electron accelerator laboratories (SLAC, MIT-Bates,
CEBAF, MAMI, DESY HERA).

This thesis reports the measurement of the transverse asymmetry, Ays, in spin-
dependent quasielastic scattering of longitudinally polarized electrons from a polar-
ized 3He target. The experiment was performed at the MIT-Bates linear accelerator
center in the spring of 1993. Five institutes, Argonne, Caltech, MIT, RPI, and
TRIUMEF, collaborated on this experiment. The neutron magnetic form factor at
Q? = 0.19 (GeV/c)? has been extracted from the measured asymmetry based on re-
cent PWIA calculations using a spin-dependent spectral function. For this measure-
ment, the uncertainty in the extracted neutron magnetic form factor is dominated
by the statistical error and the systematic uncertainty is mainly from the uncer-
tainties in the determination of the beam and target polarizations. The uncertainty
from model dependence has been studied carefully using various proton electromag-
netic form factor parametrizations and different *He wave functions and is found to

be comparatively small. The work presented here is the first measurement of the



neutron magnetic form factor using spin-dependent electron scattering.

The remainder of this chapter contains a discussion of the existing data on G7; in
the low Q2 region from the electron-deuteron scattering experiments, recent PWIA
calculations for the *He quasielastic asymmetry using a spin-dependent spectral func-
tion, and extraction of the neutron magnetic form factor from the *He quasielastic
asymmetry. In the second chapter, we discuss the experimental apparatus. In the
third chapter, we describe the polarized *He target employed in this work as it was
a very important part of this thesis work. The data analysis is described in Chapter
4 and a discussion of the systematic uncertainties in the asymmetry measurement
is given in Chapter 5. In Chapter 6, the asymmetry results are presented and the
neutron magnetic form factor determined from the measured asymmetry. Lastly, in

Chapter 7 the conclusions are given.

1.2 Existing Data

Due to the lack of a free neutron target, all previous data on the neutron mag-
netic form factors are almost exclusively from either elastic or quasielastic electron-
deuteron scattering experiments. Here only the data in the low Q? region will be
discussed as they are relevant to the present work. The electron-deuteron data can be
further divided into the following three main categories: the inclusive, coincidence,
and the anti-coincidence measurements. The standard dipole parametrization [8] of
the nucleon electromagnetic form factors gives
n P 2 7-2

A A o
where Q? is in (GeV/c)?. Fig. 1.1 shows the world data of G7,%, in units of u,Gp?,
in the low Q? region including the recent Bates [9], NIKHEF [10], and the Bonn
[11] measurements. Except for the recent Bates, NIKHEF, and Bonn data, all the

previous data have large error bars (20 — 30%). In general, the existing world’s data



set is internally inconsistent, as successive measurements at the same value of ?
disagree outside of the error bars. The error bars associated with each measurement
are interesting and it is worthwhile to discuss them individually.

The work of Hughes et al. [12] (shown as hollow squares with error bars due
only to the statistical uncertainties and a global 5% theoretical uncertainty), the
reanalyzed data of Grossetéte et al. [14] by Kramer et al. [13] (shown as hollow
diamonds with error bars essentially just due to the statistical uncertainties), all used
inclusive measurements of quasielastic scattering of electrons from deuterium where
the proton cross-section is subtracted from the deuteron cross-section to extract the
neutron form factors, except for part of the data from Hughes et al. where the
measurements of the ratio of the total quasielastic electron-deuteron cross-section
to the elastic electron-proton cross-section were taken and the neutron form factors
were extracted from the data using the “area method” [12].

The subtraction technique which involves a separation of the longitudinal and
the transverse cross section (Rosenbluth separation) to yield the magnetic contribu-
tion first, and further subtraction of the dominant proton magnetic contribution is
questionable. There is the well-known “blow-up” of experimental error bars for the
small contribution, which for low ? is the magnetic one, associated with the Rosen-
bluth separation, and also the enhancement of the systematic error on the extracted

%, arising from subtraction of the proton contribution. There are also consider-
able theoretical uncertainties from the final state interactions (FSI), meson exchange
currents (MEC), and the deuteron wave function associated with this experimental
technique.

In fact, Hughes et al. extracted negative values of G%% No additional error
was added to the extracted G}, due to this extraction of a nonphysical values of
G%*, nor was any error due to the FSI or N-N potential taken into account. Braess
et al. [13] have reanalyzed the measurements of Hughes et al. [12] at momentum
transfers below 5 fm™? by including a realistic description of the deuteron structure

and the effect of interactions between the outgoing nucleons (shown as asterisks with



error bars due to both the systematic and statistical uncertainties). Their extracted
values of the neutron magnetic form factors come out still larger than but closer
to the values predicted by the dipole parametrization as compared to the former
analysis. However, their analysis also yieldé negative values for G%Z.

It was noted by Hanson et al. [15] that the measurements from Hughes et al.
[12] of the ratios of the neutron to proton cross-sections decrease more rapidly than
the other measurements, as the scattering angle @ goes to zero, which leads to the
extraction of the negative values of G,? mentioned previously.

Budnitz et al. [16] (shown as hollow circles with the error bars being the statistical
uncertainties only) and Hanson et al. [15] (shown as crosses with the statistical error
bars), both used the “anti-coincidence” technique where one attempts to detect
(e,e’p) and if the proton is not detected (i.e., d(e,e’p)), the scattered electron is
assoclated with scattering from a neutron. The idea is that if a proton is not observed
at the correct kinematics calculated from w and ¢, assuming no recoil, then the
scattering is from a neutron. This method relies on the detailed knowledge of the
deuteron wave function and detector efficiencies to understand all the processes by
which a proton might not have been detected. Budnitz et al. [16] have varied the
electron-proton cross-section by £5% to examine the systematic uncertainty on the
extracted neutron magnetic form factor and the uncertainty was found to be of the
same size as the statistical uncertainty of their measurements.

The work of Stein et al. [18] (shown as hollow triangle with statistical error bar),
and Bartel et al. [17] (shown as hollow stars with essentially statistical error bars),
both used the coincidence method of d(e,e’n), although they relied on measuring
protons and taking the ratio of the proton to neutron cross sections. The advantage of
an electron-neutron coincidence measurement is that it eliminates the large quasifree
scattering contribution from the proton. The main difficulty associated with this
method is obtaining an absolute calibration of the neutron detector efficiency. The
extracted value of G%, depends on the deuteron wave function assumed and on

MEC depending on whether the top or the full quasielastic peak is used. The



two coincidence measurements mentioned above determined the neutron detection
efficiency by the associated particle technique with the reaction v +p — 7% -+ n.

The recent Bates data by Markowitz ef al. [9] (shown as the solid diamonds
with the inner (outer) error bars being the statistical and the (total) uncertainties)
again used the coincidence method of d(e,e’n). The neutron detection efficiency was
determined using the associated particle technique with the *H(y, pn) reaction. The
total uncertainties of the extracted G%, were determined by the quadrature sum of
the statistical, systematic, and the theoretical uncertainties.

The recent NIKHEF experiment by Jourdan et al. [10] (shown as a solid triangle
with the total error bar determined by the quadrature sum of the experimental and
theoretical uncertainties) measured the ratio of the d(e, ¢'n) cross-section to that of
d(e,e'p) (ratio method). The absolute neutron detection efficiency was determined
with high accuracy using the tagged neutrons produced by H{(n, p)n scattering of a
high intensity neutron beam. The total uncertainty from this measurement is much
smaller than all other %, measurements in the low Q? region, though the data point
lies much lower compared with the rest of the data in the same Q2 region.

The recent Bonn data [11] (shown as a hollow star with the total error bar) also
used the ratio method to extract the neutron magnetic form factor. The neutron
detection efficiency was determined by the associated particle method using the
p(v,7tn) reaction. This measurement shows marginal agreement with the recent
Bates measurement, given the size of the uncertainties in the two measurements.
The Gari-Krimpelmann [20] and Héhler [19] form factor parametrizations are also

shown in Fig. 1.1.
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Figure 1.1: The square of the neutron magnetic form factor G%?, in units of the standard
dipole parametrization, (un,Gp)?, in the low Q? region. The hollow squares are from
Hughes et al. [12], the hollow diamonds are from the analysis by Kramer et al. [13] of
the data from Grossetéte et al. [14], the asterisks are from Braess et al. [13], the crosses
are from Hanson et al. [15], the hollow circles are from Budnitz et al. [16], the solid star
is from Bartel et al. [17], the hollow triangle is from Stein et al. (18], the solid diamonds
are from Markowitz et al. [9] with the inner (outer) error bars being the statistical (total)
uncertainties, the solid triangle is the NIKHEF data [10], and the hollow star is the Bonn
data [11]. The data of Markowitz et al., Hughes et al., and Stein et al. have been displaced
slightly to improve readability.



1.3 Calculations of the *He Quasielastic Asym-
metry

The PWIA calculation of the spin-dependent asymmetry for longitudinally polarized
electrons scattering quasielastically from a polarized *He nucleus was first performed
about 10 years ago by Blankleider and Woloshyn [2] within the closure approxima-
tion, where a spin-dependent momentum distribution was employed to describe the
nuclear effects. It was only recently that the calculation of the spin-dependent 3He
“quasielastic asymmetry using a spin-dependent spectral function became available [4]
[5]. In this section, we will describe the formalism developed by Schulze et al. [5] for

calculating the *He quasielastic spin-dependent asymmetry using a spin-dependent

spectral function.

1.3.1 The Nuclear Current Tensor

The nuclear current tensor W4" (g, P4) of a spin-1 nuclear target A with mass My,
four-momentum Py, and polarization n 4, is required for the description of the inclu-
sive processes. The current tensor is Hermitian and conserved. It preserves parity,
gauge, and time-reversal invariance and its Lorentz structure is built from the three
four-vectors ¢, P4, and n, which satisfy P§ = M3, n} = —1, and (P4 - n4) = 0.

The current tensor has the general form

y q"q” A L pupe WS
<ng | W (q,Ps) |na> = — - g W+ PZPZ“W +
Q A
- pvaf G‘{l
1o | napyr + [(g- Pa)nagp
A
GA
Pl ] (12)
. - P
Py = Py + q—Q—iif], (1.3)



where ¢ = (¢°, q) is the four-momentum transferred from the electron to the target
nucleus (Q? = —¢? being positive), g#” is the metric tensor with ¢ = —g¢!! =
—g?? = —¢® = 1, and ¢**? is the total antisymmetric tensor in four dimensions.
WA and W3 are the spin-averaged structure functions, and G# and G4 are the
spin structure functions. The structure functions are real-valued Lorentz scalars
and therefore depend on the scalars Q% and (g - Py4).

By exploiting the identity €,,qapc" " = —2(g295 — 9495), the structure functions

can be obtained from a given current tensor by contraction with other tensors as

follows:

i)Ay.f)Au
z

, 1
WAQ% q- Pa/My) = ;;{

P4

- gm,} < nal| Wi (q,Pa) [na > (1.4)

M2 P F ,
VV2A(Q27Q'PA//‘JA) — l NA {3 AﬂPA

(1.5)

1 M N o

5 2 (g ra)P2q*ny — (¢ Pa)g® Pf]
q-n4

ewap < 1a | W (g, Pa) | na > (1.6)
P (=Q?+(g-na)?)— (g Pa)? ’

GHQY g Pa/My) = ~—

”é@%ﬁ {(g-na)a- Pa)g®ny +[Q° — (¢ na)’] P}

uvap <14 | Wa'(q, Pa) [na > (1.7)
P2 (—Q*+ (¢-na)?) — (g~ Pa)? '

G (Q% q - Pa/My)

Choosing the nuclear center-of-mass (c.m.) frame without loss of generality, the
three four-vectors which build up the Lorentz structure of the nuclear current tensor
become: Py = (My4,0), ng = (0,n%,0,n%), and ¢ = (¢°,0,0,|q|). The c.m. frame is
defined by the following three unit vectors: €3 =, €; = (€3 X fi4)/ | €3 x i |, and

&, = &, X é3. In that nuclear c.m. system the structure functions of Eqgs. 1.4 - 1.7
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take the particular forms

1
WHQ?, q- Pa/My) = 5 <74 | Wil(q, Pa) + W3 (q, Pa) | na >, (1.8)

4

WAQ?, ¢ PafMy) = %— < g | WOq, Pa) | ns > +

1 2
5% <na | Wi(g, Pa) + Wi (q, Pa) | na >, (1.9)

M2 [ 1 2
GHQ? q  Pa/My) = =—2 [—“ Q 3 <na | WHq, Pa) = W3%(q, Pa) | na >

2 g? |nY Malq|
1 G
~-3—~g- <na | Wikq, Ps) — Wi(q, Pa) | ny4 >:’ , (1.10)
and
Arn? . _ _z’_]\(lj __1__‘]_?_ W92(a Py — W20
G2(Q s q PA/MA) = 9 q2 nk lq <77’A| A (Q7 A) A (Q3PA)! ng >
A

1
tog < ng | WAt(q, Pa) — Wi(q, Pa) | na >|,  (L.11)
4

where all nuclear tensor matrix elements involving the third component of the current
are eliminated in favor of matrix elements involving the charge density by current

conservation, i.e., by ¢,W4"(q, P4) = Wi (q, Pa)g, = 0.
In the c.m. frame the structure functions are related to the frame-dependent

nuclear response functions by the following relations:

WA a- PalMa) = S Re(@0°), (1.12)

4 2
W Q% q- Pa/M4) = %;RL(QQ,qO) + %a;RT(QZ,qo), (1.13)
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GH@ g Pa/ta) = 32 L @he) — LoRel@)|, (114
1 g LA A) — qu M, ICII TL! My T »q » : )

GHQ% q Pa/My) = — MA [l I\[RTLI(Q @) + RT:(Q%qO)}, (1.15)

where Rr, Ry are the spin-averaged nuclear response function, and Rtz and Ry are
the spin-dependent response function [1]. They can be calculated from the structure
functions by inverting Eq. 1.12 - 1.15 or directly computed from the nuclear current

tensor according to

Rr(Q?%,¢°) =< na | Wil(g, Pa) + Wi (q, Pa) | na >, (1.16)
RL(QQs qo) =< Ny I I/Vgo(qa PA) i N4 >7 (117)
1
Rr(Q%,¢°%) = iy <na [ Wik (g, Pa) — W (q, Pa) | na >, (1.18)
4
. 1
Rrp(Q%,¢°) = *Z\/fz;zT <ng | Wet(q, Pa) — W3%(q, Pa) | na > . (1.19)
A

1.3.2 The Nuclear Current Tensor in PWIA

The nuclear current tensor is calculated in PWIA as an operator in nuclear spin

space, 1.e.,

<sUIWE(g, Pa)lsa> = > > d3PN*~ dE < sy | W \lan, pn) | s >
{tn)

tN SNSN/

X < SNSy | S(pN,E,tN) | siysa >, (1.20)

where py = (y/M% + p%,pn) is the four-momentum of the struck nucleon, ¢y
(Q% = —q} being positive) is the momentum transfer to the nucleon by the electron,
sn(twn) is the nucleonic spin (isospin) projection, and F'is the so-called separation en-
ergy. W]’f,'th)(qN, pn) is the nucleonic current tensor and S(py, E,x) is the spectral

function which contains the nuclear structure information. The spin-independent
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part of S(pw, E,tn) is identical to the usual spectral function as described in [21]
and is interpreted as the probability for finding a nucleon of isospin ¢x and of mo-
mentum py in the target nucleus A, the residual (A — 1) nucleus having a specified
excitation energy, which is related to the separation energy £. Both the nucleonic
current tensor W ]’\‘f(’tN)(qN,pN) and the spectral function S(py, E£,tn) are consid-
ered operators in spin space. The quantization axes of the nuclear spin o4 and of
the nucleonic spin ox are chosen along the z direction for the matrix elements of
Eq. 1.20. The derivation for the above formula carried out in the nuclear c.m. frame
is contained in appendix A in [5] where the procedure in [22] is followed.

The nucleonic current tensor derived in appendix B in [5] has the following form

[P
Wiimlanpn) = — {qg)(zm ‘*’SIW] WO Q% an - py /M) +
N
o W Q% g - pr /M)
PPN M2
N

N
+i6ﬂuaﬂqN [SQ(O'N)GI (tN)(Q?V) qN ’pN/MN)

+ {(gn - pn)sp(oN)

My
GN(iN) Qz .qn - pn /My
~[gn - s(on)]pns}—2 ( NM]% [My) , (1.21)
with
pn =pn + qNéfN qnNs (1.22)
N

PN - ON PN - ON
s{on) = ,ON + , 1.23
(o) = [P oy o PN (1.23)

where WY ™ and wy (™) are the spin-averaged nucleonic structure functions, and
G’fr(tN ) and Gév(tN ) are the spin-dependent nucleonic structure functions. For elastic
scattering from the nucleon, the nucleonic structure functions are determined by the

elastic Sachs form factors Gﬁ“” ) and Gf\v,[(tN ) as follows:

Wi O(Q% an - pv /M) = TIGH (QR)P2MNS(2q - prv — Q%) (1.24)
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(G5 (@) + TGy ™ (@R
(1+47)
XQMN(S(Q(]N - PN — Q}?\/’)a (1.25)

W Q% qn - pn/My) =

Ga(Q%) GRI(Q%) + TG ™ (Q%)
2 147
x2Mn6(2qn - pn — Q%), (1.26)

GY Q% qn - v /My) =

and

GaN(Q%) G Q%) — TGRU(QY)
4 147
XQMN(S(Z(]N PN — Q?V)v (127)

GYUY(Q%, qn - pn/My) =

with 7 = Q% /4M}% being non-negative.

1.3.3 3He Spin-Dependent Spectral Function

The spin-dependent matrix elements of the nuclear spectral function are defined by

<snsy | S(pn, Ein) | sysa> = A ), 8(E+Es—ess(fa1))

Sa~1fa-1

X < Pas)y | pnsytn(Pa—pPn)sa-1fa1 >

X < PNSNIN(P4 — PN)sa-1fa—1 | P4asfl>28)

The on-mass-shell energies of the (A — 1)- and A-nucleon systems are approxi-

mated such that the respective four-momenta are

Py_q~ (\KA —1)2M% + (Pa—pn)?+ ea-1(fa-1), Pa—pn), (1.29)

and

PAﬁ('\/A2M]2v+P2A+EA, PA), (130)



14

where E4 is the *He binding energy, f4_; are quantum numbers of excitation in the
residual A — 1 nucleus, and e41(f4-1) is the excitation energy of the residual A — 1
nucleon system. The spectral function is an operator in the nucleonic and nuclear
spin space. Furthermore, it is a Lorentz scalar with respect to rotations and parity
in the nuclear c.m. frame (P4 = 0), due to the fact that the tensor structure of
the nuclear current tensor is carried by the nucleonic current tensor. Therefore, the
spectral function has the following general operator form in spin space in the case

of spin-1 particles (*He and electron):

Stow, Btn) = 5 {ollowls B ) + fillbwl, By twdow - o

+fa(lpnl, B tv)l(on - Pa)(oa - PN) — %ON -oal}, (1.31)

Where fo(lpn|, F,tn) is the spin-averaged part of the spectral function.
fi(lpnl, E,tn) and fo|pw], £, ty) contribute to the spin-dependent part of the spec-
tral function. The spectral function obtained above allows us to differentiate between
two-body and three-body final states [5], while previously the PWIA calculation [2]
within closure approximation used the spin-dependent momentum distribution which
could not distinguish between two-body and three-body final states.

We will describe the convolution formulas for structure functions next using the
favorable extraction scheme A of Schulze et al. [5]. Discussion of different extraction
schemes can be found in appendix D in [5]. In the c.m. frame the spin-1 target

nucleus is characterized by the general polarization vector ng4:
O‘A-ﬁAlnA >== ]nA >, (132)

. 1 .
pA(nA) = 5(1 +ny- O’A), (133)

where the operator p4 is the corresponding density operator and |ns > denotes

polarization state, which can be expanded in terms of spin states with the z axis
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being the quantization axis, |s4 > as [na >= 3, |sa >< salng >. Therefore,
the nuclear current tensor derived from Eq. 1.20 using the nucleonic current tensor

(Eq. 1.21) and the spectral function (Eq. 1.31) takes the following form

< nalWile, Pa)lna >= Tr{WS(a, Pa)pa(iaa)], (1.3
M
<na|lWi(q, Pa)lna > = ~Z/d3 N/dE{HquN gou WV i)
p]];];;N VVN tN)J fo(prl E iN)
GN(tN)
~i6”’uaﬁQNa S@(pN,E,i’NﬂiA) !
My

+{(gn - pn)Ss(pN, E iy, Tig)

vN(iN)
— lgn - S(pw, B, tv, 4)|pnp} =2 R J} (1.35)

The four-vector S(pn, E,tn,04), which contains all spin-dependent structure infor-

mation, is determined by

S(I)N, E, tN, ﬁA) = TT‘[S(O‘N)S(pN, E, tN)PA(ﬁA)] (136)

S, Brtw,ia) = s@a)lfilpwl, B,tw) — 5 follpwl, B, )
+s(pn) (B4 - B) f2(lPn ], E, ty), (1.37)

where the vectors iy and Py are boosted by the nucleon momentum PN

~

N Pv-ng PN - N4
Ny = , g + y 1.38
s(fa) [ My A My (My +p9,,)pN} ( )

s(pn) = [’;’Ll, PN%}- (1.39)
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The nuclear current tensor W4“(q, Pa) in PWIA does not satisfy current con-
versation. Schulze et al. [5] took the approach of using the PWIA nuclear current
tensor of Eq. 1.35 only for those longitudinal matrix elements needed in Eq. 1.4 -
Eq. 1.7 after current conservation is already exploited (so-called scheme A). The

resulted convolution formulas for the structure functions in scheme A are:

Al ‘/I/N(iAr
A 3, HN N(tN) 2
Wit =3 [ Eonige [ a8 | W+ Slapsd } followl, By tn),  (1.40)
My W,y ) Q* qn - PN 1Q7 .
Wi = dIpng- | dE +q% s s—5lax pal’
? tn / / q N Q2 2 q2
2
+va(””% {1 E ”fo(lpwl E,ty), (1.41)
q Q¥

M3 My Q21 .. ¢
GA — A / 43 / dE { el la 0 3« O
: 3 %:, N 2 oY MA 7 (q ~ lalg™)

. GY .
X [Sa(PN7 E7 tN7 nA)‘M'l:v" + {(qN - pN)Sa(pN7E7 tNanA)

GN
—[gn - S(pw, E, tN’llA)]PNa} }» (1.42)
N
M;
G4 -2 Z / d3pzv / dE [ (qﬁzgaa lalg®)
A
Gy "
X [Sa(pN,E>tN7nA)’M—‘ + {(gn - pN)Sa(Pn, B, tn,014)
N
GN
~lan - S(pn, Estn, fia)lpnet 5o } (1.43)

Fig 1.2 shows the calculated structure functions [23] for the kinematics of the present

work with electron incident energy of 370 MeV and scattering angle of 91.4°.
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Figure 1.2: Structure functions calculated for the present work, MEPS kinematics with
electron incident energy of 370 MeV and scattering angle of 91.4°. All four structure
functions are in units of fermi with the dotted line being the proton contribution, the
dash-dotted line being the neutron contribution, and the solid line being the total (3He).
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(a) (b)

Figure 1.3: Definitions of the target spin angles. (a) The target spin angles are defined
w.r.t the three-momentum vector of the incident electron; (b) the target spin angles are
defined w.r.t the three-momentum transfer vector.

1.3.4 3He Quasielastic Asymmetry

Before discussing the inclusive scattering formalism with polarization and the for-
malism for quasielastic scattering of polarized electrons from polarized 3He nuclei,
we will define the kinematic variables relevant to the rest of this chapter.

The cross-section is calculated in the laboratory frame, i.e., in the nuclear c.m.
frame with p4 = 0. The four-momentum transfer from the electron to the target is
q = (w,q) with w being the energy loss and Q* = —¢* being positive; K = (E,k)
is the incident electron four-momentum; K’ = (£’,k’) is the four-momentum of the
outgoing electron; the electron scattering angle is 0; opro = (€?/87 E)? cos? g /sin? %
is the Mott cross section, and £ is the incident electron helicity +1(—1) for spin
parallel (antiparallel) to k. The target polarization ny = (0,%4) is parametrized
by the two sets of angles (64,94) with the spin angles being defined with respect
~ to the three-momentum of the incident electron, or by (6*, ¢*) with respect to the
three-momentum transfer vector q as shown in Fig. 1.3.

The inclusive cross-section for longitudinally polarized electrons scattered

quasielastically from polarized 3He target can be written {5] in terms of the structure
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functions (W, WA, G4, G2') described previously as

d*c

dE'dS)

O Mott {WZA(QZ,w) + 2tan? gVVlA(Qz,w)

é GA 2
+2h tan® 5 [——I—QA%—L—Q[E cos 4 + E'(cosfcos4 +sinfsinf 4 cos ga)]
A

A(O)?2
-2@—(‘}%—’—(—‘;—21313’[(303 64 — (cos O cos By + sin @ sin 4 cos quA)]} } ,(1.44)
4

or, equivalently [1],

d*o

dE'dS)

T Mott {[ULRL(Q2,UJ) +vrRr(Q%,w))]
—h[vrs cos 0* Ry(Q*, w) + 2v7y: sin 6 cos ¢*RTL:(Q2,w)]} , (1.45)

where vy, are kinematic variables [1] defined as following

Q4
v = o, 1.46
o (1:46)
1 Q? 5 0
v = 5@3 + tan ':'2', (1,47)
0 2 0
v = tan 5\‘(%2-) + tan? é—, (1.48)
1 Q2 0
UL = ——=———tan -. 1.49
Vzlaf 2 (49
The spin-dependent quasielastic asymmetry is defined as
d?o d2g
A = B —dE'dQ - (1.50)

d20 + d20'
dE'dQ + dE'dQ —

where + (—) denotes positive (negative) electron helicity. The quasielastic asymme-
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try takes the following explicit form

A(N)2
A = 2tanzg{—QL(—%Q[ECOSHA—FE’(COSGCOSHA—{—Sin@sin@AcosqSA)]
A

A()2
_ng_(]‘.c_j_lfi),EE'[cos 04— (costlcosf4 + sinfsinf 4 cos ¢A)]}
4

WLQ ) + 2tan? SWA(Q? )] (1.51)

or equivalently [1]

cos 0* v Ryi(Q?, w) + 2sin 0* cos ¢*vrp Ry (Q?, w)

v R (Q%,w) + vr Br(Q?, w) (1.52)

A=

As can be seen from the above equation in #* kinematics, by orienting the target
spin at 0* = 0° or 6* = 90°, corresponding to the target spin direction either along
the 3-momentum transfer vector g or normal to it, one can select the transverse
asymmetry Ags (proportional to Rrv) or the transverse-longitudinal asymmetry Arp,/
(proportional to Ryrs). The experimentally measured asymmetry A., is the physics
asymmetry A diluted by the product of the target polarization (£;) and the beam

polarization (F).
Aerp = PPA (1.53)

1.4 Extraction of G%, from a Measurement of *He

Agr

1.4.1 Nucleon Form Factors

Before discussing the extraction of information about the neutron electromagnetic
properties from the *He data, it is useful to present the expressions for the cross
section and asymmetry in elastic electron scattering from a free nucleon. Using the

notation of Donnelly and Raskin [1], the expression for the unpolarized cross section
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is written in terms of the longitudinal and transverse elastic form factors, Fj, and

Fr, where
FYQ°) = vrFL(Q*) + vr F7(Q%). (1.54)

The longitudinal and transverse form factors are related to the Sach’s form factors,
GE(Q?), the electric (or more correctly, charge) nucleon form factor, and Gy (Q?),

the magnetic nucleon form factor, by

VarFy, = (1 +7)Gg (1.55)

Var Fr = —\/2r(1 + 7)Gu, | (1.56)

where 7 = Q*/4MF,.
The Sach’s form factors have a simple, intuitive interpretation. In the nonrel-
ativistic limit, they are related to the Fourier transform of the charge and current

distribution within the nucleon, and in the Q2 = 0 limits reduce to
Ge(@*=0) =gy (1.57)

Gur(Q* = 0) = pw, (1.58)

where g is the nucleon charge and upy is the magnetic moment of the nucleon. The

unpolarized cross section is written in terms of G and G as

d
o = OutoitS bt (L4 701G + 27(1+ T)orGly) (1.59)

where f! . is the recoil factor

ecotl

S |k|'E — |k|E'cos 8
recotl lkl,MN

(1.60)

For the neutron, it is clear from this relationship that at low @? the magnetic form

factor dominates over the electric form factor. For this reason, it is difficult to extract
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the neutron electric form factor from unpolarized scattering data. If the neutron is

polarized, then the spin-dependent part of the cross section, written as

A = —Ououfitoa [27(1 + T)vrs cos 0° G A(Q?)
+2(1 + 7)y/27(1 + 7)vrus sin 0* cos ¢*G;:4(Q2)Gg(@2)} . (L61)

contains an interference term proportional to GG, as well as a term proportional
to G772, so the spin-dependent part of the cross section is more sensitive than the
unpolarized cross section to the electric form factor of the neutron.

The spin-dependent asymmetry for the nucleon,

is expressible in terms of the electric and magnetic form factors as

21vg cos 0°GA,(Q?) + 24/27(1 + T)vrp sin 0* cos ¢*Gu(Q*) Gr(Q?)
- (1 + 7)vpG% + 27v7G%y '

(1.63)

1.4.2 Extraction of G, from a Measurement of A

As was mentioned earlier, due to the lack of a free neutron target, our current knowl-
edge of G% at low Q? region is derived almost exclusively from electron-deuteron
scattering data, a process which in general is model-dependent. Though G%, is known
much better than G7% in the low Q? region, it is known with much less precision than
the proton electromagnetic form factors.

Polarized ®He is a good approximation of a polarized neutron target because for
its nuclear ground state about 90% of the time it is in the spatially symmetric S
state in which the spins of the two protons pair off, leaving the neutron carrying
the nuclear spin. As discussed in Sec 1.4.1, in 3ﬁe(€, ') quasielastic scattering,

by orienting the *He target spin direction at certain angles, one can maximize the
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Figure 1.4: Calculations of A7 by Salme et al. at the kinematics of the present work with
E =370 MeV, § = —91.4° and 3 = 42.5° versus different form factor parametrizations.
Plotted are the neutron, proton, and total contributions to A7.. The solid line is for the
Galster parametrization, the long dashed line is for Galster [8] with G = 0, the dash-
dotted line is for Gari-Kriimpelmann [20], the short-dashed line is for Hohler [19], and the
dotted line is for Blatnik-Zovko [26] form factor parametrizations. The *He quasielastic
peak is around w = 120 MeV where the proton contribution is almost zero.

sensitivity of the asymmetry to either the neutron electric form factor or magnetic
form factor.

The recent PWIA calculations [4-5] using a spin-dependent spectral function,
which neglect FSI and MEC, have shown that due to the small size of the neutron
electric form factor, the *He transverse-longitudinal asymmetry A7z is dominated
by the proton contribution. Unfortunately, this makes the idea of extracting G% from
a measurement of A7z, in inclusive quasielastic scattering of longitudinally polarized

electrons from a polarized *He target questionable. Nevertheless, the calculations
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have demonstrated that A7/ is dominated by the neutron contribution in the vicin-
ity of *He quasielastic peak and A7 is also very sensitive to G?. The asymmetry
calculation of Laget [24] shows that the effect of MEC and FSI on the transverse
asymmetry for the exclusive process 3H‘e(é’, e'n)pp at the @? of the present work is
negligible. Thus one can experimentally extract the neutron magnetic form factor
from a measurement of the transverse asymmetry Ar.. Fig. 1.4 shows the A7« calcu-
lations at the kinematics of the present work (electron incident energy £ = 370 MeV,
6 = 91.4° to the left of the electron beam, and spin angle § = 42.5° to the right of
the beam corresponding to 6* = 8.9°) performed by Salme et al. [25] versus different
form factor parametrizations, with the neutron and the proton contributions plotted
separately. As is clear from the plot, A7/ is very sensitive to the neutron magnetic
form factor.

The theoretical uncertainty (so-called model dependence) associated with this
technique of extracting G arises both from the uncertainties in the *He wave func-
tion and the uncertainties in the proton electromagnetic form factors. The effect
from the neutron electric form factor is negligible as G% is very small compared with
G% and G, at the Q? of this work. The model dependence will be discussed in detail
later in Chapter 6 when we present the asymmetry results and the extracted G%7
value from this thesis work. Fig. 1.5 shows the calculations of A7: by Salme et al.
[25] and Schulze et al. [23] for the MEPS kinematics, with £ = 370 MeV, 0 = 91.4°
and §* = 8.9°. The small difference between the two calculations probably arises
from the different 3He wave functions and form factor parametrizations used in the
calculations, although this has not yet been verified. The calculation of Salme et
al. used a variational wave function for the Reid soft-core interaction and the Gari-
Krimpelmann [20] form factor parametrization. Schulze et al. used the Faddeev
wave function for the Paris potential and the Galster form factor parametrizations

[8] in their calculation.
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Figure 1.5: Calculations of Aps by Salmeé et al. and Schulze et al. for the MEPS kine-
matics, with F = 370 MeV, § = —91.4° and § = 42.5°. For the calculations of Schulze et
al., the solid line is the *He asymmetry Az, the dashed line is the proton contribution,
and the dotted line is the neutron contribution. For the calculations of Salme et al., the
long-dashed line is the *He asymmetry A7+, the dash-dotted line is the proton contribution,
and the long dash-dotted line is the neutron contribution.
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Chapter 2

The Experimental Apparatus

2.1 Overview

The experiment to measure the quasielastic spin-dependent asymmetry (MIT-Bates
88-25) was a collaboration among five institutes: Argonne National Lab, Caltech,
MIT, RPI, and TRIUMF. The experiment was performed at the MIT-Bates Linear
Accelerator Center in May and June of 1993 on beamline B in the South Experimen-
tal Hall. Longitudinally polarized electrons were scattered quasielastically from a
polarized ®He target, which was developed at Caltech. Because of the importance of
the target in the experiment, it will be described in a separate chapter. This chapter
describes other aspects of the experiment.

A single-pass electron beam of an energy of 370 MeV was obtained from the
polarized injector, which will be discussed in more detail in Section 2.2. A Wien
spin rotator was employed to produce longitudinally polarized electrons at the target.
The linac operated at 600 pulses per second with a pulse width of 15 usec and a
typical peak current of 2-3 mA on the target.

The scattered electrons were detected in singles mode in two spectrometers, the
One Hundred Inch Proton Spectrometer (OHIPS), and the Medium Energy Pion
Spectrometer (MEPS). The OHIPS spectrometer was configured at an angle of 70.1°



Figure 2.1: Experimental layout for the spectrometers and the laser system.

to the right of the beam line. It was used to measure both the *He asymmetry in
the elastic-threshold region, and the *He quasielastic asymmetry around the top of
the quasielastic peak so several different central momentum settings were used. The
MEPS spectrometer was located to the left of the beam line at an angle of 91.4°.
The central momentum of the spectrometer was set to correspond to the center of
the quasielastic peak. Both spectrometers will be described in more detail in Section
2.4. Fig. 2.1 is a schematic layout of the spectrometers and the target laser system
for the experiment. Table 2.1 lists the kinematics for the measurements.

High voltage on a Pockels cell in the laser polarizing optics was varied to change
the helicity state of the optical pumping laser light, thus reversing the target spin
direction. The target spin direction was flipped several times a day during the

experiment to minimize systematic uncertainties. The two target spin directions
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Spectrometer Setting @ Q* q g ¢
(deg) (GeV/c) (MeV/c) (deg) (deg)
MEPS quasielastic  -91.4 0.19 455 8.9 180
OHIPS quasielastic  70.1 0.14 383 87.1 0
OHIPS elastic 70.1 0.166 409 94.0 0

Table 2.1: Kinematics for MEPS and OHIPS quasielastic and elastic measurements. Pos-
itive scattering angle was defined with respect to the beam right direction. 6* was listed
only for the positive target spin angle (beam right). The target spin was also reversed and
for the negative target spin angle, §* is equal to the difference between 180° and the 6*

value for the positive target spin direction.

were 6* = 8.9, 171.1°, where 6* is the spin polar angle defined with respect to the
3-momentum transfer vector q, for the MEPS spectrometer, which was configured at
the kinematics sensitive to the transverse asymmetry Ar.. The target spin directions
were §* = 87.1, 92.9° for OHIPS quasielastic setting, which was located at the

kinematics sensitive to the transverse-longitudinal asymmetry Apy,.

2.2 Polarized Electron Beam

The polarized electron source at Bates is a GaAs sourced based on the design from
SLAC [27]. Polarized electrons can be produced by various techniques [28]. Pho-
toemission from GaAs has several advantages: high peak current achieved, helicity
reversal by optical means, and the feasibility of building a GaAs source with small
transverse phase space or emittance, an important requirement for the Bates ma-
chine.

The GaAs polarized electron source works through photoemission of electrons
that have been polarized through optical pumping. An electron in the valence band
of GaAs, a direct band gap crystal, absorbs the circularly polarized laser light with
a wavelength between 750 and 800 nm, and is excited to the conduction band. The

electron diffuses to the crystal surface, which has been treated with cesium to create
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a negative electron affinity, and then escapes to the beam line vacuum.

The optical pumping light for the source is provided by a Ti:sapphire laser driven
by an Ar-ion laser. A linear polarizer and a Pockels cell, acting as a quarter-wave
plate, are used in the laser optics system to convert the linearly polarized laser
light into circularly polarized light. High voltage on the Pockels cell was varied to
change the helicity state of the laser light, thus changing the helicity of the polarized
electrons. The electron helicity was selected randomly on a pulse by pulse basis.
For operating the accelerator with the polarized electron source, the accelerator is
phase-locked to the line frequency of 60 Hz. For the experiment Bates 88-25, the
accelerator was operated at a rep rate of 600 Hz. The helicity of the beam pulse
was selected randomly in each of the first 10 pulses, then chosen to be the opposite
helicity of those values for the next 10 pulses. Varying the electron helicity in this
fashion allows pulse-pair asymmetry analysis of the data, which is much less sensitive
to the noise problem associated with any asymmetry measurement. This feature is
especially important for parity-violation experiments because of the small physics
asymmetries involved. The data of the present work were not analyzed in the pulse-
pair fashion as the quasielastic and elastic asymmetries are relatively large compared
to the false asymmetry from this effect.

The electrons from the polarized source were longitudinally polarized with an
energy of 380 KeV. The electron beam was then accelerated in the linac and went
through the 90° bend of the switching magnet that directed the beam into the B line
of the South Hall. The electrons were no longer longitudinally polarized after the
90° bend because of the g-2 effect. The precessing angle with respect to the electron

momentum for a given bend angle, 0.4, is given by

—2
0 = 9—2——70,,6”0,, (2.1)

where ~ is the relativistic factor, —n%, and ¢ is the Landé g factor for the electron

magnetic dipole moment. So the precession angle is 76° for a 90° bend.
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A Wien spin rotator (Wien filter) was employed to produce the longitudinally
polarized electrons at the target for this experiment. A Wien spin rotator is a device
which uses crossed electric and magnetic fields to rotate the polarization vector of
a particle without changing its momentum. It is located right after the polarized
injector, where the beam energy is low, and upstream of all of the bunching and
accelerating elements. The electron beam has a finite energy spread in the low energy
part of the accelerator due to the bunching elements, which compress the cw beam
into pulses by decelerating the leading part and accelerating the trailing part of the
beam pulse. The magnetic field of the focussing solenoids will cause a spin precession
about the magnetic field of the transverse polarization vector, as axes of the solenoids
are parallel to the beam momentum direction. The angle of the spin precession is
energy dependent. The Wien spin rotator rotates the polarization vector away from
the longitudinal direction in order to produce longitudinally polarized electrons at
the target, causing a ¢ rotation of the electron polarization vector away from the
76° direction imposed by the Wien spin rotator, as well as a ¢ spread as a function
of the beam energy because of the beam energy spread and the magnetic field from
the focussing solenoids. The Wien filter was calibrated carefully and the ¢ rotation
of the electron polarization vector versus the currents in the solenoids was mapped
out completely before the experiment. The ¢ spread was also studied and the effect
was found to be negligible. So the Wien spin rotator was set properly to produce
the longitudinally polarized electrons at the target during the experiment based on
the calibration of the Wien spin rotator and the mapping of the ¢ rotation versus
the solenoids currents.

The quantum efficiency of the GaAs crystal was ~ 1 — 3% with a typical lifetime
of 3-4 days during the experiment. The average beam current at the target was
25uA. Three beam toroids on the B-line, BT1, BT2, and BT3 with BT2 closer to
the polarized ®He target, were used to monitor the beam charge by measuring the
induced current during the beam pulse. The energy-defining slits in the accelerator

were set so that the beam energy spread was ~ 0.3% FWHM. The beam energy
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was determined using the dipole bending magnet (FB1) at the 14° line and the

calibration [29] relating the nominal energy (MeV) to the true beam energy:

Enom

~ 0.987 + Epom (5.6 x 10-9) (2:2)

E

The beam energy is determined to be 370 MeV using this formula, which also agrees

(within 1 %) with the beam energy determined from the optics study and the *He

elastic runs.

2.3 Mgller Polarimeter

The electron beam polarization was measured using a variable energy Mgller po-
larimeter [30]. This polarimeter, which is located in the north dump area and up-
stream of the polarized *He target, was developed for measuring the electron beam
polarization for the B beam line at Bates. It was used previously for Bates polarized
3He experiments [6] [7] in the spring of 1990 where the electron beam energy was 574
MeV. For those runs, the uncertainty in the determination of the beam polarization
was £10%.

The design and operation of the Mgller polarimeter employed in the present
work is described elsewhere [30] and will be discussed briefly here for complete-
ness. Determination of electron beam polarization using a Mgller apparatus is based
on measurement of the spin-dependent asymmetry for polarized electrons scattered
elastically from polarized atomic electrons (Mgller scattering) [31]. In the case of
longitudinally polarized electrons impinging on a magnetized foil and scattering from
longitudinally polarized atomic electrons which are aligned along the magnetic field
(beam line direction), the differential cross section for Mgller scattering can be writ-

ten in terms of a spin-independent piece and a spin-dependent piece in the center of
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Beam (370 MeV)

Bl shielding D

Figure 2.2: Layout of the Bates B-line Mgller apparatus, (A) Mgller target; (B) and (C)
collimators; (D) detectors.

mass (CM) frame as [32]:

2(7 + cos? O)
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where O is the scattering angle in the CM frame and h; and h, are the helicities of
the incident and target electrons.
One can therefore form the asymmetry from the cross-section difference between

the right- and left-handed incident electrons:
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where P; and F, are the target and beam polarizations, respectively. The asymmetry
is maximum for @ = 90° in the CM frame, which corresponds to a scattering angle of
3.01° in the lab frame for an electron beam energy of 370 MeV. The experimentally

measured asymmetry is diluted by the background from processes other than Mgller

scattering and is given by:

1
Ameas = AMm (m) ) (2.5)

where S is the rate from Mgller scattering and B is the background rate.

Fig. 2.2 is a schematic diagram of the B-line Mgller polarimeter. The apparatus
consists of a target chamber surrounded by a pair of Helmholtz coils with the field
B along the beam direction, followed by a collimator to select the Mgller scattered
electrons in the horizontal plane at a CM angle of 90° (3.01°, in the lab frame).
Downstream is a quadrupole magnet that bends the electrons away from the beam
direction providing momentum selection. Deflected electrons are then detected in
aerogel Cerenkov counters. The distance between the target and the collimator was
adjusted for a beam energy of 370 MeV. A new beam dump located downstream
of the polarimeter but upstream of the polarized >He target was installed for this
experiment to protect the main target area and nearby electronics from beam spray
during Mgller measurements. Previously water-cooled slits were used as a beam
dump for the *He experiments in 1990. It was discovered that the polarized *He
target degraded very fast because of the repeated exposure to the beam spray from
Mgller measurements due to the inefficiency of the water-cooled slits. With the new
beam dump, no obvious degrading of the *He target was found during the Mgller
measurements for this work. |

The target chamber contained a movable ladder with two Supermendur (49%
Fe, 49% Co, 2% Va by mass) targets, of thickness 13um and 25um for polarization
measurements. Longitudinal polarization was generated in the plane of the foils,

which was inclined at 30° to the beam, with a field of 150 G (the saturation field
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~ 100 G) produced by the Helmholtz coils. In addition to the Supermendur foils,
BeO and Al targets were used for alignment of the beam and other diagnostics. An
empty target frame was also available to allow the beam to pass through to the
main experimental area further downstream. The target polarization of each foil
was determined to be 8% before the experiment by measurements of the internal
magnetic field. The 13um-thick foil was used for beam polarization measurements
in this experiment.

By selecting a CM scattering angle of 90°, both electrons have the same final
energy and can be detected in coincidence mode in the two Cerenkov detectors
at identical angles on each side of the beam line. For this experiment, all of the
data collected for the beam polarization measurements were taken in singles mode.
The signals from the detectors were recorded by integrating the photomultiplier
tube current over the 15us of the incident beam pulse. Each signal was then di-
vided by the beam charge in the beam pulse and tagged by the beam helicity. The
quadrupole field was scanned across the Mgller peak in order to determine the signal
to background ratio under the peak. For this experiment, additional collimators and
shielding material were installed for each detector which improved the signal to back-
ground ratio substantially. The typical signal to background ratio for the asymmetry
measurement was 3.7:1 (previously 1:6). Different fitting procedures were used to
fit the background underneath the Mgller peak to minimize systematic uncertainty
associated with the fitting procedure. The average of the polarizations determined
from the two detectors was assigned for the beam polarization, and an overall sys-
tematic uncertainty of +4% was assigned to it. The systematic uncertainty in the
determination of the beam polarization is dominated by the uncertainty associated
with fitting the background (£3%), the uncertainty of the target foil polarization
(£1.25%), and the uncertainty of the angle of the target foil plane with respect to
the beam direction (£1%).

There is an additional correction to the beam polarization due to the intra-

atomic motion of bound electrons. This effect was first studied by Levchuk [33]
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SHe runs P, %
< 128 36.1 + 1.44
130 - 134 38.1 & 1.52
135 - 150 37.0 & 1.48
151 - 216 36.6 4+ 1.46
217 - 231 37.6 £+ 1.50
232 -252 36.3 &+ 1.45
253 35.0 + 1.40
254 - 272 31.1 +1.24
273 - 282 33.3 4+ 1.33
283 -292 36.1 +1.44
294 - 312 37.8 &+ 1.51
313-351 37.0 & 1.48
352 -379 35.7T &+ 1.43
330 - 381 37.9 £+ 1.52
382 -396 36.9 & 1.48

Table 2.2: Beam polarization versus the *He asymmetry runs.

for the Bates polarimeters and it was found that the beam polarization could be
lower by 8 — 10% (relative percentage) due to this effect. Recently this effect for
the B-line Mgller polarimeter was studied using a more realistic scattering angle and
momentum acceptance and a more realistic momentum distribution [34] and a 2%
effect was found for this experiment.

Typically a Mgller measurement was taken right after the source crystal had
been reactivated and one or more runs were taken before the next reactivation.
The average of the measured polarizations between the two activations was used as
the beam polarization for the 3He asymmetry measurements during that period of
time. The average beam polarization from all the Mgller measurements was 36.5%.
Table 2.2 listed the beam polarization determined from the Mgller measurements

versus the run numbers for the *He asymmetry measurements.
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2.4 The Spectrometers

2.4.1 OHIPS

The OHIPS spectrometer consists of two quadrupole magnets and a 100-in radius
dipole magnet, which bends particles in the vertical plane (QQD). For this exper-
iment, the quadrupoles were operated in the VH mode, where Q1 focused in the
dispersive direction {x) and Q2 focused in the direction transverse to the bend plane
(v). This configuration gives better angular acceptance for the extended targets at
the expense of the momentum resolution, a quantity less important for quasielas-
tic asymmetry measurement because of the wide quasielastic peak caused by Fermi
motion of the nucleons inside the nucleus.

The spectrometer was moved as close as possible to maximize the solid angle; the
drift distance from the target center to the effective field of the first quadrupole was
93 cm. A 21 cm-thick lead collimator was attached in front of the first quadrupole
to reduce the spectrometer background and define the solid angle acceptance. The
collimator opening was 17.1 cm (x direction, closer to the *He target) by 7.6 cm (y
direction, closer to the He target).

The detector package for OHIPS consisted of a crossed-wire, vertical drift cham-
ber (VDCX), three planes of trigger hodoscopes to form the event trigger, and a
Cerenkov detector. The readout system for the OHIPS VDCX is a delay line sys-
tem (see Section 4.1). The Cerenkov detector was used for pion rejection. Each
hodoscope was a NE110 plastic scintillator. SO and S1 were 0.48 cm thick, and S2
was 3.8 cm thick. A detailed discussion of the VDCX and its electronic readout
is described elsewhere [35]. For the *He quasielastic asymmetry measurement, the

spectrometer was set to have a central momentum of 287 MeV/c. Fig. 2.3 shows the

OHIPS detector layout.
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Figure 2.3: OHIPS detector layout.

2.4.2 MEPS

The Bates Medium Energy Pion Spectrometer (MEPS) consists of two quadrupole
magnets and one dipole magnet with a bending radius of 0.75 m. The optics of MEPS
is point-to-point in the dispersive (vertical, x) direction < z|0 > = 0 with a small
dispersive magnification < z|z > = 0.4. The optics in the transverse (horizontal, y)
direction is parallel-to-point < yly > = 0, so that measuring the transverse position
in the focal plane is roughly equivalent to measuring the scattering angle. The
quadrupoles were configured such that Q1 focused in the horizontal direction and
Q2 focused in the vertical direction for this experiment resulting in a poor extended
target acceptance (2 cm) and a good momentum resolution.

The first drift from the target center to the effective field boundary of the first
quadrupole was 51 cm. A 5 cm-thick lead collimator was installed to the front of
Q1 to minimize the background and defined the solid angle. The collimator was 5.2

cm (x direction, closer to the ®He target) by 7.6 cm (y direction, closer to the *He

target).
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The detector package consisted of crossed vertical drift chamber (VDCX), three
planes of trigger scintillators, and a silica aerogel Cerenkov detector for pion rejec-
tion. The first scintillator (S0) between the VDCX and the Cerenkov detector is a
segmented two-piece plastic (one phototube for each section) which is of the same
size as that of the VDCX. There is one more scintillator (53) between the VDCX and
the Cerenkov detector. S4 is the last scintillator located above the Cerenkov counter.
S3 and S4 were viewed by two phototubes (one at each end) and were mean-timed
in the electronics. The Cerenkov counter was made of silica aerogel (n = 1.05) and
was viewed by 10 5" RCA phototubes. For most of the 3He quasielastic asymmetry
measurement, MEPS was set to have a central momentum of 250 MeV/c. Fig. 2.4
shows MEPS detector layout.

Detailed information on the MEPS VDCX readout system is given in [36] and
will be described briefly here. Previously MEPS VDCX was equipped with a Bates-
built readout system TIRUS (Time Interval Readout Using Scalers) [37]. For this
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experiment TTIRUS was replaced by a commercially available system (LeCroy 4290
Drift Chamber System) which together with software and additional electronics has
been termed DCOS (Drift Chamber Operating System). The DCOS system is similar
to the LeCroy PCOS-III system for multiwire proportional chambers. DCOS and
TIRUS are both TDC-per-wire systems and DCOS operates almost identically to
TIRUS. The advantages of the TDC-per-wire readout system over the delay line
system are: no ambiguity about the identity of the fired wire, higher efficiency of
the chamber (better than 99.5%), and the possibility that any number of wires can

fire simultaneously. Though it is much more expensive than the delay line system.

2.5 Data Acquisition System

The data were acquired using the LAMPF “Q” data acquisition system [38] running
on a dedicated microVAX III computer. The Q system was set up to trigger on each
beam-burst and read the integrated charge, measured by the beam toroids upstream
of the target, and the electron helicity for that beam-burst. Therefore, the charge
was counted accurately for each beam helicity. The Q system also read scalers and
the event data for both spectrometers. The target polarization was acquired by a
separate acquisition and control system running on a dedicated microVAX II (see
Section 3.5.3). The polarization information was passed to the main data acquisition
system every second through CAMAC event registers. The beam helicity information
was included in the event stream for each spectrometer, in addition to being included
in each beam-burst event.

Data were acquired in single-arm modes for both spectrometers. The analog
signals from the phototubes for the scintillators were used to form the trigger logic
in addition to being sent through Analog to Digital Converters (ADC) and Time
to Digital Converters (TDC) for the spectrometer event data stream. The digitized
information from all the detectors was buffered by the Microprogrammable Branch

Driver (MBD), then transferred to the Q data acquisition system, which stored the
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events on 8-mm tape and performed the online analysis.

Figure 2.5 shows the OHIPS event trigger logic. The ungated OHIPS event
trigger required a signal from all three scintillators, or a hit in each of any two out
of fhe three scintillators together with a hit in the Cerenkov counter, with a veto for
events outside the beam gate or when data acquisition was not requested by the Q
system. The gated events were vetoed if the computer was busy and were limited to
a single event per beam-burst. MEPS event trigger was formed in the same way as

that of OHIPS and Figure 2.6 is a diagram for the MEPS event trigger.
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Chapter 3

The Polarized 3He Target

The polarized *He target employed in this experiment was an external cryogenic gas
target using the metastability-exchange optical pumping technique. This technique
was developed in the early 1960s at Rice university [39] to polarize ground state 3He
or “He atoms through metastability-exchange collisions with optically pumped 3He
or “He metastable atoms. Since the invention of this optical pumping technique to
polarize helium ground state atoms, the use of polarized helium in atomic and nuclear
physics has generated much interest and activity in the community. The applications
of spin-polarized helium atoms range over several fields of physics. They include the
‘He and now *He magnetometers, which can be used to measure the earth and the
interplanetary magnetic fields [40]; polarized beams of metastable helium atoms for
the study of atomic collisions and to probe magnetic surfaces [41]; polarized targets
and beams in nuclear physics [42-44] and the application to study quantum properties
of polarized *He fluid at low temperature [45].

Earlier attempts to build polarized *He targets for nuclear physics are described
elsewhere [46]. With the development of laser technology much effort has been di-
rected towards developing the polarized *He nuclear targets for electron scattering
experiments. The target discussed in this work was first developed at Caltech [47]

and used previously in an experiment at the Bates Linear Accelerator Center ( Bates
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88-02 ) [6]. In this experiment, the spin-dependent asymmetry in quasielastic scat-
tering of longitudinally polarized electrons from polarized *He was measured for the
first time. Since this experiment, we have substantially improved the target perfor-
mance and stability largely due to the development of the LNA laser. The earlier
attempts to construct a dense polarized *He target with high polarization (25%) were
embarked on by a group at Toronto [48-49]. They used the metastability-exchange
optical pumping technique to polarize the *He atoms and tried to achieve the high
density (1 atmosphere) by compressing the *He atoms using a mercury Toeppler
pump. They failed in the end because of the difficulty of working with the mercury
compression pump and the limited pumping rate achieved with the *He lamp. Re-
cently, a new type of dense polarized *He gas target using the metastability-exchange
optical pumping technique has been developed at Mainz [50-51]. A first measure-
ment of the neutron electric form factor in the exclusive quasielastic scattering of
polarized electrons from polarized 3He was made recently at the Mainz Microtron
MAMI using this new type of dense polarized *He target [52]. K. Lee et al. have
developed a polarized 3He internal gas target and have taken data successfully us-
ing the polarized proton beam at IUCF with their internal target [53]. The MIT
group is currently building another internal *He target for the HERMES experiment,
which will run over the next few years. Because the polarized *He nucleus is a very
interesting nucleus for polarization studies, many experiments using polarized *He
targets are underway at several major electron accelerator facilities: SLAC, DESY
HERA, MAINZ, CEBAF, and MIT-Bates. These experiments will study the neutron

electromagnetic structure and the spin structure of the nucleons.

3.1 Optical Pumping of *He

Optical pumping is a method of transferring angular momentum from the photons
of a pump beam to the sample atoms. Often the pumping transition corresponds to

the optical transition from the ground state to the first excited state, but this is not
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practical for helium because it is difficult to produce radiation at the high photon
energy (21 eV) that is required to reach the first excited state.

Two indirect techniques have been developed to optically pump ®He atoms, one
by Colegrove, Schearer and Walters in the early 1960s [39] and referred to as the
metastability-exchange optical pumping technique. This method involves optical
pumping of 225; metastable state atoms, then transferring the polarization to 3He
ground state atoms through metastability-exchange collisions, in which the excita-
tion of the electronic cloud is exchanged leaving the ground state polarized after the
collision. Another technique for polarizing 3He involves spin-exchange with polarized
alkali atoms; however, because this technique was not used for the Caltech polarized
3He target, it is not discussed here.

Metastability-exchange optical pumping of *He works as follows: metastable 225
atoms are produced by an electrodeless weak rf discharge in a glass cell filled to a
pressure of order 1 torr of pure *He. The ratio of the ground state atoms to the
23S atoms is about 10° : 1; the exact number depends on discharge characteristics
such as intensity, uniformity and the discharge frequency. The sample is placed
in a weak uniform magnetic field which defines the spin direction of the sample.
Right-handed or left-handed circularly polarized light (defined by the right-hand
rule used in atomic physics) at A = 1083.4 nm corresponding to the transition of
238, — 22 P, excites transitions between the 235; and 23F, states with the selection
rule Am = 41 depending on the helicity of the incident light (4 for the right-
handed circularly polarized light and — for the left-handed case). The pumping light
excites atoms from the mp = —% and mg = *-?’2— sublevels of the metastable state to
the 23 P, level which then decay back to all sublevels of 23$; through spontaneous
emission. The result is that atoms from lower magnetic sublevels of the 235; level
(mp = =L, mp = —g) are transferred to higher sublevels of the 235; level (mp =

29

%, mr = :23), hence the metastable atoms become polarized. In metastable state,

hyperfine interaction mixes electronic polarization into nuclear polarization. The

polarization of the metastable atoms is then transferred to the ground state through
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metastability-exchange collisions in which only the excitation of the electronic cloud
is exchanged. If the ground state of *He is polarized, then the nucleus is polarized
because the atom is in a J = 0 state. This process can be expressed schematically
as:

3H6+3F[6*—%3ﬁ6+3H6* (3.1)

where % denotes the 235; metastable state and the vector notation indicates that
the nucleus is polarized.

Figure 3.1 shows the level scheme of the 235; and 23P states of the *He atom
including fine and hyperfine structure. The transition lines between states 235; and
23 P are labeled as C1-C9. Figure 3.2 shows the relative frequencies and intensities of
these 9 transition lines. The achievable ground state polarization vs. pumping light
intensity for the four major transition lines, C1, C5, C8 and C9, has been studied in
detail [54] under two extreme pressure conditions, one, the low pressure limit where
there is no collisional depolarization of the 23P state and the other one, the high
pressure limit where there is total collisional depolarization. For the pressure of ~ 2.0
torr where our target operates, they found that C8 and C9 yield higher polarization
than that obtained with C5. The performance of C8 and C9 for our polarized *He
target has been investigated thoroughly at Caltech [55]. C9 is determined to be
superior to C8 in terms of the pumping rate and the achievable polarization for the
target with a *He gas pressure of ~ 2.0 torr.

There are a few relative timescales associated with the two processes discussed
above, the optical pumping of the metastable state 235, and the metastability-
exchange collision between the 225 state and the ground state 1'.S;. 7, (pump-up
time) stands for the time constant characterizing the approach to equilibrium in
the optical-pumping process if no other mechanisms exist to mix the sublevels of
the metastable atoms. 7, stands for the spin-lattice relaxation time constant of the
metastable atoms. T, denotes the ground state nuclear relaxation time. 7, and T4

are of the order of the lifetimes of the metastable and ground state atoms, respec-
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tively, before undergoing the metastability-exchange collision and 7 is the lifetime
of the 2P state (~ 1077 seconds). 7. stands for the timescale for the collisional
mixing of the 2°P atoms. A detailed discussion of all these timescales is given in
[56]. It is necessary that the spin relaxation timescales be long compared to the
metastability exchange timescales in order to polarize the ground state efficiently.
The metastability-exchange rate can be written in terms of the metastability ex-
change cross-section, o, which is very temperature dependent for the case of *He
atoms [56] [57].

=< OV > Ny (3.2)

=< o0 > N, (3.3)

S= S

where the brackets denote thermal averages, N, and n,, are the number densities
of the ground state and the metastable state atoms respectively. It is necessary
to operate optical pumping around room temperature to achieve efficient optical
pumping because o, decreases roughly two orders of magnitude between 300 K and
4.2 K. For a gas at one torr at room temperature, typical values in good optical
pumping conditions are T, ~ 1 s and 7. ~ 107% s. There are several relaxation
mechanisms crucial for building a polarized 3He target which have been studied and
described in detail in [47] and will be discussed briefly in Section 3.5.1. The relaxation
times are sensitive to the exact operating conditions, but in general, 7, ~ 10~ s and
T, ~ 100 s. The metastable pumping rate is dependent upon the power and the
spectral characteristics of the pumping light. With the current laser sources for
optical pumping7 metastable pump-up times of order 107 s have been achieved,
which are significantly shorter than that obtained with a *He lamp (10™* s) used in
the early work of optical pumping of 3He.

This optical pumping technique only works for relatively low pressure conditions
(0.1 torr to 10 torr). Destruction of metastables at the wall of the container dom-

inates the relaxation at pressures below about 0.1 torr and at high pressures the
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lifetime of the metastable state atoms limits the optical pumping efficiency. It is
also experimentally difficult to maintain a uniform discharge under high pressure
conditions.

The metastability-exchange optical pumping technique has benefited substan-
tially from the development of lasers that operate in the infrared region. A Nd:YAP
(neodymium-doped yttrium-aluminum-perovskite) laser [58] [59], pumped by a kryp-
ton arc lamp, was used by Jones et al. [6]. In 1986 Laird Schearer, Michele Leduc
and co-workers developed and tested a new laser that employs a neodymium-doped
lanthanum magnesium hexaluminate crystal (LNA) [60] [61]. While the frequency
required for optical pumping of *He is at the end of the Nd:YAP tuning curve, it is
near the center for LNA. Furthermore, the LNA laser outperforms the YAP laser in
terms of power and stability. The LNA laser has been used to polarize the target in

the present work and the laser system will be discussed in detail in Section 3.3.

3.2 The Polarized *He Target Apparatus

Because the metastability-exchange optical pumping technique works well only at
relatively low gas pressure region (0.1 torr to 10 torr) near room temperature, peo-
ple have tried successfully to make a dense nuclear physics target by mechanically
compressing the polarized gas. At Toronto, Timsit ef al. in the early 1970s [49]
constructed a dense target and achieved a density of 0.7 x 10%m™2 with 3% polar-
ization by compressing the gas with liquid mercury. However, the performance of
these targets was severely limited by the absence of laser sources for optical pumping.
Recently, at Mainz Otten ef al. have designed and built a new type of dense polar-
ized *He target using the compression method [50] [51] and have achieved pressures
around 1 bar with 38% of polarization [52]. Low temperature is another approach
to take to construct a dense polarized 3He target. A double-cell system consisting of
a pumping cell and a target cell is a practical design for a polarized *He nuclear tar-

get. The pumping cell is at room temperature where metastability-exchange optical
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pumping can be performed efficiently and the target cell is cooled to low tempera-
ture where a practical luminosity can be achieved for a nuclear physics experiment.
This idea was first explored at Rice University [62]. The *He nuclei in the target cell
become polarized because the polarized *He atoms diffuse between the pumping cell
and the target cell, reaching an equilibrium polarization state.

At Caltech, the low temperature approach has been used to achieve higher den-
sities. A double-cell polarized *He target [47] has been developed over the last few
years. This target system consists of a pyrex glass pumping cell at room temperature
and an OFHC copper target cell which is connected to a *He gas refrigerator cold
surface through flexible copper braids. The pumping cell is connected to the copper
target cell by a pyrex glass transfer tube. Iig. 3.3 shows the layout of the target
apparatus as seen from the top and the side.

The pumping cell, 6.35 cm in diameter by 15 cm long, is made of standard pyrex
tubing with 0.32 cm thick pyrex windows for endcaps. The target cell is 2.54 cm
in diameter and 16 cm long with a wall thickness of 0.254 mm. The target cell
windows are 5.8 x 10™*-cm-thick copper foils which have been tested for pinholes
with a floodlamp. The transfer tube is made of standard pyrex glass tubing chosen to
have an i.d. of 1.2-1.25 cm and is 6.6 cm long. Fig. 3.4 is a diagram of the target and
the pumping cells. Low-temperature epoxy, Emerson and Cumings Stycast 2850GT
with catalyst LV24 is mixed (ratio of 100:7 by weight) to connect the glass transfer
tube to the pumping cell, the transfer tube to the copper target cell and to attach
the copper foil windows to the target. Eight straight copper leads are attached to the
outer side of the pumping cell to generate an electrical discharge that is as uniform
as possible. The copper target cell is cleaned chemically before attaching the copper
foils to the target cell and the target cell to the glass tube. Detailed description of
the target machining, assembling, and alignment can be found in [47].

An important part of the target system is the vacuum and gas handling system.
The double-cell system is connected to a turbo pump, through a bypass valve to

a roughing pump which is connected to the scattering chamber, as well as to the
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Figure 3.3: Top and side view of the general layout of the target apparatus. In the top
view the pumping cell and part of the plumbing can be seen. In the side view, both the
pumping cell and the target cell are shown, along with the thermal radiation shield, the
temperature sensors, and the braid block.
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Figure 3.4: Schematic of the polarized 3He target double-cell system. The relative posi-
tions of the pumping cell, transfer tube, and target cell are shown, in addition to the braid
block, the temperature sensors, and the gas inlet valve.

helium gas bottle to fill the target with pure *He gas and the nitrogen gas bottle to
coat the target at low temperature to minimize the low temperature surface effect.
There are also an ion gauge and thermocouple gauges to measure the vacuum of
the system, a baratron head (MKS Instruments Type 122A pressure transducer) to
monitor the target pressure during filling and evacuation. There are two teflon valves
in the system; one isolates the double-cell system from the rest of the vacuum and
gas handling system, the other one serves as the bypass valve between the target
system and the scattering chamber as care must be taken during initial pump out to
not break the foil windows, which can only withstand a differential pressure of 20-40
torr. There are also various other valves in the system to isolate the target system
from the turbo pump and to control the filling of the target. Detailed information
on the vacuum and gas handling system is given in [47].

The target cell is cooled by a Cryomech GB04, closed cycle, helium refrigerator
which consists of two cold surfaces, a first stage (~ 10 K ) and a second stage (30—40

K). The copper target cell is connected to the second stage cold surface by flexible
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copper braids and OFHC copper blocks. The flexible copper braids release the stress
from the contraction (~ 2-3 mm) in the process of cooling down and the copper blocks
serve as contact surfaces. A pair of nickel coated copper thermal radiation shields
(made by Cryomech) are attached to the refrigerator first stage cold surface to shield
the target cell from room temperature radiation. The thermal radiation shields have
rectangular windows where 0.16 mm thick aluminum foils have been attached as part
of the electron exit windows. Detailed information on the dimensions of the radiation
shields and the way they are attached to the refrigerator first stage cold surface are
found in [47]. Two carbon-glass temperature sensors (Lakeshore CGR~1-3000) are
mounted on the target to monitor the target temperature with one mounted close
to the transfer tube and the other mounted on the end of the target cell. The
average of the two readings gives the target temperature. The temperature readouts
are controlled by the Lakeshore Cryogenics temperature controller (Model DR-82C).
The carbon glass temperature sensors are chosen for their insensitivity to radiation
damage. The pair of sensors used in the present work were used previously in Bates
experiment 88-02 [6] four years ago and were recalibrated by Lakeshore Cryogenics
after Bates experiment 88-02. The calibration curves are very close to those obtained
prior to that experiment.

The aluminum scattering chamber was made by Cryomech as part of the refrig-
erator system. The side flanges have 0.25 mm-thick aluminum windows to allow
the scattered electrons to exit the scattering chamber without too much energy loss.
The refrigerator is mounted on the bottom of the scattering chamber directly be-
low the center of the target cell. The vacuum feedthrough for the signals from the
temperatures sensors is also connected to the bottom of the scattering chamber.
Detailed description on the dimensions and machining of the scattering chamber is
given in [47). As it is very important to have only non-magnetic material in the
target area, all the screws used for the target, thermal radiation shields and the
scattering chamber are made of either copper or brass.

A pair of Helmholtz coils is used to provide the magnetic field that defines the
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%He nuclear spin direction. The Helmholtz coils employed are water-cooled and are
capable of operating at a field up to 200 gauss. The center of the Helmholtz coils
is set between the pumping cell and the target cell, with the pumping cell closer
to the center of the Helmholtz coils as the pumping cell is at room temperature
where the relaxation due to the magnetic field gradients is more significant than
at low temperature. A detailed description of the dimensions and construction of
the Helmholtz coils is found in [47]. The coils were operated at 60 A, providing a
field of 36 guass, with water cooling during the experiment. Four thermal switches
were attached to the cooling water lines on the coils to trigger the interlock on the
Helmbholtz coil power supply. The pumping cell axis is oriented along the axis of the
coils to an accuracy of £5° restricted by glass blowing. The magnetic field direction
was measured by aligning a Brunton Classic compass along the beam line using a
transit, then reading the field direction from the compass. The magnetic field was
aligned to the designed direction with both the Helmholtz coils and all the magnets of
the two spectrometers powered up. It was found that the field direction changed by
~ 1° due to the background field from the spectrometers. The Helmholtz coils were
rotated slightly to achieve the designed direction with the spectrometer magnets on.

For this experiment, the magnetic field alignment was more complicated than as
described above, because a large magnetic field gradient from the MEPS spectrom-
eter was seen when it was first turned on. The field gradient was so large that only
~ 60 seconds relaxation time constant for a single sealed cell in the position of the
pumping cell of the target was measured. The relaxation measurement is discussed
later in the section on the target performance. A holding field of 72 gauss (corre-
sponding to 120 A) for the Helmholtz coils was chosen to minimize the spin-lattice
relaxation effect from the background magnetic field. Over 1000 seconds relaxation
time for the single sealed cell was achieved with a 72 gauss holding field and the
spectrometers on. The magnetic field was aligned to the designed 44.3° to the right
of the electron beam under this condition. The polarized *He target was then in-

stalled on the pivot, the whole beam line was pumped down, and the copper target
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cell was cooled down. The target was then tested before putting beam onto it and
problems were found. Very short relaxation time constants in the cold target cell (~
12 K), about 500 seconds, were measured. The cold target cell had been tested on
the bench to have a relaxation time of 1400 seconds at a holding field of 18 gauss
before the installation. A relaxation time constant longer than 1200 seconds on the
cold target cell is required with no beam on in order to achieve a sufficiently long
relaxation time in the target cell with beam on to perform the experiment. The
relaxation mechanisms have been discussed in detail in [47] and will be discussed in
Section 3.5.1. Tests were done with the magnetic spectrometers off and a holding
field of 18 gauss, and the copper target cell was measured to have a relaxation time
constant of ~ 1400 seconds. The final optimum holding field setting was chosen
| to be 36 gauss with field clamps mounted onto the front surface of the MEPS first
quadrupole to minimize the spin-lattice relaxation due to the background field gra-
dient from the MEPS spectrometer to the pumping cell. Over 1200 seconds was
achieved for the cold target cell relaxation time constant with this new holding field
and with both the spectrometers on. The magnetic field direction was re-measured
after the experiment under the same condition as data were taken and the actually
field direction was found to be 42.5° to the right of the electron beam line with an
accuracy of +0.5°. It was not understood why the cold target cell relaxation time
constant became shorter as the holding field was increased, although one possible
explanation could be that there is some magnetic impurity in the close vicinity of the
copper target cell, for example the nickel coating on the thermal radiation shields,
which might cause significant spin-lattice relaxation as the holding field is increased.

The polarized *He target discussed here has several features which are different
from the one described in the previous work [47]. First of all the pumping cell is
much bigger, 2.5 in (0.D.) by 6 in (long) as compared with 2 in (0.D.) by 4 in
(long). The larger cell was chosen because better pumping rate and polarization can
be achieved with the LNA laser system.

A dilute solution of “bright dip”, a mixture of hydrofluoric, nitric and sulphuric
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acids, is used for cleaning the copper target cell which is more reliable than HF used
previously. Although concentrated “bright dip” is actually quite dangerous, it does
not have some of the special risks of HF. The “recipe” for mixing the bright dip
acid can be found in appendix A. It is also found that baking the glass punﬁping
cell for 24 — 48 hrs. under vacuum is good enough for efficient optical pumping
which corresponds to the condition of a good vacuum of ~ 1 x 1077, This also
differs slightly from the technique used previously for cleaning the pumping cell
which required cycling hot discharge after 24 — 48 hrs. of baking under vacuum.
This feature is largely related to the powerful LNA laser used for this target.

A different kind of copper braid block is used for attaching the target cell to
the refrigerator cold surface, avoiding the problem of additional stress caused by the
original design. The braids used are more flexible and less work-hardened compared
with the group of copper wires used before. The target is very robust and the
problem with breaking glass has been solved using this new type of braid blocks.

Indium foils have been placed in between all the thermal contacting surfaces
and a helium leak in the refrigerator system has been discovered and fixed. These
resulted in a lower operating target temperature ~ 13 K compared with ~ 17 K
obtained previously, making this target 30% more dense.

Target polarization is determined with higher accuracy (+3%) than in the ex-
periment of Jones et al. (+10%) [6]. We have performed an NMR calibration of
optical measurement of *He nuclear polarization [63] with an accuracy of +2% after
the previous experiment (see Section 3.4). Lastly and most importantly, a different
type of laser crystal, LNA, has been used in this work which resulted higher average
target polarization achieved in the present work (over 38% with 2544 average beam

current). The LNA laser system will be discussed in detail in Section 3.3.
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Figure 3.5: Schematic diagram of the laser system and the polarizing optics. (M) end
mirror; (E1) 0.3 mm etalon; (N) curved LNA rod; (K) Krypton arc lamp; (E2) 1.0 mm
etalon; (C) output coupler; (H) half-wave plate; (B) beam-splitter cube; (P) Pockels cell.

3.3 The LNA Laser System

The LNA laser system was developed at Caltech [55] following the work of M. Leduc
and co-workers [60]. The laser system is simple to construct and easy to operate. A
neodymium-doped lanthanum magnesium hexaluminate (LNA) crystal antireflection
coated at 1083 nm replaces the YAG crystal in a Laser Applications Model 9560 laser.
The LNA laser is pumped by a krypton arc-lamp. Two étalons are added to the laser
cavity for tuning and bandwidth reduction. The two étalons used in the laser system
for the ®He target are 0.3 mm-thick and 1.0 mm-thick which result in a linewidth
that matches well to the 2-GHz Doppler profile of the 3He atoms. The laser can
be tuned by tilting the étalons or varying their temperatures. F ig. 3.5 shows the
schematic diagram of the laser system and the polarizing optics.

The LNA rod is 4-mm-diameter by 79-mm-long, grown along the a axis and
doped with ~ 15% Nd. It was purchased from Union Carbide. The typical beam
shape is elliptical because of asymmetry in the thermal conductivity along the b and
c axes [64]. This ellipticity of the laser beam shape has been improved with the
recent development of rods grown along the ¢ axis [65]. The rod ends are cut with

concave curvature (R= 60 cm) to compensate for the thermal lensing effect which is
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caused by the heating of the rod from the intense light of the arc lamp. The outside
of the rod is water cooled, so a temperature gradient develops in the rod that results
in a gradient in the index of refraction. The rods acts like a converging lens with a
focal length that shortens as the current on the arc lamp is increased. If the lamp
power is sufficiently high to cause a focus inside the laser cavity, not only the laser
power drops but the rod can also break from the thermal stress. There are usually
signs shown before this disaster happens: the laser beam shape begins to deteriorate,
the laser needs substantial realignment to maximize the power and the increase of
the laser power saturates as the lamp current is increased. The approach is taken to
use the shortest laser cavity as possible, as well as using a curved rod to minimize
the thermal lensing effect. The cavity is 36 cm long with 28 cm being occupied by
the commercial laser head.

A partially reflecting mirror with a reflectivity of 99.0% is used at one end of the
laser as the output coupler with the other end being a completely reflecting mirror.
Highest laser power is obtained with the two mirrors placed symmetrically about
the LNA rod. The LNA laser is tunable around 1.05 pm and 1.08 gm. In order to
tune the laser to the *He transition wavelength of A = 1.0834 pm, two étalons, one
0.3 mm thick and one 1.0 mm thick are inserted into the laser cavity. These two
étalons serve as laser tuning elements as well as linewidth reduction elements. The
étalons can be tuned by either tilting the angles or varying their temperatures. It is
not ideal to tune the étalon by tilting its angle away from normal incidence because
the reflected waves from the two surfaces of the étalon interfere less effectively which
results in lower laser power and deterioration of the beam shape. An alternate
approach following the work of Larat [66] is taken by positioning the étalon near
normal incidence and varying its temperature for tuning. If the temperatures of the
étalons are stabilized, this tuning approach also eliminates the frequency drift of
the laser caused by the drift of the temperatures of the étalons. The étalon heater
1s a homemade system consisting of a copper block that surrounds the étalon, a

resistive wire heater, and a feedback circuit to regulate the temperature. The heater
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is 2.5 cm long and rests on a 3.5-cm-diameter rotation stage (Ealing Electro-Optics
Model 37-0502), allowing the end mirrors of the laser to be only 4 cm from the laser
head. The étalons can also be tuned by tilting their angles remotely using the two
motordrives (Ealing Electro-Optics Model 37-0221) controlled by the motor drives
control units (Ealing Electro-Optics Model 37-0031) which are mounted on the two
rotation stages where the étalon heaters sit. During the experiment the laser was
tuned primarily by varying the étalon temperatures using the étalon temperature
controllers which were shielded well in the experimental hall. Minor tuning of the
laser was realized by the remote tuning of the étalons using the motordrive controller
upstairs in the counting bay.

A sealed °He cell with a pressure of 0.8 torr is used as a tuning cell to monitor the
fluorescence signal from the *He atoms. The cell is placed after the laser end mirror
with a tiny fraction of the laser light passing through it and a weak rf discharge
is maintained in the cell to excite metastable *He atoms. A Hamamatsu R316-02
phototube, sensitive to 1.08 um light, views the tuning cell from a position with
the tube’s axis perpendicular to laser beam. A collimator is placed between the
cell and the phototube to minimize the amount of the direct scattered laser light
from the wall of the cell seen by the phototube. The tuning signal is monitored on
a oscilloscope. When the laser is tuned to the frequency corresponding to the 3He
transition 2357 — 23P, a large signal can be seen on the scope which corresponds
to spontaneous emission of the *He atoms that were excited to the 23P state by the
laser light. This signal can be easily distinguished from the background light, and
C8 and C9 can be identified from each other clearly for the LNA laser.

The laser light coming directly from the laser cavity is linearly polarized. It is
circularly polarized using a polarizing beam-splitter cube followed by a Pockels cell.
A multiple order quartz half-wave plate at A = 1083.4 nm, antireflection coated at
the same wave length, is placed between the laser cavity and the beam-splitter cube
to maximize the laser power after the Pockels cell. The helicity of the laser light is

changed by varying the high voltage applied to the Pockels cell, and the target spin
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can be flipped easily by this means. To minimize systematic uncertainties in the
asymmetry measurements, the target spin was flipped a few times a day during the
experiment by remotely varying the applied high voltage of the Pockels cell.

With the laser system discussed above, typical operating parameters for the lamp
power are 1.0 kW for the laser threshold and 1.8 kW for 6 W output. The two
transitions C8 and C9 can be separated from each other easily and a laser linewidth
of 1.5-GHz is obtained with the combination of the two étalons. Pumping rates of
108 (10'?) atoms/s with 82% (50%) polarizations are achieved on a single sealed cell
with this laser under ideal conditions [55]. Careful study of the pumping rates vs.
3He gas pressures, discharge frequencies, discharge intensities, laser intensities and
cell sizes for C8 and C9 using this LNA laser system have been done on single sealed
pyrex glass cells [55]. The polarized *He target for the present work was chosen to
operate at a gas pressure of ~ 2.0 torr, a discharge frequency of 200 KHz or 2 MHz,
and a pumping cell size of 2.5-in-diameter by 6-in-long using the transition line of
C9 based on the study mentioned above.

The laser system was installed in a hut shielded by heavy concrete blocks and
lead bricks to prevent radiation damage to the laser crystal and the polarizing optics.
A retroreflector was placed after the pumping cell to double the velocity groups of
the metastable atoms interacting with the pumping light for maximum pumping
efficiency. A filter (Kodak Wratten 87B) was placed in front of the retroreflector
to avoid reflection of the 668-nm light used for the polarization measurement. This
filter absorbed the 668-nm light but transmitted the optical pumping light. The
laser power was lower (3 Watts) as compared with the typical laser power obtained
by Gentile et al. [55] which may have been caused by the dirty environment in
the experimental hall. The laser power decreased over time and the optics required
cleaning once every two days. A laser shutter was installed in front of the laser hut
which can be controlled remotely to start or stop optical pumping. The laser beam
was confined inside the hut with shutter closed for safety.

In conclusion, the LNA laser has several significant advantages over the YAP laser
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used previously for metastability-exchange optical pumping of ®He: higher power
(over 3 Watts), a linewidth that matches well to the Doppler profile of the 3He
atoms, several longitudinal modes within this bandwidth, and good spectral overlap
with the optical pumping transition. It is also easy to construct and operate. Its

stability and easy tuning make it an ideal laser system for polarizing *He nuclear

targets.

3.4 NMR Calibration of Optical Measurement of
SHe Nuclear Polarization

Optical measurement of *He nuclear polarization involves detection of the circular
polarization of a *He atomic transition line chosen for the optical measurement.
The *He nuclear orientation is partially transferred to electronic orientation due to
hyperfine coupling. A relation exists between the detected circular polarization of the
atomic transition line and the *He nuclear polarization, but this relation is pressure
dependent because part of the electronic polarization is lost due to collisions. This
measurement requires a weak rf discharge to excite ground state atoms to excited
states. The optical measurement technique does not perturb the target and can
monitor the polarization continuously during data acquisition. However, it is not
a direct measurement of the nuclear polarization. Precise calibration of the optical
measurement 1s necessary for polarization experiments where an accurate knowledge
of the target polarization is required. The 668-nm light corresponding to the 3He
transition of (3'D — 2! P) is the line commonly chosen for the optical measurement
of ®He nuclear polarization because of its spectroscopic strength. In this section
we will discuss the optical measurement using the 668-nm line of the 3He nuclear

polarization first, and then the NMR calibration of this optical measurement.
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Figure 3.6: Schematic diagram of the optical polarimeter.

3.4.1 Optical Measurement of *He Nuclear Polarization

An optical polarimeter is used to detect the circular polarization of the 668-nm line
to measure the *He nuclear polarization. The polarimeter consists of a rotating
quarter-wave plate (R) for 668 nm, a linear polarizer (A), an interference filter (F)
and an Amperex XP2023B phototube. The rotating quarter-wave plate at a rotation
frequency of f converts the incoming circularly polarized light from the cell into
linearly polarized light, which is transmitted maximumly through the linear polarizer
following the quarter-wave plate at a frequency of 2f. The interference filter placed
behind the linear polarizer and before the phototube transmits only 668-nm light.
The signal from the phototube is sent to a lock-in amplifier to measure the ac
component of the signal at the 2f frequency, and a dc amplifier to amplify the dc
component. The output of each amplifier is sent to a Kinetic Systems 3553 ADC,
which is read by the target data acquisition program. A schematic diagram of the
optical polarimeter is shown in fig 3.6.

The *He nuclear polarization is expressed in terms of the measured ac and dc
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component of the 668-nm line as follows:

f9 V:J.c

Pnuc = fpressure
cos 8 Vg,

(3.4)

where V. is the ac component of the phototube signal measured by the lock-in
amplifier, V,. is the dc component amplified by the dc amplifier, fyressure is the
pressure factor which relates the circular polarization of the 668-nm line to the 3He
nuclear polarization, and 4 is the angle of the axis of the optical polarimeter relative
to the magnetic holding field, B. The pressure factor fyressure Will be discussed in
Section 3.4.2. An accurate determination of the target pressure is necessary for its
polarization measurement and is discussed in [47]. fz/cos 8 is the correction factor
[47] that accounts for the polarimeter being off-axis from the nuclear spin direction.
The polarimeter was at an angle of 14° with respect to the target spin direction and
fo was determined to be 1.05 experimentally for the present work.

The optical polarimeter is calibrated by placing a circular polarizer in front of
it. It consists of a linear polarizer (L) followed by a quarter-wave plate (Q) with the
angle between the axis of the polarizer and the optical axis of the quarter-wave plate
being 45°. The polarimeter was calibrated to measure 99.8% circular polarization

with the circular polarizer in front to an accuracy of £0.5% for the present work.

3.4.2 NMR Calibration of the Optical Measurement of *He

Nuclear Polarization

The optical measurement of *He nuclear polarization was calibrated previously in the
early 1970s by Pinard and Van Der Linde [67] using absorption of the pumping light
from a *He lamp. The pumping light absorption technique works in the following
way: as optical pumping light polarizes the sample, the pumping light absorbed by
the metastable atoms decreases as the polarization of the sample increases because

the population in the metastable state shifts to the magnetic sublevels that do not
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interact with the pumping light. So utilizing the change in the absorbed pumping
light, this technique actually measures the metastable polarization, which should be
equal to the ground state polarization as these two quantities are closely coupled
through rapid metastability-exchange collisions. Because the accuracy of these mea-
surements was not quoted in [67] and was subject to systematic uncertainties due
to lack of knowledge of the spectrum of the lamp, an NMR calibration has been
performed at Caltech which calibrated the optical measurement to an accuracy of
£2%. A calibration against the pumping light absorption technique using a diode
laser-pumped LNA laser has been performed by Bigelow, Nacher, and Leduc [68]
concurrently with the Caltech work. The two recent calibrations are consistent with
one another. However, only the Caltech NMR calibration will be discussed here.
To avoid systematic uncertainties associated with an absolute NMR measure-
ment, the *He signal is compared with the signal from an identical water sample.
The polarization for water is known from the Boltzman distribution. The NMR
measurements are performed using the technique of adiabatic fast passage (AFP).
The advantage of this technique is that the line shape of the NMR signal is identical

for ®*He and water, which is ideal for the case of a direct comparison.

Adiabatic Fast Passage

Adiabatic fast passage (AFP) refers to a technique to reverse the direction of a
macroscopic magnetization with respect to a static magnetic field. Let’s consider
the effect of an oscillating rf magnetic field B, = 2B coswi & applied to a sample
which is in a static magnetic field Byz. The lab frame is defined by the (z,9,2)
coordinate system. In a rotating frame (a;’, yA’,zt’ = %) with an 1f frequency of w,
B can be decomposed into two components: a stationary part and a part rotating
at a frequency of 2w. Under the conditions of the NMR measurements discussed

here, the latter part can be neglected as it is not resonant. The effective field in the



rotating frame can be written as:
5 w ~tf ~t
Be = ’:BO - :y_} z + Bl.’ll 3 (35)

where v is the gyromagnetic ratio (v,/27 = 4.26 kHz/G for protons in water and
/27 = 3.24 kHz/G for *He). If initially the static field is far enough away from
w/7 so that |B, — w/v| > By, then B, and the magnetization M are oriented nearly
along the z’ axis in the rotating frame. If the static field is ramped through resonance
(Bo = w/7), the effective field rotates away from 2’ axis towards —2/ and carries the
magnetization vector along with it. The effective field can be expressed as B; =B
&' at resonance. The adiabatic condition means that the ramping rate is slow enough
that the magnetization follows the effective field and the “fast” condition means that
the relaxation effects can be neglected during the time of passage through resonance.

These two conditions for AFP are given by

dB
- B,? .
1 {dB, I 1

where Ty and T are the longitudinal and transverse relaxation times respectively.
In our system, the transverse relaxation time is dominated by dephasing of the
individual precessing spins due to gradients in B,. If the inhomogeneity in B, across
the sample is much smaller than the size of the rotating field By, then the transverse
relaxation time can be neglected in Eq. (3.7) [69] [70]. There are two ways to do an
adiabatic fast passage measurement, one can either ramp the static magnetic field
to go through resonance or vary the rf frequency to go through resonance. The first
approach is used for the NMR. calibration discussed here since a tuned circuit can
be used to amplify the small water signal for a system with a fixed rf frequency.

As M slowly reverses direction, it is also precessing rapidly in the lab frame at
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rf frequency w. If a pick-up coil is placed in the xz plane, an induced ac voltage of

amplitude & can be detected due to this precessing magnetization. £ is given by
dd
E= _NQEt_ = —NQuw?, (3.8)

where Q is the quality factor of the tuned pick-up circuit and ® is the magnetic flux
through the pick-up coils with N turns.
Taking into account the small difference for the volumes (£2%) of the *He and

water cells, the ratio of the amplitude of the induced *He signal to that of water is

given by

gf (prnn‘/ﬂ')h
BT E T QP 4

Where P, is the nuclear polarization, n is the number density of spin 1 /2 particles
with magnetic moment g, and V is the volume of the cell. The subscripts & and P
denote *He and water (protons) respectively. The nuclear polarization P, is defined

by

P, = n_+_:_7?:,’ (3.10)
.y + n._

where ny and n_ are the number densities for the two eigenstates of the spin 1/2
particles with respect to the # axis. The nuclear polarization for the protons in water
based on the Boltzmann distribution is approximated with sufficient accuracy by
HpWp
" KTy
where p, is the proton magnetic moment in water, K is the Boltzmann constant,
and T, is the temperature of the water cell at the time of the NMR measurement.

The ®He density can be expressed in terms of the pressure pr, and temperature T,

at the time when the cell is sealed off. Finally, p* can be written in terms of the
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known quantities and the measured quantities as

PZ _ (QVw2lu2)p inh ’ (3.12)
(vaﬂ)h Yo LpPh

with the small volume difference between cells being taken into account.

Free Induction Decay

The adiabatic fast-passage technique discussed above is most suitable for the kind of
NMR measurement discussed here. Another type of technique, free induction decay
(FID), is also useful for providing additional information about the NMR system.
This technique works in the following way: a static field is fixed and an rf pulse is
applied to the sample at the Larmor frequency. In the rotating frame the effective
field is B, = B,z and the magnetization precesses around the z’ axis at the angular
frequency of vB;. The magnetization is rotated by vB;7 with 7 being the duration of
the rf pulse. B; was determined by measuring the pulse length required for rotating
the magnetization by 7/2 which is easily accomplished in the case of helium by
monitoring the optical polarimeter signal dropping to zero.

After the rf pulse the magnetization precesses freely and decays due to the in-
homogeneity in By. The temporal behavior of the decay is given by the Fourier
transform of the spectral distribution of Larmor frequencies for the water case. The
timescale of the decay is roughly v,ABy™" which is the time required for a spread
of 1 mrad in the distribution of accumulated phase of the Larmor precessing of the
individual spins. This decay timescale can be used to estimate the inhomogeneity
in By (ABy) of the NMR system across the sample to test the fast passage condi-
tion for the system. A Water sample was used for this purpose because there was
a motion-narrowing [71] effect in the helium case which resulted in a much longer

decay time than that of water.
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NMR Experimental Apparatus

The experimental apparatus for the NMR system is shown in fig 3.7. A cylindrical
pyrex cell, 5.0-cm-diameter by 5.7-cm-long, filled with 3He or water is placed in a
homogeneous magnetic field B,2 produced by a pair of 30-cm-radius Helmholtz coils.
The cylindrical axis of the cell is along the Z direction. An rf driving field B;# is
generated by a pair of 14.8-cm-radius Helmholtz driving coils placed in the yz plane.
A pair of rectangular pick-up coils, 6.9-cm-long by 6.2-cm-wide, separated by 5.6
cm, surround the pyrex cell with their axes in the § direction. Each pick-up coil has
400 turns.

For an accurate measurement of small signals from water and low gas pressure
*He (< 0.2 torr), care is taken to minimize the systematics from vibrationa) noise
and electromagnetic noise. The NMR system is encased in an aluminum box with
a thickness of 1.6 mm to shield out electromagnetic fields. Shock absorbers, styro-
foam and springs are used underneath the aluminum box to minimize mechanical
vibrations.

®He gas was polarized by optical pumping with an LNA laser as described in
section 3.3. The circularly polarized laser light was incident along the % axis onto
the *He cell through a 9-cm-diameter opening in the front of the aluminum box.
The 668-nm line from the *He cell used for optical measurement exits through this
opening and is detected by an optical polarimeter described in section 3.4.1 which is
located 6° off the 2 axis in the zz plane and 95 cm from the cell. An rf high voltage
(0.1 - 20 MHz) applied to a pair of aluminum foil strips taped around the outside of
the cell generated a weak electrical discharge in the helium cell. The discharge was
turned off during NMR measurement because it produced substantial rf interference
on the NMR signal caused by the contact between the aluminum discharge strips and
the metal electrodes in the pick-up coil support. The relaxation of the polarization
is less than 0.2% during the time required for NMR measurement with the discharge

off. A preamplifier placed close to the aluminum shielding box is used to amplify
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Figure 3.7: Scale diagram of the NMR apparatus.
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the pick-up signal. The amplifier input is grounded whenever the discharge is on to
avoid overloading it.

A block diagram of the NMR electronics is shown in Fig. 3.8. An HP function
generator, tuned to the resonant frequency (w/2x =96 KHz) of the pick-up coil sys-
tem, produces an rf current in the driving coils. The static magnetic field B, is
ramped in 1 s from 2 gauss below to 2 gauss above the atomic resonant condition
(W/7.=29.6, w/7,=22.5 gauss). The current in the Helmholtz coil is converted into
voltage, digitized by a Kinetic transient digitizer 4010, and stored in the computer.
The induced voltage in the pick-up coil is amplified by a factor of 100 using a pream-
plifier and then sent to a lock-in amplifier (EGG 5010) together with a frequency
reference signal from the function generator. The two outputs of the lock-in am-
plifier, one in phase with the reference signal and the other 90° out of phase, are
squared and summed before they are digitized and stored in the computer.

The pick-up coil must be mounted normal to the driving coil to minimize the
crosstalk between the pick-up and the driving coils. The pick-up coil was mounted in
such a way that it could be rotated around the % axis from outside of the aluminum
box as shown in Fig. 3.7. The residual signal in the pick-up coil is nulled by applying
a phase shifted voltage to the nulling coil. The quality factor Q of the tuned pick-up
circuit is measured by sweeping the frequency of the nulling coil voltage from 60 to
120 kHz and measuring the linewidth of the response of the pick-up coil. The typical
measured value of () was 60, with variation of £5% from cell to cell and +0.7% on
a given cell. The @ and the resonance frequency were measured on each day that
the data were acquired and the resonant frequency was found to vary +0.2% from
cell to cell. The electronics was found to be linear to within 1% using a test pulse
which was a sine wave packet with a variable width between 0.5 and 20 ms. The
linearity of the electronics is crucial for an accurate NMR calibration because the
water signal differs that of helium by as much as a factor of 70.

Each *He cell was prepared according to techniques that are described elsewhere

[39]. Briefly, each cell was evacuated to below 10~7 first, then cleaned by baking
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Figure 3.8: Block diagram of the NMR electronics.

overnight at a temperature of ~ 400K and further cleaned by a hot discharge. The
cell volume was measured with an uncertainty of +0.2% by filling the cell with
alcohol before it was mounted to a vacuum system. The cell volumes are around 90
cm® with a variation of 2% from cell to cell. The cells were filled with 99.995% pure
%He gas. When a cell was sealed off, the pressure in the vacuum manifold and the
ambient temperature were measured. A small vacuum manifold was used to fill cells
with pressures other than 3 and 5 torr after it was discovered that the cell pressure
was lower than the original pressure and the remaining pressure in the manifold was
higher after sealing off the cell and allowing the system to cool. For cells at 3 and 5
torr, there is a 2.8 £ 1.5% pressure correction associated with the filling procedure.

Measurements of the pressure correction and the two filling procedures are discussed

in [63].
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Measurement

The adiabatic fast-passage conditions discussed previously are satisfied in the present
NMR system for both the water and helium sample. The driving field B; was
determined to be 35 & 1 mG using the technique of free induction decay. Hence
the sweep rate dBy/dt of 4G/s is about seven times smaller than vB;%. T} and T
are both 3.6 s for water [72], so 1/T; and 1/T, are both 400 times smaller than
(dBo/dt)/By. For *He T is typically a few thousand seconds. The inhomogeneity
in By across the sample, ABy, was determined to be 1mG from the observed 30-ms
decay time of the FID signal for water. Hence A By is about 35 times smaller than
B;.

The measurement on each *He cell proceeded in the following way: the helium was
polarized using metastability-exchange optical pumping technique with an LNA laser
and the polarization was monitored by an optical polarimeter described previously.
To minimize the scattered light seen by the polarimeter, the outside of the cell was
taped with black electric tape and the inside of the aluminum box was painted black.
First the pick-up signal was minimized by rotating the orientation of the pick-up coil
axis; then the resonant frequency of the tuned pick-up coil was found by maximizing
the pick-up signal after its axis was oriented properly, while the frequency of the
applied current to the driving coil was sweeping through the resonance; lastly the
pick-up signal was further nulled using the nulling coil. All of these were done prior
to polarizing the helium cell. After the helium polarization reached equilibrium,
the optical measurement was started. To reduce the statistical uncertainty in the
optical measurement to a negligible level, the optical polarization was averaged for 30
seconds before the NMR measurement. The NMR measurement started 10 seconds
after the discharge was turned off and the laser shutter was closed. The helium NMR
measurement takes ~2 seconds, and the polarization relaxes ~ 0.2% during this 12
seconds as the cell has a relaxation time of a few thousand seconds with discharge

off. The NMR measurement of helium was taken on cells of pressure between 0.1



73

“l". g
S
b i | !

29.2 29.3 29.4 29.5 29.6 29.7 29.8 29.9 30.0
static magnetic field (G)

Figure 3.9: Adiabatic fast-passage signal for a 1.0-torr cell of 3He (64% polarization).

torr and 5.0. Fig. 3.9 shows the adiabatic fast-passage signal for a 64% polarized,
1.0-torr cell of helium with a fit to a Lorentzian distribution.

The optical signal was also used to measure the AFP efficiency, i.e., the efficiency
of the inversion of the polarization. AFP inefficiency is mainly a measure of the
violation of the AFP condition caused by the magnetic field gradients seen by the
atom as 1t moves across the sample. The effect of the field gradients for water is

much smaller than that of *He. The AFP efficiency is defined as

__Ph-p

1
5P, (3.13)

where Py and P are the polarizations before and after the sweep. Since the AFP
efficiency is very close to one (¢ = 0.988), P; was measured after eight sweeps in
rapid succession. The *He NMR signal height and the water NMR signal height were
measured as a function of the AFP efficiency. The AFP efficiency was varied between

0.92 and 0.99 by introducing magnetic field gradients into the system. Empirical
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quadratic fits were performed of the NMR signal height for *He and water versus the
AFP efficiency. The measured *He NMR signal and the water signal were corrected
by their AFP. efficiencies using the empirical fits mentioned above. The correction
due to the AFP efficiency to the ratio of the *He and water signals is found to be
small, 1.0034:0.002. For an accurate NMR calibration of the optical measurement, a
few corrections need to be applied to the optical signal which had been checked very
carefully. The polarimeter was calibrated carefully using a circular polarizer on each
day when NMR data were taken for helium. Uncertainties in this calibration had
been investigated in detail in terms of the imperfections in the circular polarizer,
the rotating quarter-wave plate inside the polarimeter, and the orientation of the
circular polarizer. With a high quality quarter-wave plate in the circular polarizer
and proper orientation of the circular polarizer being used, accurate calibration of
the polarimeter was obtained [63]. A polarization offset which could be associated
with the electrical noise in the system was measured each day when a helium NMR
measurement was performed. This offset was corrected to the measured polarization
using the optical polarimeter. The angle between the polarimeter axis and the
direction of the magnetic holding field was measured carefully and the correction
due to this off-axis orientation to the measured polarization was applied. Lastly, a
correction was applied to the measured optical polarization because of its magnetic
field dependence. The measured degree of circular polarization of the 668-nm light
from the atomic transition decreases with increasing magnetic field because of the
decoupling of the electronic and nuclear spins. This effect was measured [63] on cells
of He pressures of 0.3 torr, 0.8 torr and 5.0 torr against a static field of 12 gauss
and is show in Fig. 3.10. Corrections had been applied to the optical polarization
for a 30 gauss holding field for the helium NMR setting based on the measurement
mentioned above. NMR measurement was also performed on an unpolarized *He
cell and it was found to be consistent with zero within £0.02%. In addition, the
linearity of the *He NMR signal height versus optical polarization was also checked

and the offset was found to be (0.2 & 0.2)%.
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Figure 3.10: Magnetic field dependence of optical signal.

The NMR measurement for water is a little different from that for helium. Its
signal is determined by the Boltzmann distribution and it is very small. At room
temperature and B, =22.5 G, the polarization of the protons in the water is only
7.6 x 107°. The induced voltage is 130 £V and 9-mV rms is detected by the lock-
in amplifier after the induced signal is amplified by the tuned pick-up circuit and
the preamplifier. Because of the 3.6-s longitudinal relaxation time on the water
signal height and 1-s sweep time, the polarization at the time of passage through
resonance is close to the value at the beginning of the sweep. Hence the signal
height depends on whether the field is ramped from below or from above resonance.
For these measurements, the field was ramped symmetrically both from below and
from above the resonance so that the signal height corresponding to the polarization
at resonance was obtained by averaging the signal heights from the two ramps. A
20 s interval between sweeps guaranteed equilibrium conditions. There is a slight

uncertainty of £0.3% in this averaging procedure due to non-linearity in the ramp.
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Figure 3.11: Adiabatic fast-passage signal for water.

To improve the signal-to-noise ratio of the water signal, data of 10 sweeps (five
up, five down) were averaged with a correction applied to the peak positions first
because of the small shifts in the starting time of the ramp (< 2ms). Fig. 3.11 shows
the adiabatic fast-passage signal for water with a Lorentzian fit to the data. The
procedure of finding the proper orientation of the pick-up coil, finding the resonance
frequency of the tuned pick-up circuit and nulling the pick-up signal are the same
as those for helium described earlier. The water cell was also taped with black tape
and aluminum foil strips in the same way as the helium cell to minimize systematic
uncertainties. The measured water signal was also compared with a simple calcula-
tion which evaluated the water NMR signal by integrating the contributions to the

induced signal from a magnetization distributed uniformly throughout the cell. A

agreement was found within 20%.
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Results

The theory of the pressure dependence of the degree of circular polarization of the
668-nm light used for optical measurement has been investigated by Pinard and
Van Der Linde [67]. With P being defined as the degree of circular polarization of
the 668-nm light emitted by the discharge and P, as the nuclear polarization, they

obtain the following expression for a J = 2 — J = 1 transition:

P 3a2(F +'}’2)/2 (3.14)

Po (T+7)(T +7)? +6a2(T +3)(T + 272/3)/T + (T — 71 + 272)/4

where I' is the spontaneous emission rate for the transition, and 7, and v, are the
disorientation and disalignment rates, respectively. The constant a is the hyperfine
“coupling constant. ahl-J is the hyperfine Hamiltonian with I being the nuclear
spin angular momentum and J being the total electronic angular momentum.

The rates v; and 7, are related to the corresponding cross sections o; and o5 by
v = no;v,, where n is the number density of the ground-state atoms and v, is the
mean relative velocity of the two colliding atoms. T is replaced by IV = T' + nogv,
to account for other types of collisions that effectively destroy the 3'D,, where o
is the total cross sections for these processes (og is labeled as g + o in [67]). The
three cross sections o;,¢ = 1,2,3 are adjusted to reproduce the measured variation
of P/P, with pressure.

In the zero pressure limit, with v, , = 0, Eq. 3.14 reduces to:

P 0.24
o et (3.15)

P (1+17/02)
For the 3' D, level, I = 6.58 x 107 s~ [73] and (, the hyperfine splitting in frequency,
is 8.74x 10% s7' [74] which yields P/ P, = 0.239 at zero pressure. However, Pinard and
Van Der Linde found the pressure dependence of P/ P, for the 3! D, was inconsistent
with the expected zero pressure limit. This inconsistency could be caused by the

cascading effects from higher level ' F' states that would be manifested as an overall
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Uncertainties
Ph P,/P P,/P P,/P® fit systematic
(torr) (data) (fit) (fit) (%) (%)
0.0998 5.67 0.5 4.5
0.207 6.42 6.42 7.3 0.4 1.9
0.299 6.78 6.78 7.5 0.4 1.9
0.499 742 7.33 8.0 0.3 1.9
0.800 7.94 8.02 8.7 0.3 1.9
1.010  8.37 8.43 9.3 0.3 2.1
1.977 10.09 9.97 11.6 0.3 2.1
2.92 11.38 11.42 13.8 0.3 2.5
4.85 14.98 14.98 17.8 0.3 3.1

¢ ref [68]
Table 3.1: Measurement of P, /P as a function of p, (for Th= 297 K).

multiplicative correction for P/P, above some critical pressure as explained in their
paper. They found that they could fit their data above 0.15 torr using Eq.3.14 by
introducing a normalization factor Z. The NMR results discussed here are fitted in
the same way as that of Pinard and Van Der Linde.

The NMR measurements have been performed at pressures ranging between 0.1
and 5 torr. The data have been fitted in the way described in the previous paragraph
for pressures above 0.2 torr. The data and the fit are shown in Fig. 3.12 as the ratio
of the degree of circular polarization of the 668-nm light to the nuclear polarization,
P[P,, vs *He pressure, p;, together with a fit of the data from [68]. In order to
obtain an accurate calibration, uncertainties have been studied carefully in terms
of two categories: fit uncertainty and systematic uncertainty. The fit uncertainty is
the sum (in quadrature) of the typical uncertainties in the fitted values of £ and
&L, The total uncertainty is dominated by the systematic uncertainty, and the fit
uncertainty is dominated by the 30.3% uncertainty in the fitted value of £2. The
systematic uncertainties have been divided into two groups: those uncertainties that

can lead to day to day variations in the measurements on a given cell and those
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Figure 3.12: The NMR result: P/P, vs. P,.

that will not cause day to day variations. Detailed discussion on the systematic
uncertainties of the NMR measurements is given in [63]. The data and the results of
a fit using the procedure of Pinard and Van Der Linde as discussed in the text are
listed in Table 3.1, where the inverse of P/P,, P,/ P, is listed. The fit and systematic
uncertainties are tabulated in Table 3.1 as well, and the values from a fit of the data

in [68] are also listed in Table 3.1 for comparison.

3.5 Target Performance

The performance of a polarized target is very crucial for a nuclear physics experiment
in which a polarized target is employed. Good target performance not only represents
high polarization achieved on the target with beam incident, but also means stability
over a long period of time. The performance of the polarized *He target employed

in this work is related to many factors: the efficiency of the optical pumping light,
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the discharge characteristics, the cleanliness of the pumping cell and the target cell,
the relaxation mechanisms of the target system, etc. The relaxation mechanisms as
well as the measurements of the relaxation time constants for this double-cell system

have been studied and described in detail in [47]. They will only be discussed briefly

here.

3.5.1 Relaxation Mechanisms for a Polarized *He Target

For spin depolarization, there are two general categories: spin-spin relaxation caused
by the interaction of the magnetic moments of the neighboring atoms and spin-lattice
relaxation from the coupling of the spins to the external fields. The relaxation
from nuclear dipole-dipole interactions for *He is negligible for the temperature and
pressure region where the polarized *He target discussed in this work was operated
[49]. The dominant depolarization effects for a practical polarized 3He target are
from the spin-lattice relaxation, which can be divided further into the following
four categories: magnetic field gradients, surface effects, discharge effects and beam
effects.

The spin-lattice relaxation from magnetic field gradients is caused by the mag-
netic field gradients seen by the atom as it diffuses across the sample volume, which
tends to alter the spin orientation. Detailed treatment for this type of the relaxation
effect has been described by Schearer and Walters [75]. A generalized formula is given
in [47] following the prescription in [75]. This depolarization effect from magnetic
field gradients decreases as the sample temperature is decreased because the atom
diffuses more slowly and consequently sees less field change. For the double-cell tar-
get system discussed here the target cell was operated at 12 K where the relaxation
due to magnetic field gradients was not a concern. It is important to maintain a long
enough relaxation time in the pumping cell that it can feed the target cell efficiently.
The pumping cell is at room temperature where the dominant depolarization effects

are from magnetic field gradients and the discharge effects. The pumping cell was
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designed to have the optimized volume so that it can achieve high pumping rate
and polarization with the LNA laser and at the same time maintain a sufficiently
long relaxation time due to the magnetic field gradients from the holding field. Field
clamps were mounted in front of the first quadrupole of one of the spectrometers
(MEPS) during the experiment to minimize the background gradients from it, as
discussed earlier in Section 3.2.

The ®*He nuclear polarization can be destroyed by interactions with atoms in the
wall. The *He atoms maybe absorbed into or adsorbed onto the wall and interact
with any magnetic impurities present when they diffuse into the wall. This type of
depolarization mechanism is called a surface effect, and it is related to the specific
surface chosen for the container. The depolarization processes for glass surfaces are
fairly well understood in terms of two competing processes, one that dominates at
high temperature and the other that dominates at low temperature. Permeation of
the ®*He atoms into the glass surface is the primary depolarization process at high
temperature, and adsorption of the atoms onto the wall is the dominant process
at low temperature. At low temperature the surface effect becomes very important
because the sticking time of the atoms onto the wall increases exponentially with
the inverse of the wall temperature. A detailed description of the depolarization
processes on glass surfaces is given in [47]. In the target system discussed here, the
pyrex glass pumping cell was at room temperature where the surface effects are not
significant. Depolarization on metal surfaces is not well understood. It is probably
dominated by the adsorption onto the wall at low temperature. In particular, it is
dependent on the cleanliness of the metal surface as well as the purity of the metal.
The copper target cell discussed here was operated at 12 - 13 K, and a nitrogen
coating was used to alleviate the surface depolarization effect [47). The copper cell
was cleaned chemically before assembling, and this cleaning process has been found
to be very crucial.

In order to optically pump the *He atoms, a discharge must be maintained to

create metastable atoms. The presence of the discharge causes depolarization be-
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cause it creates other excited states, ions, and electrons as well as metastable atoms.
All these additional species cause depolarization as they collide with the polarized
ground state and metastable state atoms [76]. Depolarization from the discharge is
the dominant depolarization source in the optical pumping cell. The optical pumping
rate and the achievable polarization are dependent upon the discharge characteris-
tics in addition to the efficiency of the pumping light. The discharge intensity is
chosen for the pumping cell to have the optimized polarization and pumping rate for
feeding the target, and a reasonably long relaxation time in the pumping cell with
the discharge on, typically 3-5 minutes.

The beam effect is a dominant relaxation mechanism for atoms in the target
cell where the polarized atoms are in direct contact with the electron beam. This
depolarization effect was studied carefully in the early work on the development of
the polarized *He target at Caltech [77] and further studied at Bates using an electron
beam [47]. The depolarization effect due to the coupling of the polarized gas to the
time-varying magnetic field generated by the Bates electron beam, which is a pulsed
beam with frequency of 600 Hz and pulse width of 15 psec, 1s negligible for a typical
current of 10 - 40 pA. The main relaxation mechanism from the electron beam
involves the creation of ions. Models are presented in [77] and [78] of spin relaxation
from the ionization of the beam. Reference [76] contains information about the
reactions between ground state helium atoms and the atomic and molecular ions.
The average beam current for the present work was ~ 25uA which contributed a
relaxation time for the target cell of ~ 1000 - 1500 sec as determined from the
relaxation measurements taken during the experiment. It is clear from this that a
sufficiently long relaxation time on the target cell without beam is necessary for a

practical polarized nuclear physics target.
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3.5.2 Target Relaxation Measurements

The relevant time constants associated with the double-cell target system are: the
pumping cell relaxation time, the target cell relaxation time, the transfer time be-
tween the two cells, the diffusion time of the atoms in the pumping cell, and the
diffusion time of atoms in the target cell. The first three time constants are impor-
tant for extraction of the target polarization and will be discussed here. Solutions
to the coupled pumping rate and relaxation rate equations for a double-cell sys-
tem are given in [47], which will not be repeated here. The three time constants
mentioned above can be determined experimentally by the following measurements.
“Relaxation with discharge on” measurement refers to monitoring the decreasing
optical signal from the optical polarimeter with the discharge on and the laser beam
blocked. The measured optical signal under this condition can be fitted with a dou-
ble exponential formula [47] with two time constants: a long time constant which is
a measurement of the relaxation of the coupled double-cell system with discharge-on
and a short time constant which is closely related to the transfer time between the
two cells. The long and short amplitudes from the fit contain information about the
initial pumping cell polarization and the target cell polarization. Fig. 3.13 shows a
discharge-on relaxation measurement taken during the experiment with 24 yA beam
on the target.

“Transfer measurement” is another type of relaxation measurement with the
discharge on. It involves monitoring the recovery of the pumping cell polarization
through diffuston of atoms from the target cell after the laser beam is blocked and
the pumping cell polarization is destroyed by pulsing an rf magnetic field for ~ 0.1
sec at the Larmor frequency. The optical signal from this measurement again can
be fitted by a double exponential formula as described in the previous paragraph.
Fig. 3.14 shows a typical transfer run taken during the experiment with 254A beam
on the target. |

The last type of relaxation measurement is called “discharge-off relaxation mea-
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Figure 3.13: Discharge-on relaxation measurement taken during the experiment.

surement” and is essentially a measurement of the copper target cell relaxation time
under the condition that the relaxation time of the pumping cell with discharge
off is known. The relaxation measurement with the discharge off is performed by
measuring the pumping cell polarization with the discharge off and the laser beam
blocked. For the optical polarimeter, the presence of a discharge is necessary for
exciting the 668-nm light. The discharge is turned on for 2 seconds to perform the
measurement every 30 seconds. Data are only averaged for the last 0.7 second of
the 2 seconds when the discharge is on because the discharge requires some time to
stabilize. The relaxation effect from the discharge itself has to be corrected for this
type of measurement before extracting the relaxation time constant. The ¢th sample

polarization is corrected as follows:

il (3.16)

Peorr = Pmeas€

where At is the amount of time that the discharge is on and ¢; is the relaxation time

constant that is due to the discharge. The long time constant obtained from either
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Figure 3.14: Transfer run taken during the experiment with 25uA beam.
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the transfer run or the discharge-on relaxation run has been used as an approximated
value for ¢4 in correcting the data from the discharge-off relaxation measurement as
tqs was not actually measured. The optical signal from the discharge-off relaxation
measurement follows a single exponential formula except for the first data point,
because mixing between the two cells occurs. The first data point is not included in
the fit. The uncertainty in the fit obtained by using the approximated ¢, in correcting
the data points described above has been studied using the procedure from [47] (see
Section 4.4.2 in [47]). The uncertainty in extracting the target polarization from
this effect has been found to be less than 1%.

The information of the pumping cell relaxation time constant with the discharge
off can be approximated by the single-cell relaxation time constant. It can be ob-
tained from polarization measurements on a single sealed glass cell of the same size
as that of the pumping cell and in the position of the pumping cell. The measure-
ments were taken with the same holding field as that of the real target system and
with the spectrometers on. This measurement serves as a check of the background
magnetic field gradient as well.

Experimentally, by combining either the transfer run with the discharge-off re-
laxation run or the discharge-on relaxation measurement with the discharge-off re-
laxation measurement, one can determined the pumping cell relaxation time, the
target cell relaxation time, and the transfer time between the two cells. These three
time constants together with the volume ratio of the pumping cell to the target cell
can be used to extract the target polarization from the pumping cell polarization
measured by the optical polarimeter during the experiment.

The single-cell relaxation time 7. for the present work was measured to be 715+

28 sec with a holding field of 36 gauss and both spectrometers on. The target cell

relaxation time 7, is given by [47]:

1 N, 1 N, 1
~ L) (3.17)

o Ny miersy N 7’
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where N,, and N; are the number of He atoms in the pumping cell, and target
cell, respectively. N = N, + N, and 7y(o5y) is the single time constant obtained from
discharge-off relaxation run. N,/N; is obtained by measuring the volume ratio of
the pumping cell to the target cell as is described in [47].

The pumping cell relaxation time 7, can then be determined using the long time
constant 7, of a double exponential fit obtained either from a transfer run or a

discharge-on relaxation run [47].

— = (== =) (3.18)

— = - — , (3.19)

where 7, is the short time constant which can be obtained either from a transfer run

or from a discharge-on relaxation run.
With the knowledge of the time constants of the double-cell system, the initial
pumping cell and target cell polarization are obtained using a double exponential fit

from a discharge-on relaxation run [47].

P,(0) = a1 + as, (3.20)
P(0) = [1 + Ts(;l; — —::)} a; — [71\\%] as, (3.21)

where a, and a; are the short and long amplitudes of the double exponential fit,

respectively.

If a transfer run measurement is taken, then the target cell polarization is ob-

tained from this type of measurement in the following way [47]:

0=a;+a, (3.22)
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PO = () + 7l — )| (3.23)
The equilibrium pumping cell polarization before it is zeroed is obtained from the
optical measurement. From these equations the ratio of the equilibrium target cell
polarization to the pumping cell polarization is obtained, which is used to extract the
target cell polarization because only the pumping cell polarization was monitored
during the experiment. The ratio of the target cell polarization to the pumping cell
polarization can also be expressed in terms of the transfer time and the target cell

relaxation time [47], which can be used to cross check this ratio obtained as described

above.

o (3.24)

Ll
PP

Sl

leg ”
Tt

3.5.3 Target Data Acquisition and Control System

A dedicated VAXstation 11 connected to a Camac crate monitored the target and
performed control functions through a target data acquisition program. This pro-
gram was first developed at Caltech and later modified at MIT into a version which
can be used both for the MIT internal target [53] and the Caltech external target.
The modified version was used for the present work. The computer monitored the
voltage signals for the polarization measurement (see Section 3.4.1), read the target
temperatures from the temperature controller, monitored the laser power output,
controlled the shutter to the laser, turned the discharge in the *He gas on and off,
performed relaxation measurements, and changed the high voltage on the Pockels
cell to flip the target spin direction. The polarization and target temperature in-
formation was passed to the main data acquisition (LAMPF Q data acquisition)
system for the experiment through output and input registers. Because the polar-
ization was stable, the target polarization was sampled every second and passed to
the main data acquisition system every second. The polarization information from

the main data stream was used in the data analysis, as 1t was checked to be consistent
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Figure 3.15: Histogram of the target polarization vs. the beam charge.

with the information from the target computer. Because of the radiation problem of
the temperature controller during the experiment, the temperature readout by the
target computer was disabled and a camera was set up in the experimental hall to
remotely monitor the temperatures in the counting bay. Detailed information on the

electronics for the target computer control and polarization measurement system is

given elsewhere [47].

3.5.4 Target Polarization Analysis

The target polarization was very stable during the experiment. The target spin
was flipped a few times a day to minimize systematic uncertainties. It took about
15 minutes to flip the target spin from one orientation to another. The target

polarization was found to be a few percent higher for the right helicity of the incident
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Figure 3.16: Measured P,/ P, vs. the target cell relaxation time.

laser light than that of the left helicity, which was not quite understood as the degree
of circular polarization of each light helicity was adjusted to be better than 99.7%.
The average target polarization was over 38% with 25¢A of incident electron beam.
Fig. 3.15 is a histogram of the average target polarization for the experiment versus
the beam charge in Coulombs.

The target was cooled to 12 K before the experiment and the target temperature
rose about 1 K or so with 25 yA beam incident. The average target temperature
during the experiment was 12.8 K and the average helium gas pressure was 2.15 torr.
Nitrogen coating was applied to the inner surface of the copper cell to reduce the
low temperature surface effects. No obvious deterioration of the nitrogen coating
was found during the experiment and the target was only re-coated twice during one
month of data taking plus one month of waiting for beam. The electron beam current

was around 20 - 30 gA with an average beam current of about 25 yA. The target
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cell relaxation time was measured once a day during the experiment by either the
transfer run with discharge-off relaxation run, or the discharge-on relaxation run with
the discharge-off relaxation run, and the target cell relaxation time was found to be
fairly stable. The ratio of the target cell polarization to the pumping cell polarization,
P,/ P,, was determined from these relaxation measurements. Fig. 3.16 shows all the
measured values of /P, during the experiment with beam on the target and a fit
of P,/ P, versus the measured target cell relaxation time. The transfer time obtained
from this fit is 11.6 & 0.5 sec which is consistent with the transfer time determined
from the relaxation measurements. Table 3.2 lists the results of relaxation runs
taken during the experiment with beam on the target, and an average P,/ P, = 0.89
was used for calculating the target polarization from the measured pumping cell
polarization for the asymmetry analysis.

A few corrections have been applied to the target polarization. A correction
factor of 1.02 with an uncertainty of 0.5% for a holding field of 36 gauss has been
applied to the optical signal because of the decoupling of the electronic spin from the
nuclear spin due to the magnetic field. This correction is based on the measurements
taken on a sealed cell as was discussed earlier in the section on NMR calibration [63].
The optical polarimeter was positioned 14° off-axis with respect to the holding field,
and a correction factor of 1.05 with an uncertainty of less than 1% to the optical
signal, was determined after the experiment (see Section 3.4.1). Lastly, a correction
for the pressure factor has been applied on a run-to-run basis due to temperature
variation from run to run.

The optical signal was very stable during the experiment and the statistical un-
certainty of the optical measurement was negligible as compared with the systematic
uncertainties. The optical measurement has been calibrated by an NMR measure-
ment with an accuracy of £2%. The uncertainty of the pressure factor due to the
uncertainty of the target temperature (0.5 K) has been determined to be £1%. The
uncertainty of the ratio P;/P, because of the uncertainties of the target cell relax-

ation time, the transfer time, and the target temperature, has been estimated to be



92

+1.5%. An overall uncertainty of +3% has been applied to the target polarization.
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I P,/P, Ty type
(u8) (sec)
16.0  0.871 £0.009 863 £ 48
20.0 0.921 £0.008 757 £32
20.0 0.898 +0.007 705 £ 23
20.0 0.877+0.008 648+ 14
12.0  0.922+0.020 753 £+ 36
26.0 0.866 +0.013 518410
26.0 0.887 +0.007 510 £ 12
24.0 0.874+0.006 514410
24.0 0.868 +0.006 538 & 12
26.0 0.887 £0.020 509 £15
28.0 0.856 +0.018 462412
27.0 0.84240.008 487424
25.0 0.861 £0.009 453 +16
22.0 0.89240.008 543 £ 17
27.0 0.889 +£0.009 478+ 12
24.0 0.887+0.009 531423
24.0 0.875+0.010 487424
24.0 0.853+0.015 464+ 22
20.0 0.896 +0.009 551 £ 19
26.0 0.907 +=0.007 535+ 13
26.0 0.881+£0.009 535413
20.0 0.910£0.009 559 £ 20
25.0 0.883 £0.008 493 +14
25.0 0.871+£0.013 491 +£19
23.0 0.887+0.012 475%9
20.0 0.870 £0.008 443 £13
24.0 0.8774+0.008 458 +38
23.0 0.877+£0.025 452425
20.0 0.855+£0.013 506 + 14
20.0 0.870+0.014 482417
12.0  0.893£0.009 604 21
13.0 0.931 £0.008 893 + 26
17.0  0.921 £0.007 790 + 22
23.0 0.90240.009 732426

HEHT TN I I IS I IO S SOOI D0

Table 3.2: Results of relaxation runs taken during the experiment with beam on target;
T denotes transfer run and R stands for discharge-on relaxation run.
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Chapter 4

Data Analysis

In this chapter, we will discuss mainly the analysis of the MEPS data, which involves
the extraction of the MEPS spin-averaged quasielastic yield and the spin-dependent
quasielastic transverse asymmetry A7.. The OHIPS elastic asymmetry was mea-
sured as a check of the experimental procedure. The analysis for the OHIPS elastic
cross section and the elastic asymmetry will be discussed in this chapter. Data for
the quasielastic transverse-longitudinal asymmetry Az, in OHIPS elastic-threshold
region, a region sensitive to different schemes for extracting spin-dependent structure
functions, as well as to final state interactions and meson exchange currents, have

also been analyzed in this work and will be described in this chapter.

4.1 The Experimental Cuts

The experimental cuts defining the OHIPS and MEPS “good” electron and pion
events are discussed in this section. The hardware trigger for OHIPS events discussed
in Section 2.5 required a hit in each of the three scintillators (3S), or a hit in any
two out of the three scintillators together with a hit in the Cerenkov counter (25-C).
The events triggered by the requirement that each of the three scintillators fired

(3S), are filtered in software and used in the data analysis. The hardware trigger
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does not necessarily eliminate background events from the 3He target wall, the beam
pipe, etc. Further experimental cuts are required to restrict the spectrometer events
to be those originated from the *He target. The experimental cuts discussed here
are the software cuts pertaining mainly to the information from the drift chamber.
Information on extraction of the track position and the slope from the delay line
signals is given in detail in [35]. For each plane of the VDCX, there are four delay
lines with 28 or 29 wires on each line. The wire number is determined from the time
difference of signals from each end of the delay line. The sum of the signals from each
end of the delay line gives the drift time which can then be used to calculate the drift
distance. The test defining an event to have “good” momentum information required
a signal from all four of the delay lines and that the signals from the four delay lines
be in order. There was a slope test applied to the VDCX which required that the
slope of the track, calculated from the drift distance, must be positive for each plane
of the VDCX. This eliminated multiple-hit events or events with noise on the delay
line which interfered with the wire number determination, resulting in poor track
reconstruction. Additional tests were the two-dimensional cut on the reconstructed
target 0 versus ¢ acceptance to restrict the electrons to originating from the 3He
target, and the cut on the target y acceptance to match the spectrometer target
length acceptance. A software cut on the Cerenkov ADC signal was applied for
rejecting the pions. The pion rejection efficiency was better than 95%. Lastly, there
was a test on the scintillator timing signal which required good timing peaks for
all three of the scintillators. The efficiency of this cut was better than 99.9%. The
“good” electron events defined by the tests described above were named ODELGS in
the Q histograms. ODELGS was used to extract the OHIPS elastic and quasielastic
yield with corrections applied to account for the good events that failed the slope
test (see Section 4.3.1). The experimental cuts defined for ODELGS as described
above together with an additional test for the electron beam helicity were used for
extracting the helicity-dependent asymmetry without further momentum cuts.

The hardware trigger for MEPS events required also a hit in all three of the
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trigger hodoscopes, or a hit in any two out of the three trigger hodoscopes together
with a hit in the Cerenkov counter. Again, the events triggered by the requirement
that all three trigger hodoscopes fired (3S) are filtered in software and used in the
data analysis. The software cuts pertained to the information of the VDCX were
very similar to those of OHIPS: the test on the reconstrﬁcted target 6 versus ¢
acceptance, and the test on the target y acceptance.

The momentum cut defining “good” events were different from those of the
OHIPS VDCX, as the MEPS VDCX readout was different (see Section 2.4.2). For
each event, the minimum and maximum wire fired were determined from the raw
data. The VDCX area bound by the minimum and maximum wire fired was consid-
ered the active area for that event. Looping over this area, all wires were grouped
together into clusters allowing one hole per cluster. A cluster was called a cluster
with pivot if an internal wire had the minimum absolute drift distance. For the clus-
ter with a pivot, the tracks to the left of the pivot and right of the pivot were fitted.
The difference between the projected tracks at the pivot point measured how well the
left and right sides fit together. For an event which had multiple clusters, a cluster
was chosen as the selected cluster for the chamber if the difference between the pro-
jected tracks at the pivot point was smallest. The “good” electron events were those
events which had good selected cluster with pivot in each chamber. Fig. 4.1 shows a
charged particle track and drift distances in the vertical drift chamber (VDC). The
cluster grouped by these four fired wires indicated in Fig. 4.1 is a selected cluster
with pivot. Again detailed information on the MEPS VDCX readout electronics and
software can be found in [36].

A software cut on the Cerenkov ADC signal was also used to separate the pions
from the electrons, and the efficiency for the pion rejection was better than 97%.
There was an additional test applied to all three of the scintillator ADC signals
requiring the ADC signals to be above the background level. The MEPS “good”
electron events, defined by the above experimental cuts, were named FPDELS in

the Q histograms, were used for extracting the quasielastic cross-section with cor-
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Figure 4.1: Charged particle and drift distances in the vertical drift chamber (VDC) with
wire distance d,, and thickness d,.

rection applied to account for the good events which had bad reconstructable mo-
menta because of multiple clusters. The experimental cuts used to define FPDELS
together with an additional test on the electron beam helicity were used for ex-
tracting the spin-dependent asymmetry without further momentum cuts. For both
spectrometers, the “good” pion events were defined by all the experimental cuts for

the electrons except the Cerenkov ADC cut.

4.2 Background

The spectrometer background came from the empty target events and the elastic
radiative tail. The pion background was negligible, as pions were separated from
the electrons using the Cerenkov counters. The measurements of the empty target

background and the calculation of the elastic radiative tail are described in this

section.
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4.2.1 Empty Target Yield

As the target employed in this work was a low pressure gas target (~ 1.6 x 10'%cm™2
for OHIPS, and ~ 3.3 x 10'®cm™2 for MEPS), significant background came from
the target wall and the target window. Tungsten collimators were installed outside
of the scattering chamber along the target direction to prevent the spectrometers
from seeing events originated from the target window. The dominant contribution
to the empty target yield were events originated from the target wall and it was
discovered previously that the empty target background was sensitive to the beam
position on the *He target [47]. Prior to the data taking of this experiment, the
empty target yield versus the beam positions were studied carefully (run 150 - 165).
The optimum beam position, -1 mm to the left of the target center and -5 mm below
the center of the target was found, corresponding to the minimum empty target yield
in both spectrometers. This was the nominal beam position for the data taking of
*He spin-dependent asymmetry measurement. It was found that the empty target
background was not sensitive to the beam position as the beam moved around the
z or y direction within £ 1 mm from its nominal position. The beam position was
checked between the runs to make sure that it was at the nominal position or close
to 1t using the fluorescence of a beryllium oxide (BeO) target upstream of the 3He
target. Empty target runs were taken from time to time during the experiment and
the on-line Z ratio (the ratio of the raw on-line pion events over the electron events)
served as a good monitor of the empty target yield. It was discovered around 3He
runs 285 to 291, after an activation of the GaAs crystal for the polarized source,
that the on-line Z ratio was very high. The target was pumped out immediately
and an empty target run (run 292) was taken. The empty target yield was very
high for this run as was expected from the high on-line Z ratio. A better beam tune
was requested which improved the situation significantly. The empty target yield
versus the beam position was studied again between runs 302 - 312 and the same

nominal beam position was found as before. The data from runs 285 - 291 were
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Figure 4.2: MEPS empty vs. full target yield as a function of energy loss, w.

not used in the analysis due to the high background yield. Variations in the empty
target background larger than the statistical fluctuations were observed from the
empty target runs taken. The average of all the empty target runs with beam at the
nominal position or close to it (except for runs 292, 157, and 304 - 307) was used for
the background subtraction.

MEPS spectrometer had two quasielastic spectrometer settings during the *He
data taking. It was set to a central momentum of 255 MeV /c at the beginning of the
experiment (runs before 178) with a total accumulated beam charge of 2.67 Coulomb.
The empty target yield was 12.4 & 1.1% of the full target yield for this setting in the
electron energy loss range of 86 < w < 144 MeV. The MEPS spectrometer central
setting was changed to 250 MeV /c from run 179 and the total accumulated charge
for this setting was 21.37 Coulomb. The empty target yield was 11.7 + 1.1% of the
full target yield for this setting in the w range of 91 < w < 148 MeV. Fig. 4.2 shows
the typical empty target versus full target yields in the MEPS spectrometer.
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The OHIPS spectrometer was used to measure the *He quasielastic transverse-
longitudinal asymmetry, Arp/, as well as the elastic asymmetry and A7y in the
elastic-threshold region. Fig. 4.3 shows the typical OHIPS quasielastic empty versus
full target yield as a function of w and the empty vs. full target yield in the elastic-
threshold region. The OHIPS quasielastic empty target yield was 4.9 4 0.3% of the
tull target yield in the w region of 72 < w < 95 MeV.

4.2.2 Elastic Radiative Tail

In the lowest order of QED (one-photon exchange diagram) the elastic peak appears
as a delta function in the momentum space, smeared by the beam energy spread and
the spectrometer resolution. However, because of the straggling effect in the target
and bremsstrahlung, there are events for which the elastically scattered electrons
have lower final momentum than the elastic peak; these events comprise the elastic
radiative tail. The experimentally measured inelastic spectrum is superimposed on
the elastic radiative tail. Subtraction of the elastic radiative tail is crucial especially
in the elastic-threshold region where the tail height is of a size comparable to the
quasielastic yield. An accurate calculation of the elastic radiative tail is also impor-
tant for extracting the quasielastic asymmetry from the experimentally measured
asymmetry because the *He asymmetry in the elastic radiative tail is much bigger
than the *He quasielastic asymmetry.

The elastic radiative tail was calculated following the procedure of Mo and Tsai
[79] in which the formula of multiple-photon emission was used. The average target
thickness corresponding to the average target temperature and pressure was used in
the calculation. The target entrance window was a 5.8 um copper foil and the exit
material consisted of the 0.25 mm copper target wall, corrected for the scattering
angle, and approximately 0.41 mm of aluminum in the exit window of the scattering
chamber, and the first-stage thermal radiation shield. The effect from the additional

material of the spectrometer windows was negligible. The elastic radiative tail is
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Figure 4.3: OHIPS empty vs. full target yield as a function of the electron energy loss,
w. The top plot shows the quasielastic empty vs. full target yield and the bottom plot is
the empty vs. full target yield in the elastic-threshold region.
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Figure 4.4: Calculated OHIPS elastic radiative tail.

dominated by the “internal” radiation for the 3He target system, where “internal”
radiation refers to radiation in the field of the primary target nuclei involved in the
scattering process, and “external” refers to radiation from interactions from other
target nuclei or with nuclei in the entrance and exit material of the target system.
Fig. 4.4 is the calculated elastic radiative tail for the OHIPS quasielastic kinematics
corresponding to a beam energy of 370 MeV and a scattering angle of 70.1° to the
right of the electron beam. The elastic radiative tail was estimated to contribute
0.8% to the total yield in OHIPS spectrometer. Fig. 4.5 is the calculated elastic
radiative tail for the MEPS quasielastic kinematics for a scattering angle of 91.4° to
the left of the electron beam. The elastic radiative tail was estimated to contribute

0.4% to the total yield in the MEPS spectrometer.



d%s/dEdQ (nb/MeV-sr)

103

10~1 L R B R B B R B B S e B T T
- MEPS 4
107 1 __
10_3 TR SRS SN SN S NS NS ST U Y S AR S N
40 75 110 145 180
w (MeV)

Figure 4.5: Calculated MEPS elastic radiative tail.
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Figure 4.6: OHIPS scintillator timing efficiency vs. run numbers.

4.3 Experimental Cross Section

4.3.1 OHIPS Elastic Cross Section

Both the elastic asymmetry and cross section were extracted from the OHIPS data.
The experimental elastic cross section was calculated from the experimental observ-

ables as Tollows:

do _ Noppres(AE)
dQ ~ N.N,AQece—5(AE)’

(4.1)

where

Noperes(AE) = number of counts in the elastic peak up to inelasticity AE,

N, = number of the incident electrons,

N, ‘= target thickness in nuclei per unit area,

A = solid angle,

€ = delay line efficiency x computer live time x tracking efficiency,
e~8(AE) = radiative correction for inelasticity AE.

Inelasticity of 1% from the elastic peak has been chosen in this analysis. Eq. 4.1
gives the spin-averaged elastic cross section, as histogram ODELGS included events

of both electron helicities. The OHIPS scintillator timing efficiency is not included
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Figure 4.7: OHIPS computer live time, delay line efficiency vs. run numbers.

in the above expression for calculating the overall efficiency € as the average timing
efficiency is better than 99.9% for all the runs. Fig. 4.6 shows the OHIPS timing
efficiency for all the runs (target full and target empty). The beam charge was mea-
sured for each beamn pulse with three beam toroids (BT1, BT2, BT3) and recorded
for each pulse. The charge information from BT2, closer to the *He target, was used
in calculating the spin-averaged cross section and the *He asymmetry. The target
nuclei thickness, /V;, is calculated by

L
N, = 9.7 x 10 (%:), (4.2)

where N, is in units of nuclei/cm?, p is the target pressure in torr, L is the effective
target length in centimeters, and 7' is the target temperature in kelvins. The target
thickness was calculated for each run using the average target temperature for the

run and the target temperature and pressure when it was filled. The average target
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Figure 4.8: The OHIPS experimental elastic cross section vs. the inverse of the overall
efficiency for all the elastic runs; the overall efficiency is the product of the delay line
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calculated using Eq. 4.4.

temperature for the experiment was 12.8 K, the average pressure was 2.15 torr,
and the extended target length acceptance was 10 cm for OHIPS, corresponding
to an average target thickness of 1.6 x 10 cm™2. The OHIPS solid angle used in
calculating the experimental cross section was 12.2 msr. This solid angle value was
based on a Monte Carlo simulation of the OHIPS acceptance using the TURTLE
program [80] with respect to an extended target length of 10 cm. The OHIPS delay
line efficiency of the VDCX is given by the product of the individual delay line
efficiency (4 delay lines for each plane, 8 in total). For the purpose of determining a
single line efficiency, an event is judged “good” if it registered a hit on all the other

delay lines; i.e., the efficiency of the i** delay line is given by

o — N (hits on all 8 delay lines )
" N (hits on all delay linesj # i)’

(4.3)

Fig. 4.7 shows the OHIPS delay line efficiency and the computer live time for all the

asymmetry runs taken with the target full.
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Figure 4.9: The OHIPS experimental elastic cross section vs. the inverse of the overall
efficiency for all the elastic runs; the overall efficiency is the product of the delay line
efficiency, the computer live time, and the tracking efficiency. The tracking efficiency is
calculated using Eq. 4.5.

The correction to the cross section due to the tracking efficiency is essentially
a correction to account for the good events which failed the slope test described
in Section 4.1 because of badly reconstructed tracks caused by multiple hit events.
This correction was applied to the experimental cross section because data collected
during the optical study of the previous *He experiment [47] on the ?C elastic
scattering cross section indicated that the events eliminated by the more stringent
test on ODELGS were good events but without reliably reconstructable momenta.

The definition of the tracking efficiency used previously [47] was

-1 N (events with hits on four wires)
€pracking = — :
tracking ™ A7 (events with hits on four ordered wires and pass slope test)

(4.4)

This definition of the tracking efficiency was initially used in calculating the experi-
mental elastic cross section. A correlation between the overall efficiency, €, and the
experimental elastic cross section has been found. The OHIPS elastic data were

taken with three different spectrometer central momentum settings during the ex-
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periment to measure the elastic asymmetry as well as to cover the elastic-threshold
region. Fig. 4.8 shows the calculated experimental elastic cross section for all three of
the spectrometer settings versus the inverse of the overall efficiency with the track-
ing efficiency defined by Eq. 4.4, and a correlation between the cross section and
the overall efficiency is indicated clearly. The empty target yield was 5.8% of the
full target yield for the cut chosen for the elastic peak. Empty target background
was subtracted from the elastic peak before calculating the experimental cross sec-
tion, so was the small contribution from the quasielastic yield. The elastic radiative
correction factor has been calculated to be 1.44 for the inelasticity chosen for this
analysis using the formula of Mo and Tsai [79] for the *He target system.

A new definition for calculating the tracking efficiency

1 N (events with hits on four ordered wires)
c ing — : p :
tracking ™ Af (events with hits on four ordered wires and pass the slope test)

(4.5)

was used then in calculating the experimental cross section which improved the
correlation between the overall efficiency and the experimental cross section to some
extent, as shown in Fig. 4.9. 1t is believed that the original definition double counted
events which failed the slope test.

The differential cross section for *He elastic scattering is calculated by the fol-

lowing formula

do 2F . , 0., [Z*F? 9 1o 1 , 0
dQ—aM(1+MSJn 2) { T—{—'ruAFm 1_i_’r—{—Ztan 5] [ (4.6)

where F. and F,, are the *He charge and magnetic form factors respectively. Us-
ing Eq. 4.6 together with the 3He charge and magnetic form factors measured by
Rosenbluth separation [81], the calculated *He elastic cross section is 12.4 nb/sr for
an incident electron beam energy of 370 MeV and an electron scattering angle of
70.1°. The average experimental cross section for all the *He elastic runs using the

tracking efficiency definition of Eq. 4.5 was 10.64 £ 0.84 nb/sr with the statistical
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uncertainty being the standard deviation of the yield. This experimental yield was

16.5% lower than the expected 12.4 nb/sr.

4.3.2 OHIPS Quasielastic Cross Section

The raw experimental differential quasielastic cross section is calculated from the

OHIPS experimental observables by

d*c _ Noperas (@.7)
dEdQY NN, AEAQe )

where

NoprLes = counts in ODELGS within the chosen energy bin,

N, = number of the incident electrons,

N, = target thickness in nuclei per unit area,

AFE = energy bin size in MeV,

Af) = solid angle for the chosen energy bin size,

€ = computer live time X delay line efficiency x tracking efficiency.

The tracking efficiency has been calculated using Eq. 4.5. A constant solid angle
of 12.2 msr has been used in this analysis as the OHIPS acceptance is fairly flat
across the focal plane. In order to get the 3He quasielastic cross section, the empty
target background, and the elastic radiative tail have been subtracted from the raw
experimental yield. To get the unradiated physics cross section, the *He quasielas-
tic radiative correction has been applied to the measured cross section based on
the calculation using the formula of Mo and Tsai [79]. Fig. 4.10 shows the cal-
culated quasielastic cross section using a y-scaling calculation [82] which describes
the quasielastic cross section as the product of a kinematics factor, a single-nucleon
cross section, and a universal scaling variable y, at the OHIPS kinematics with and
without radiative corrections.

The quasielastic cross section near the top of the quasielastic peak (75 MeV

< w < 95 MeV) and the tail part of the peak, i.e., low w region (37 MeV < w <
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Figure 4.10: Calculated OHIPS quasielastic cross section with and without radiative
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53 MeV) has been extracted from the data as the OHIPS spectrometer had the
quasielastic central setting as well as settings for the elastic-threshold region (low w
region). No quasielastic radiative correction has been applied to the experimental
cross section in the low w region as the reliability of the calculation of the quasielastic
radiative effects is limited by the experimental data in this region. The energy bin
size of 3.3 MeV was chosen for the part of the data in the elastic-threshold region and
2.87 MeV was used for the data near the top of the peak. The normalization factor
of 1.165 with respect to the experimental elastic cross section has been applied to the
measured quasielastic cross section. Fig. 4.11 shows the extracted quasielastic cross
section with the statistical uncertainties only together with a y-scaling calculation
[82] at the OHIPS kinematics, and the previous Bates data [83] scaled to the OHIPS
kinematics. The data are in good agreement with both the y-scaling calculation and
the scaled data near the peak region, while the agreement is rather poor in the low
w region. analysis is 10%, dominated by the uncertainties in the solid angle and the

target length acceptance.

4.3.3 MEPS Quasielastic Cross Section

The MEPS raw experimental quasielastic cross section is calculated as follows:

d*c NrppELS (4.8)
dEdQY ~ N.N;AEAQ(E) ¢ '

where

Ngpprrs = counts in FPDELS within the chosen energy bin,

N, = number of the incident electrons,
N; = target thickness in nuclei per unit area,
AFE = energy bin size in MeV,

AQ(FE) = solid angle for the chosen energy bin size.
€ = computer live time x VDCX tracking efficiency.

The MEPS VDCX efficiency is not included in Eq. 4.8 in calculating the overall
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efficiency as it is close to 1 (better than 99.5%). The VDCX tracking efliciency is
calculated by

N (selected cluster in each chamber)
N (selected cluster with pivot in each chamber)’

(4.9)

-1 __
Ctracking -

where the numerator stands for the number of events which have a selected cluster
in each chamber, and the denominator denotes the number of events which have a
selected cluster with a pivot in each chamber. Fig. 4.12 shows the MEPS computer
live time and the VDCX tracking efficiency for all the *He asymmetry runs with
the target full. The MEPS acceptance across the focal plane is not flat, and the

acceptance function
AQ (p) = 14.125 — 0.367 x § — 2.92¢ — 03 * 6 (msr), (4.10)

has been obtained from the optics study done in the spring of 1993 prior to the 3He

data taking. ¢ is in percentage defined as

5:1?"270
Do

(4.11)

7

where pg 1s the central momentum setting of the spectrometer, and p is the momen-
tum of the scattered electron. This é-dependent (6 = gf};;fﬂ) solid angle has been
used in extracting the MEPS quasielastic cross section. The MEPS spectrometer
had an extended target acceptance of 2 cm which corresponded to an average target
density of 3.3 x 10'® /cm?®. The energy bin size chosen for this analysis was 2.8 MeV.
The empty target background and the elastic radiative tail were subtracted from
the experimental raw cross section. The quasielastic radiative correction given by
the formula of Mo and Tsai [79] has then been applied to yield the “unradiated”
quasielastic cross section. Fig. 4.13 shows the calculated quasielastic cross section
using a y-scaling calculation [82] at the MEPS kinematics with and without radiative

corrections.
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There were two quasielastic spectrometer central settings for MEPS data taking.
It was set to a central momentum of 255 MeV/c in the beginning of the experiment
(before run 178) with a total accumulated beam charge of 2.67 Coulomb. The
spectrometer central setting was changed to 250 MeV/c from run 179 and the total
accumulated charge for this setting was 21.37 Coulomb. The combined extracted
quasielastic cross section (weighted by the total accumulated beam charge for each
setting) with statistical uncertainties only in the w range of 95.7 MeV < w < 140.8
MeV is shown in Fig. 4.14 together with a y-scaling calculation [82] at the MEPS
kinematics, and the previous Bates data [83] scaled to the MEPS kinematics. The
data are in good agreement with both the y-scaling calculation and the scaled data.
The systematic uncertainty on the extracted cross section in this analysis is 10%,

dominated by the uncertainties in the solid angle and the target length acceptance.

4.4 Experimental Asymmetry

4.4.1 OHIPS Elastic Asymmetry

The OHIPS raw experimental elastic asymmetry is calculated by

Ny — N_

S 4.12
Ny + N (4.12)

Aezp =
where N, , and N_ are the normalized (w.r.t. the beam charge) good electron events
(defined by the experimental cuts described in Section 4.1) within the elastic peak
for positive and negative electron helicities respectively.

The experimentally measured elastic asymmetry is diluted by the product of the
target polarization and the beam polarization, as well as the empty target back-

ground. The extracted elastic asymmetry is corrected from the raw experimental

asymmetry by
Ae:cp

B (4.13)

Ael:f
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Figure 4.14: The extracted MEPS quasielastic cross section with statistical uncertainties
only (solid circles) vs. the y-scaling calculation [82] (dashed line), and the previous Bates
data [83] {open circles) scaled to the MEPS kinematics.
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where P;, and P, are the target and beam polarizations, respectively. f is the dilution

factor due to the empty target background given by

1

1 __ Tempty ?
Ctotal

f= (4.14)

with Gempty, and oiota being the empty target yield and the total yield, respectively.

4.4.2 OHIPS A7y in Elastic-Threshold Region

The quasielastic asymmetry in the elastic-threshold region at the kinematics with
the target spin direction close to normal with respect to the 3-momentum transfer
vector q (6* = 93°,87° for positive and negative target spin, respectively), i.e., Arp/
kinematics, has been measured in the OHIPS spectrometer. The raw experimental
asymmetry in this region (so-called low w region) is calculated from the data as

follows:

N, — N_

No TN (4.15)

Aexp =

where N, and N_ are the normalized (w.r.t. the beam charge) good electron events
within the chosen w bin for the positive and negative electron helicities, respectively.

To get the physics asymmetry from the raw experimental asymmetry, corrections
need to be made with respect to the target and the beam polarizations, the empty

target background, and the elastic radiative tail. The extracted physics asymmetry,

Arps, is given by

1 1 dettail
A = ——Acs — Aviti (416
L Rbe P (1 . dempty — deltail) Hail (1 - dempty - deltail ( )

where

Obackground
dbackground - - (417)

Ttotal
The correction to the asymmetry due to the quasielastic radiative effects is not

included in the above expression. Although the correction to the asymmetry due to
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the quasielastic radiative effects has been calculated to be small, this is the region
where the reliability of the calculation of the quasielastic radiative effects is limited
by the experimental data.

The w bin size of 3.27 MeV was chosen for the analysis in the low omega region.
This had the advantage of having relatively more data points in this region to see how
Agps varies around the 2-body and 3-body breakup thresholds and the disadvantage
of possibly having larger statistical error bars. The calculation of the elastic radiative
tail is described in Section 4.2.2 and will not be repeated. We will only discuss the
calculation of the asymmetry in the elastic radiative tail here.

In addition to the cross section dilution factor, the experimental asymmetry must
be corrected for the asymmetry of the events in the elastic radiative tail as shown in
Eq. 4.16. The elastic asymmetry can be expressed in terms of the *He charge and

magnetic form factors, F, and Fi,, as

27 v cos 0¥ F2 + 2, /27(1 4 7)puaZvr sin 0% cos ¢* F,, F,

A
Ael - —g N (1+T)Z20LFCZ+27/’L?4”TF% (418)
where the form factors have been normalized to

In this formula Z is the nuclear charge, p4 is defined in terms of the magnetic moment
of *He as (mpe/mn)ine, and all other variables are defined in Chapter 1.

In general, if there 1s an asymmetry in the elastic peak, then there will also be
an asymmetry in the radiative tail, although the value will be different from the
peak value because of the spread in energies of the incident and scattered particles
contributing to the tail. To calculate the asymmetry in the elastic radiative tail,
first the elastic radiative tail cross section is calculated separately for the left and
right helicity electrons using the full expression, including both spin-dependent and

spin-independent terms for the elastic cross section in the calculation. Then the
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asymmetry 1s calculated in the normal manner:

(65) s, ~ (85
dQdE ) ej1ail, dQ4E ] 1ygil_

Aeltail - ( 2o ) n ( 2o ) .
dQdE ] eltail dQdE J eltqil

Fig. 4.15 shows the calculated asymmetry in the elastic radiative tail as a function

(4.20)

of w at the OHIPS kinematics. The elastic radiative tail contributes significantly
to the experimental asymmetry in the low omega region as the size of the elastic
radiative tail is comparable to that of the quasielastic cross section in this region.
There is also a large systematic uncertainty in the extracted physics asymmetry in

this region due to the uncertainty in the experimental quasielastic yield.

4.4.3 MEPS Quasielastic Asymmetry Ap

The *He quasielastic asymmetry at the kinematics with the target spin direction
nearly parallel to the 3-momentum transfer vector q (6* = 8.9°,171.1°), i.e., Ay
kinematics, has been measured in the MEPS spectrometer. The raw experimental
quasielastic asymmetry is calculated by

N, — N_

Nt (4.21)

Aexp =

where N, and N_ are the normalized (w.r.t. the beam charge) good electron events
(defined by the experimental cuts discussed in Section 4.1) for positive and negative

electron helicities, respectively.

The physics asymmetry Ay is calculated from the raw experimental asymmetry

as Tollows:

1 1 deltail )
A = "_‘Aex - Ae az + AAra )
r Pth ? (1 - dempty — deltail) past (1 - dempty s deltail !
(4.22)

where A A, .4 is the correction to the experimental asymmetry due to the quasielastic
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Figure 4.15: Calculated asymmetry in the elastic radiative tail as a function of w at the
OHIPS kinematics for an incident electron beam energy of 370 MeV and a target spin
angle of 42.5° to the right of the electron beam.
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radiative effects which is computable in quasielastic kinematics near the top of the
peak. All the other terms in the above equation are the same as those in Eq. 4.16.
Fig. 4.16 shows the calculated asymmetry as a function of w in the elastic radiative
tail at the MEPS kinematics.

Theoretical calculations of the helicity-dependent cross section for quasielastic
scattering, from which the quasielastic asymmetry is obtained, assume single photon
exchange in the scattering process. In practice, the measured cross section includes
effects from higher order processes such as bremsstrahlung and energy straggling.
Just as radiative corrections have to be applied to the measured cross section for
comparison with theoretical calculations, so must the measured quasielastic asym-
metry be corrected for radiative effects.

We will follow the notation described in [47] in calculating the asymmetry cor-
rection due to the quasielastic radiative effects, AA,.s. We will use the following
shorthand notation, 44, to denote the quasielastic cross section including radiative
effects, and o to denote the cross section assuming single photon exchange. As usual,
+ (—) refers to positive (negative) helicity electrons. The calculated asymmetry to

which we wish to compare the experimental results involves single photon exchange,

A= Ei'_:_a_:, (4.23)
o4 +0'..

and the quasielastic asymmetry including radiative effects is

Orad+ — Trad—
Apad = —raat ~“red- (4.24)
Trad+ + Trad—

We can write
A= R Orasy = B-Orau- , (4.25)
R+0Tad+ + R~0-rad—

where
R+(_) = —ﬁﬂ— (4.26)
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Figure 4.16: Calculated asymmetry in the elastic radiative tail as a function of w at the
MEPS kinematics for an incident electron beam energy of 370 MeV and a target spin angle
of 42.5° to the right of the electron beam.
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Figure 4.17: The calculated AA,,q as a function of w at the MEPS kinematics and the
electron beam energy of 370 MeV with the target spin angle being 42.5° to the right of
the electron beam.

In the limit where A < 1 and the radiative correction is small, the quasielastic

asymmetry can be written as
A= Arag + AArag, (4.27)

where the asymmetry correction is

AA g = -;- (5%15-:) . (4.28)
+

The correction factors, Ry and R_, are calculated using the procedure of Mo and
Tsai [79] for inelastic scattering, and a y-scaling calculation for the model quasielastic
cross section. Fig. 4.17 shows the calculated A A, .4 as a function of w at the MEPS
kinematics with target spin angle being 42.5° to the right of the electron beam. In
the MEPS w acceptance range (92 MeV < w < 148 MeV), the asymmetry correction
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due to the quasielastic radiative effects is about 1% of the size of the measured

asymmetry.
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Chapter 5

Systematic Uncertainties

For helicity-dependent asymmetry measurements, any helicity-correlated variation
in the system will cause a systematic uncertainty in the measured asymmetry. The
helicity-correlated variations must be studied carefully and their contributions to
the measured asymmetry need to be estimated. In this section, we will study the
helicity-correlated beam current shift, beam motion, as well as the helicity-correlated
VDCX efficiency variation. The systematic uncertainties in the measured asymme-
try due to the uncertainties in determining the target and beam polarizations have
been addressed in the relevant chapters and will not be repeated here. The remain-
ing systematic uncertainties in the measured asymmetry come from the empty-target
background subtraction, pion contamination, the elastic radiative tail correction, and
the quasielastic radiative effects. The empty-target asymmetry and the pion con-
tamination will be discussed under the category of non-helicity-correlated systematic

uncertainties.

5.1 Helicity-Correlated Beam Current Shift

The beam loading effect is a well known phenomenon associated with an accelerator

for which the beam energy obtained varies slightly with the intensity of the beam
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pulse. If there is a helicity-correlated beam charge difference for the beam pulse,
there will be an asymmetry contribution to the experimental asymmetry from the
helicity-correlated beam energy shift due to the beam loading effect, as the physical
cross section is energy dependent. The single-pass beam was used for this work
which corresponded to %— ~ 2.3 MeV/mA for the Bates machine. The relative

helicity-correlated beam current shift is calculated by

A ( charge ) . ( charge )
1 —9 beam~burst + beam~—burst / _ 51
- charge charge ? ( ) )
_cnarge + .. charge
beam~burst + beam-—burst ) _

where 4+ and — correspond to positive and negative electron helicity states, respec-
tively.

Fig. 5.1 shows the calculated relative current shift vs. run numbers. Runs 101,
102, 127, 217, 393 were not included in this analysis as there were significant helicity-
correlated beam motions or current shifts associated with these runs and they were
not used in extracting the *He asymmetries. Less than 1% of the data were thrown
away by this test. The average helicity-correlated current shift weighted by the
beam charge in each run from this analysis is %l = 23.3 4+ 324.6 ppm. The total
accumulated beam charge for this analysis is 26.2 Coulombs. The average beam peak
current during the experiment was around 2.5 mA; the size of the contribution to the

measured asymmetry from this helicity-correlated beam current variation has been

estimated to be approximately four orders of magnitude smaller than the measured

asymimetry.

5.2 Helicity-Correlated Beam Motion

It was mentioned earlier (Section 4.2.1) that the empty target background was de-
pendent on the beam position on the target, even though i1t was not very sensitive as
long as the beam position is not too far away from its nominal position. If there were

helicity-correlated beam motion, then there would be an asymmetry contribution to
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Figure 5.1: Helicity-correlated current shift.

the measured asymmetry from this beam motion as the empty target yield would be
different for each of the electron helicities.

Two sets of beam position monitors (BPM) were employed to monitor the beam
z and y positions with one BPM positioned upstream of the Mgller target and the
other one upstream of the *He target. The helicity-correlated = and y beam motions
have been calculated for all the runs used in extracting the *He asymmetry (except
for run 101, 102, 127, 217, 393). The BPMs were calibrated carefully during the
experiment in terms of gm/channel for # and y dimensions. For calculating the
helicity-correlated beam motion, the information from the target BPM has been
used. Fig. 5.2 shows the calculated helicity-correlated beam 2 and y motions vs.
run numbers for both of the target spin directions (8* = 42.5° to the beam right,
and 137.5° to the beam left). Table 5.1 lists the helicity-correlated beam motions.

The empty target yield vs. beam position z and y was studied carefully during
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Table 5.1: Calculated average helicity-correlated beam motion.
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Figure 5.2: Helicity-correlated beam position shifts. The top plot is Az and the bottom
plot is Ay.
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the experiment at the OHIPS and MEPS quasielastic kinematics. The measured
empty target rates have been fit using a parabolic functional form with respect to

either z or y. The empty target rates can be written in terms of the following fit

parameters:
dR d*R
dR d’R
By) = Blyo) + oAy + 43 Ay, (5.3)

where zo and yo are the nominal beam position at which the empty target yield
is at minimum; z and y denote the arbitrary beam position. Az and Ay are the
deviations of the beam position w.r.t the nominal position, and all the rest of the
quantities in the above equations are the fit values. The asymmetry contribution
from these helicity-correlated beam shifts to the measured asymmetry are calculated

using the fit parameters described above as follows:

- dempty )A + (dzR)A
4:=p ( 2R(0) ) (54)

dempty )A +(d2R)
A="pp ( 2R(0) ) (5)

where %1 is the dilution factor from the empty target yield vs. the full target
yield, and P; and P, are the target and beam polarizations. Table 5.2 shows the
calculated asymmetry contributions at the OHIPS and the MEPS quasielastic kine-
matics to the measured asymmetry, where MEPS (1,2) stands for the two quasielastic
spectrometer settings. The calculated asymmetry contributions due to the helicity-
correlated beam motion are approximately four orders of magnitude smaller than the
measured asymmetry. The asymmetry contributions due to the helicity-correlated
beam motion at the OHIPS elastic and elastic-threshold kinematics are expected to

be negligible compared to the measured asymmetries, though there were no data

taken for empty target background vs. beam position at these two kinematics.
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spectrometer Az Ay
(%) (%)
OHIPS 7.24F — 04 +£3.75E — 03 1.89FE — 04 £ 2.57TF — 03
MEPS (1) 1.14E—-03+£1.74E —02 1.01E —03 £4.39F — 03
MEPS (2) 2.92E —-03+1.03F —02 2.23E —04+6.17TE — 03

Table 5.2;: Calculated asymmetry contribution due to the helicity-correlated beam motion.
5.3 Helicity-Correlated VDCX Efficiency Varia-
tion

The helicity-correlated OHIPS VDCX efficiency variation has been studied for all
the runs. Fig. 5.3 shows the relative helicity-correlated chamber efficiency variation
vs. run numbers for all the full target runs, and empty target runs, separately. The
weighted average of the relative chamber efficiency variation is 0.03 4 0.90% for the
full target runs, and —1.34 + 4.82% for the empty target runs. MEPS VDCX did
not have the delay-line readout system, the TDC-per-wire readout system was much
simpler and the overall chamber efficiency was much higher and stable than that of
for OHIPS. The helicity-correlated MEPS chamber efficiency variation is expected
to be smaller than that of the OHIPS.

5.4 Non-Helicity-Correlated Systematics

5.4.1 Empty Target Asymmetry

The empty target asymmetry has been calculated for all the empty target runs in

the MEPS and OHIPS spectrometers using

1 (Ny—N_
em, = 5= s .6
P B P (N+ n N*) (5-6)
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Figure 5.3: Helicity-correlated OHIPS VDCX efficiency variation. The top plot is for all
the full target runs and the bottom plot is for all the empty target runs.
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where P, and P, are the average beam and target polarizations from all the full
target runs used in extracting the *He asymmetry. Fig. 5.4 shows the empty target
asymmetry vs. empty target runs in the OHIPS and MEPS spectrometers. The
weighted average of the empty target asymmetry in OHIPS is —2.2 £ 7.6 % and
—5.6+ 7.6 % in MEPS. No empty target asymmetries have been observed within

statistical uncertainties.

5.4.2 Pion Contamination

The pion asymmetry has been extracted in both spectrometers in order to estimate
the effect of the pion contamination to the measured *He asymmetry. The raw
experimental pion asymmetry is calculated as

1 (Ny—N_
Aoy = : .
"7 PP (N+ + N_) (5.7)

where P, and P, are the target and beam polarization respectively. N, and N_
are the normalized good pion events defined by the experimental cuts described in
Section 4.1 for positive and negative electron helicity, respectively.

The pion raw experimental asymmetry can be further written into

Aewp = ée——mg_@Ae + ée——»wMAeltail + &Aﬂ’a (58)
Ot O Oy
Oy = C’e—-nro'e + Cye—y;wo-eltm'l + Oy (59)

where C,_,, is the probability for an electron event to be misidentified as a pion
event by the Cerenkov detector. o, is the electron quasielastic yield, oeyaq is the
electron yield from the elastic radiative tail, and o, is the pion yield. The electron
asymmetry contribution due to the quasielastic radiative effects is not included in
Eq. 5.8 as it is negligible.

The pion asymmetry can be extracted from the raw experimental asymmetry by
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Figure 5.4: Empty target asymmetries in OHIPS and MEPS spectrometers.
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inverting Eq. 5.8 as follows:

~ Te X OTeltail
A7r = _Aexp - Ce-—m—"Ae - Ce~+7r"‘—_"A

ks 0‘7!' O-vr

eltail- (5.10)

In extracting the MEPS pion asymmetry from the measured experimental pion asym-
metry, a value corresponding to 3% has been used for C._,, and a Monte Carlo pro-
gram was used to calculate the pion differential cross section at the MEPS quasielas-
tic kinematics because of the poor statistics of the measured pion differential cross
section. The measured *He quasielastic asymmetry and the cross section together
with the calculated elastic radiative tail and its asymmetry have been used in Eq. 5.10
to get the pion asymmetry.

The effect of the pion contamination on the measured *He asymmetry can be

calculated from the extracted pion asymmetry by:

A:onta,m == CV'W——'veglAm - (511)
Oy
Oy = Ge + Oeltail + CV"TF——HEO-’IT) (512>

where Cj_.. is the probability that a pion event is misidentified as an electron event
by the Cerenkov counter. It is 3% for the MEPS Cerenkov detector and 5% for
the OHIPS Cerenkov counter. Fig. 5.5 shows the calculated effect of the pion con-
tamination to the measured *He quasielastic asymmetry in the MEPS spectrometer
as a function of the electron energy loss w. The pion contamination in the MEPS
spectrometer averaged over the w acceptance is less than 0.1% of the measured 3He
quasielastic asymmetry. So the effect of pion contamination in the MEPS spectrom-
eter is negligible. The effect of the pion contamination to the measured Ay in the

OHIPS elastic-threshold region has been found to be even more negligible.
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Figure 5.5: The calculated effect of the pion contamination to the measured 3He quasielas-
tic asymmetry in the MEPS spectrometer as a function of w. The uncertainties are the
statistical uncertainties only.
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Chapter 6

Results

6.1 Elastic Asymmetry

The elastic asymmetry was measured in the OHIPS spectrometer as a check of
the experimental procedure. The elastic asymmetry was measured in three differ-
ent spectrometer central momentum settings. The measured elastic asymmetries
in terms of the elastic peak positions together with the statistical uncertainties are
listed in Table 6.1. The average elastic asymmetry over the three spectrometer set-
tings gives 29.9 & 3.5% with the uncertainty being the statistical uncertainty from

the measurements.

The systematic uncertainty of the elastic asymmetry measurement is dominated

Elastic peak position A AA
(%) (%) (%)

-1 36.45 8.03

2.5 28.74 5.81

3.3 28.04 5.12
combined 299 3.5

Table 6.1: Results of the OHIPS elastic asymmetry in terms of three different spectrometer
settings. The measured elastic asymmetry with statistical uncertainty is listed with respect
to its elastic peak position. The average asymmetry is also listed.
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Sources a4
(%)
beamn polarization 4
target polarization 3
empty target subtraction 1.5
hel-corr. efficiency variation <1
overall 5.9

Table 6.2: Systematic uncertainties of the OHIPS elastic asymmetry in terms of different
sources. The overall systematic uncertainty is 5.5%.

by the uncertainties in the determination of the beam and the target polarizations.
Table 6.2 lists the systematic uncertainties in terms of different sources and the over-
all systematic uncertainty is also listed. The measured OHIPS elastic asymmetry
is 29.9 4+ 3.9% with the uncertainty being the total uncertainty determined by the
quadrature sum of the statistical and systematic uncertainties. The elastic asym-
metry can be calculated using *He form factors measured by Rosenbluth separation
(see Eq. 4.16). The calculated asymmetry is 29.2% using the *He form factors mea-
sured by McCarthy et al. [81] and is 32.2% using the measurement by Dunn et al.

[84]. The measured elastic asymmetry is in excellent agreement with the calculated

values.

6.2 Quasielastic Transverse Asymmetry Ap

The 3He quasielastic transverse asymmetry, Agv, has been extracted from the MEPS
spin-dependent quasielastic inclusive cross section as a function of the electron en-
ergy loss w for a total beam charge of 6529 uA-h. Corrections have been made for
the empty target background, the elastic radiative tail and the quasielastic radiative
effect as discussed in Section 4.4.3. The measured quasielastic transverse asymme-
try Ags(w) is shown in Fig. 6.1 along with calculations at the MEPS quasielastic

kinematics by Salme et al. {Gari-Kriipelmann form factor parametrization) [25] and
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Figure 6.1: The transverse asymmetry A7+ as a function of electron energy loss w. The
solid circles are the data points from the present work with statistical uncertainties only.
The dashed line is the calculation by Salme et al. [25], and the solid line is the calculation
by Schulze et al. [23].
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Sources —Aj@

(%)
beam polarization 4
target polarization 3

empty target subtraction 1.5
hel-corr. efficiency variation <1

elastic radiative tail 0.4
QE radiative correction 0.2
pion contamination 0.1
overall 5.5

Table 6.3: Systematic uncertainties of the MEPS quasielastic transverse asymmetry A
in terms of different sources. The overall systematic uncertainty is 5.5%.

Schulze et al. (Galster parametrization) [23]. It 1s thought that the difference be-
tween the two calculations arises from the different *He wave functions and form
factor parametrizations used in the calculations. The data are in good agreement
with both calculations.

The MEPS spectrometer had an electron scattering angle acceptance of 7° de-
fined by the collimator placed in front of the first quadrupole. The effect of the
spectrometer scattering angle acceptance on the calculated A7w averaged over the
experimental w acceptance by Salme et al. [25] and Schulze et al. [23] have been
determined to be less than 0.4% using a Monte Carlo program [85]. The target spin
angle was aligned at an angle of 42.5° with respect to the electron beam line with an
uncertainty of +0.5°. The effect of this uncertainty of the target spin angle on the
calculated A7+ is negligible. Fig. 6.2 shows the dependence of A7/ on the electron
scattering angle # and the target spin angle 4 using the calculation of Schulze et al.
[23] in which the form factor parametrization of Galster is used.

Again the systematic uncertainty for the measurement of A7+ is dominated by the
uncertainties in the determination of the beam and target polarizations. Table 6.3
lists the systematic uncertainties for MEPS Ags in terms of the sources and the

overall systematic uncertainty is also listed.
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Figure 6.2: Dependence of A7/ on scattering angle, # and target spin angle, § using the
calculation of Schulze et al. [23]. The dependence of Ay on 8 is plotted in the top plot in
which g is 42.5° (solid line), 45° (dash-dotted line) and § is 40° (dotted line). The bottom
plot shows the calculated Ag» vs. different scattering angles. 6 is from 87° to 95° in 2°
steps. The dotted line corresponds to # = 95° and the long-dashed line corresponds to

6 = 87°.



142

Charge 0* o A
(pAD)  (deg) (deg) (%)
3956 8.9 180 —10.66 + 1.40
2573 171.1 0 9.51 £ 1.81
6529 (combined) —10.23 £ 1.11 £ 0.56
Theory [25] 8.9 180 —9.85
Theory [23] 8.9 180 ~10.09

Table 6.4: Results of MEPS quasielastic transverse asymmetry Ags averaged over the
spectrometer acceptance. The measured asymmetries for each of the target spin direction
are listed separately and the sign change corresponds to the flipping of the target spin
direction.

The measured asymmetry averaged over the experimental w acceptance corre-
sponding to Q% = 0.19(GeV/c)?, together with the calculated asymmetry averaged
over the spectrometer acceptance and weighted by the quasielastic cross section from
[25] [23], are listed in Table 6.4. The uncertainties listed for the measured asymmetry
for each of the target spin direction are the statistical uncertainties only. The sign
change in the measured asymmetry corresponds to a flip in the target spin direction.

The uncertainties listed for the combined measured asymmetry are the statistical

and systematic uncertainty, respectively.

6.3 Extraction of the Neutron Magnetic Form

Factor G,

The measured *He quasielastic transverse asymmetry at @? = 0.19 (GeV/ 0)2 is
—10.23 - 1.11 4 0.56 % with the uncertainties being the statistical and systematic
uncertainties, respectively. As we have discussed in Chapter 1, a measurement of
the *He quasielastic transverse asymmetry, A7, can be used to extract the neutron
magnetic form factor as A is very sensitive to the square of the neutron magnetic

form factor, G%,%. To determine G%,? from the measured asymmetry, the calculations
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calculation a b C
Salmeé et al. -752.10 99.76 2.01
Schulze et al. -804.56 99.88 8.97

Table 6.5: The fit parameters for extracting G%,;% using the calculations of Salme et al.
[25] and Schulze et al. [23].

of Salme et al. [25] and Schulze et al. [23] have been used to generate Az«(G3,*)
independently, where A7 has been averaged over the experimental w acceptance and
weighted by the quasielastic cross section. The calculated A7/(G%,*) values are then

related to G%,* using the following functional form:

n 2

An(Gyy?) = sty (6.1)

Two fits are obtained in this way using the two calculations mentioned above and the

fits are then used to extract G%,” based on the measured asymmetry. Table 6.5 lists

the fit parameters obtained using the calculations of Salme et al. [25] and Schulze
et al. [23].

The extracted G%,? values at Q% =0.19 (GeV/c)? agree within 3% for the two
calculations. Fig. 6.3 shows the two fits obtained together with the measured Ag
with its statistical uncertainty plotted on each fit separately indicating the extracted
G%,? value from the corresponding fit.

In units of (u,Gp)?, the standard dipole parametrization, the average of the
two extracted G, values discussed above gives (G%/u.Gp)*> = 0.998 + 0.117 +
0.059 £ 0.030, with the uncertainties corresponding to the statistics, systematics
and model dependence, respectively. The systematic uncertainty is dominated by
the uncertainties in the determination of the beam polarization (£4%) and the target
polarization {+3%). The uncertainty from the model dependence of the extracted
G%? arises from both the uncertainty in the *He wave function and the uncertainty

in the proton electromagnetic form factors involved in the calculations. The wave
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Figure 6.3: Fits of Azs vs. G7* obtained using the calculations of Salme ez al. [25] and
Schulze et al. [23]. The dotted line is the fit for the calculation of Salme et al., and the
dash-dotted line is the fit obtained using the calculation of Schulze et al. The measured
A7 is also plotted together with its statistical uncertainty on each fit separately which
indicates the extracted G%,* value from the measured A7+ using each fit.
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function uncertainty was estimated from calculations by Salme et al. [25] using the
variational wave function from the Reid soft-core interaction and by Schulze et al.
[23] using the Faddeev wavefunction from the Paris potential.

To estimate the uncertainty due to proton form factors, the 3He quasielastic
asymmetry calculation of Frair et al. [3] has been used for the MEPS kinematics
using the form factor parametrizations of Hohler [19], Gari-Krimpelmann [20], Gal-
ster [8], and Tachello-Jackson-Lande [86]. In the model of Friar et al. [3], the *He

quasielastic asymmetry is calculated in terms of the neutron and proton contribu-

tions:
Iz 20
A= (1—28)—"——Az — 28 L A .
( )O'n + 20';0 Ty -+ 20’;, w (6 2)
6 =~ 0.07 £ 0.01, (6.3)
§' ~0.014 4 0.002, (6.4)

where o, 0, are the elastic electron-neutron and electron-proton cross section re-
spectively. The same procedure as described in the beginning of this section has
been used to generate Ar(G7,?) at Q% = 0.19 GeV/c’ using the calculation of Friar
et al. [3] first and then the calculated A7/(G%,*) values have been fitted to G%,”
using Equation 6.1 for different form factor parametrizations as mentioned above.
Table 6.6 lists the fit parameters for the calculation of Friar et al. [3] using the
form factor parametrizations of Hohler [19], Gari-Kriimpelmann [20], Galster [8],
and lachello-Jackson-Lande [86]. The form factor parametrization of Blatnik-Zovko
[26] 1s not included in the analysis mentioned above as it does not describe the proton
electric form factor data well in the low ? region where this work is relevant.
Using the model of Friar et al. [3], the uncertainty due to the proton form
factor has been found to be 3%, and it dominates the uncertainty due to model
dependence. An overall 3% uncertainty due to model dependence is assigned to the

2
extracted G%,”.

The extracted G%,* value from this experiment at @? = 0.19 (GeV/c)? is shown
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form factor parametrization a b c
Galster -712.0 100.0 9.3
Gari-Kripelmann -730.6  99.9 10.0
Hohler -734.9 99.7 10.0
Iachello-Jackson-Lande -735.7 99.8 9.8

Table 6.6: Fit parameters vs. form factor parametrizations using the calculation of Friar

et al..

in Fig. 6.4 with its total uncertainty determined by adding all three uncertainties in
quadrature. Plotted also are the previous published data on G7.* from the electron-
deuteron experiments in the low Q? region. The uncertainties in the inclusive data
from Hughes et al. [12] include a global 5% theoretical uncertainty. The uncertainties
in the data from [13-18] do not include a theoretical uncertainty. The recent data of
Markowitz et al. [9] include a theoretical uncertainty of 3%. The Gari-Krimpelmann
[20] and Hohler [19] form factor parametrizations are also shown in Fig. 6.4. The
extracted G, at Q% = 0.19 (GeV/c)? from the present work agrees with the dipole
parametrization very well and the overall error bar indicates that this technique

provides a competitive technique for measuring G7;.

6.4 Arp in the Elastic-Threshold Region

As was mentioned earlier, data on A7y have been taken in the elastic-threshold
region in the OHIPS spectrometer. Fig. 6.5 shows the results of Arrs as a function
of electron energy loss w together with the experimental cross section in the elastic-
threshold region (so-called low w region). The energy scale is tied with the position
of the elastic peak, and the beam energy determined from the spectrometer mag-
net settings. The uncertainties shown are the total uncertainties determined by the
quadrature sum of the statistical and systematic uncertainties with the statistical

uncertainties dominant. The systematic uncertainties are dominated by the uncer-
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Figure 6.4: The square of the neutron magnetic form factor G%,%, in units of the standard
dipole parametrization, (u,Gp)?, in the low Q? region. The solid circle is from the present
work shown with the total uncertainty dominated by the statistical error. The hollow
squares are from Hughes et al. [12], the hollow diamonds are from the analysis by Kramer
et al. [13] of the data from Grossetéte et al. [14], the asterisks are from Braess et al. [13],
the crosses are from Hanson et al. [15], the hollow circles are from Budnitz et al. {16], the
star is from Bartel et al. [17], the triangle is from Stein et al. [18], and the solid diamonds
are from Markowitz et al. [9] with the inner (outer) error bars being the statistical (total)
uncertainties. The data of Markowitz et al., Hughes et al., and Stein et al. have been
displaced slightly to improve readability.
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tainties of the experimental quasielastic yield (15%), the beam polarization (4%)
and the target polarization (3%), except for one point in the dip region between
the elastic peak and the quasielastic tail where a 50% uncertainty has been assigned
to the experimental quasielastic yield as it is most sensitive to the radiative tail
subtraction.

The extraction scheme A and C [5] are indicated as solid and dotted lines in
Fig. 6.5. The elastic peak position (double line), the two-body breakup threshold
(dashed line) and the three-body breakup threshold (dash-dotted line) are also in-
dicated in Fig. 6.5. The data in the tail of the quasielastic peak and away from
the three-body breakup threshold agree well with the PWIA calculation using spin-
dependent spectral function with extraction scheme A [5]. Scheme A is considered
the favorite extraction scheme by Schulze et al. [5] and is agreed upon by the authors
of Ref. [25]. A large positive asymmetry has been observed close to the three-body
breakup threshold. There is no quantitative theoretical explanation for this. The
speculation is that the large positive asymmetry is caused by the scattering of the
polarized electrons from the polarized proton in the *He nucleus leaving a bound
deuteron behind. While the above explanation can explain the sign and roughly
the size of the observed asymmetry, it does not explain why a large asymmetry is
not seen close to the two-body breakup threshold. However, the statistical preci-
sion of the data at the 2-body breakup threshold precludes a definitive statement
about the physics asymmetry. On the other hand, the elastic-threshold region is a
region where final state interactions and meson exchange currents could play signifi-
cant roles. A more complete calculation with FSI and MEC using a spin-dependent

spectral function is probably required in order to interpret these data.
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Figure 6.5: Results of Apps in the elastic-threshold region. The top plot shows the
measured Arps as a function of w in the elastic-threshold region. The data points are
plotted together with the total uncertainties. The extraction scheme A and C [5] are
plotted as solid and dotted lines. The elastic peak position (double line), the two-body
breakup threshold (dashed line) and the three-body breakup threshold (dash-dotted line)
are also shown. The bottom plot shows the experimental cross section vs. w in the elastic-

threshold region.
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Chapter 7

Conclusion

Due to the lack of a free neutron target, the previously published data on the neutron
magnetic form factor in the low @Q? region come almost exclusively from electron-
deuteron scattering experiments and thus potentially suffer from large model de-
pendence. One feature about the previously published data is that the error bars
are generally big. The most precise measurements on G%; at low Q? are the re-
cent Bates [9] measurement, the NIKHEF/PSI data [10], and the Bonn data [11].
Unfortunately the NIKHEF measurement disagrees with the Bates measurement
significantly at Q2 = 0.108 (GeV/c)* and the Bonn measurement agrees with the
Bates measurement at Q2 = 0.255 (GeV/c)?® barely within the uncertainties of the
measurements. OQur knowledge of the neutron magnetic form factor is rather poor
in the low Q? region though it is much better than that of the neutron electric form
factor.

The purpose of this thesis work was twofold. First, this work represented a
completely new technique for measuring the neutron magnetic form factor at low
Q?, i.e., using spin-dependent electron scattering from a polarized 3He target. The
extracted G%,? value from this work at Q2 = 0.19 (GeV/c)® agrees with the dipole
parametrization value very well. The uncertainty of the extracted G, value is domi-

nated by the statistical uncertainty, and the uncertainty from model dependence has
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been found to be comparatively small. Secondly, this was the second time that a po-
larized *He gas target using metastability exchange optical pumping technique was
employed to measure the spin-dependent *He quasielastic asymmetry. The target
performances (polarization, stability, robustness) have been improved significantly
due to the implementation of the LNA laser together with various changes in the
system (see Section 3.2). The target was operated a few degrees colder (13 K) than
it was previously (17 K) which increased the target density by ~ 30%. Using a Wien
spin rotator, longitudinally polarized electrons were produced at the *He target using
a single-pass beam. The polarized beam quality and beam current have also been
improved significantly over that obtained in the previous experiment [6]. All the
improvements mentioned above improved the statistics of this thesis work substan-
tially. This still leaves room open for improving the statistics of the measurement,
largely due to the fact that the metastability exchange optical pumping technique
works only in the low pressure region. One can take two approaches to resolve this
problem by either polarizing the *He gas using the metastability-exchange optical
pumping technique and then increasing its density by compressing the polarized
gas, or one can polarize the *He gas using spin-exchange with polarized alkali atoms
which is a technique feasible for a higher pressure target.

The asymmetry results of Ary in the elastic-threshold region also generate both
theoretical and experimental interest. A more complete calculation using a spin-
dependent spectral function with the final state interactions and meson exchange
currents taken into account is probably necessary to interpret these data.

This experiment further demonstrates that polarized 3He is very useful for study-
ing the electromagnetic structure of the neutron and provides strong motivation to

proceed with further experiments using polarized *He targets.
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Appendix A

Cleaning the 3He Target System

A.1 Copper Cell

The copper target cell must be cleaned chemically before attaching the copper foil
windows to the cell and the cell to the glassware. Following is the procedure used

for cleaning the copper cell.

1. Cleaning the copper cell first in warm Alconox solution to get rid of the
grease. Scotch-brite pad is used for removing the grease
off the copper surface.
2. Rinse the Alconox solution off the cell with water.
3. Dip the copper cell in diluted bright dip acid for 30-60 seconds.
Make sure that the inner surface of the cell is totally immersed in the acid.
4. Remove the target cell from the acid. Dip it in a large container of
distilled water to clean the acid off the surface.
5. Immerse the copper cell in acetone to remove the water.

6. Clean the surface with a soft tissue.

After being cleaned, the target cell was heated under vacuum in a bell jar to drive
off the water. The cell was placed in the bell jar and the system roughed out; the

cell was then heated to 120° C and maintained at this temperature under vacuum
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(107 torr) for an hour. After the heating element was turned off, the bell jar was
vented with dry nitrogen to atmosphere, and the copper cell was removed from the

bell jar after it was cooled down to room temperature.

A.2 Glassware

The glassware was cleaned with alcohol first before the target cell was epoxied in
place. The cleaning procedure involved baking the glassware under vacuum. Initially,
the scattering chamber and the target system was pumped out using a roughing
pump. Once the pressure of the system was low enough (< 1 torr), the by-pass
valve between the scattering chamber and the target system was closed and the
target system was opened up to a turbo pump. The pumping cell was wrapped
with heating tapes and the aluminum foils, and started baking once the vacuum was
around 10~7 torr. The rest of the gas plumbing system was baked at the same time
by wrapping heating tapes only around them. The pumping cell was heated to 300
- 400 °C, and care must be taken to avoid heating the part of the glassware close to
the teflon valves too much. After baking for 36 - 48 hrs., the heating tapes wrapped
around the rest of the gas plumbing system other than the pumping cell were turned
off first, half an hour before turning off the heating of the glass pumping cell. A

final vacuum of 5 - 8 x 1078 torr was reached after the system cooled down to room

temperature.

A.3 Mixing Bright Dip
Mix in a fume hood with proper protective wear (goggles, heavy gloves, etc.).

1. Place a beaker in an ice bath.

2. Add 20 ml distilled H,O.
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Add 120 m!98 % H,SOy4 slowly.

Add 60 ml 70 % HNOs.

Cool to 0°C.

Add 1.7ml HCI very slowly.

Cool to 0°C.

Dilute to 10 x its volume before bright dipping.
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Appendix B

SHe Quasielastic Asymmetry

The measured *He quasielastic transverse asymmetry A7/ in the MEPS spectrometer
are given in Table B.1. Corrections have been made with respect to the empty target
background, the elastic radiative tail and the quasielastic radiative corrections. The
asymmetries are given in terms of the positive target spin direction (R), negative
target spin direction (L) and the combined data set (R+L).

Table B.2 lists the measured A7y, in the elastic-threshold region from the OHIPS
spectrometer. The measured asymmetry numbers have been corrected with respect
to the empty target background and the elastic radiative tail. The statistical and
the systematic uncertainties are also listed. The systematic uncertainties were dom-
inated by the uncertainties of the *He quasielastic yield, the beam polarization and

the target polarization (see Section 6.4).
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w Az (R) A (L) Ap (R4L)
(MeV) (%) (%) (%)
147.94 -12.38:£4.97 3624+ 646 -9.12 4+ 3.94
136.60 -15.35 + 3.18 11.67 + 4.08 -13.97 + 2.51
125.27 -11.36 £2.85 7.49 £+ 3.67 -9.90 4 2.25
113.93  -8.26 +2.80 6.06 £3.61 -7.44 £ 2.21
102.60 -9.05+ 3.20 14.52 + 4.12 -11.10 + 2.52
91.26  -4.16+ 6.44 2077 £9.23 -9.61 £ 5.28

Table B.1: The 3He quasielastic transverse asymmetry Azv measured from the present
work as a function of electron energy loss w. The measured asymmetry numbers have been
normalized to P, = 100%, and P, = 100%. R stands for the positive target spin direction
(* = 8.9°), L stands for the negative target spin direction (" = 171.1°), and R+L stands
for the combined data set.

w Arp AArp AArp
MeV) (%) (%) (%)
54.22 5.67 541 0.90
50.95 1.23 4.91 0.19
47.68 5.16 5.70 0.82
44.41 -7.93 6.63 1.25
41.14 3.62 8.14 0.57
37.86 31.10 10.30 4.92
34.59 -16.40 16.44 8.24
31.32  23.81 10.21 1.19
28.05  28.46 4.74 1.42

Table B.2: The 3He quasielastic asymmetry A7y measured from this work in the elastic-
threshold region. The third column lists the statistical uncertainties and the last column
lists the systematic uncertainties.
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