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Abstract

Scientists around the world use *He to study the spin structure of the neutron. This study
is made more efficient by polarizing *He through a process of spin-exchange collisions
with optically pumped alkali vapor. One method to determine the absolute *He
polarization employs the techniques of nuclear magnetic resonance. Water has a known
polarization and serves as a standard by which to calibrate the polarization of a given
sample. If a water sample is placed in two magnetic fields, one constant and one
oscillating with time, the spins of the water molecules absorb energy at a certain resonant
frequency. When the spins flip, a voltage is induced in nearby pickup coils. This process
is repeated with a *He sample. Together, the two NMR signals and the polarization of
water are used to determine the polarization of the *He sample. Using this method, the

absolute polarization of a *He target cell, Voltaire, was measured to be (8.1 = 1.0)%.
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Chapter 1

Introduction

Nuclear physicists throughout the world are constantly using innovative
techniques to investigate the nuclear properties of the universe. The study of the neutron
spin structure using *He is a good example of such research. Through experimentation,
researchers have provided the scientific community with a more complete understanding
of the subatomic particles, forces, and interactions that exist within the neutron. In
addition, studying polarized *He has led to significant advancements in fields such as
medical imaging [1].

Studying the neutron is challenging because free neutrons are unstable; they have
a half-life of 10.23 = 0.01 minutes [2]. To address this problem, researchers have found
that *He serves as a good substitute for the free neutron. The nucleus of a *He atom is
composed of two protons and one neutron [3]. There is a 90% chance that the nucleus
will be in the S state; the proton spins will be anti-aligned and the neutron spin will
determine the polarization of the entire nucleus (Figure 1). There is an 8% chance that
the atom will be found in the D state; the proton spins are aligned with the neutron spin.
Finally, there is a 2% chance that the atom will be found in the S’ state; the proton spins

are aligned but they are anti-aligned with neutron spin. Since *He is most
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Figure 1: Spin states of the *He nucleus.
Note: Protons are shaded blue and the neutron is shaded green.

likely to be in the S state, the neutron spin usually determines the polarization of the
entire nucleus. The challenge, however, is to align or polarize the spins of every *He
nucleus in the target. Increasing the polarization of the *He atoms allows scientists to
make more precise neutron structure measurements.

Researchers at the Thomas Jefferson National Accelerator Facility (TINAF) in
Newport News, Virginia have conducted many experiments to study the neutron spin
structure [4, 5, 6]. At TINAF, an electron beam passes through a glass cell filled with
*He. The beam collides with the *He atoms and the scattering that results can be
analyzed using detectors. For a given amount of time, the error from the scattering data
collected is inversely proportional to the square of the polarization of the *He target [7].

Research is taking place at the College of William and Mary to create and
polarize *He target cells to be used at Jefferson Lab. This past year the polarized *He

research at William and Mary has focused on attaining a high level of polarization in a



*He target cell and calculating the absolute polarization of a *He target cell. This Honors
project focuses on the second of these goals, calculating the absolute polarization of a

*He target cell.



Chapter 2

Polarization

2.1 'Theory

2.1.1  Optical Pumping

A *He nucleus is polarized through a process optical pumping and spin exchange
[8]. The process involves three gases: Rb, N,, and *He. First, rubidium is heated into a
gas state. Then, rubidium in the 5S atomic state is placed in the presence of a magnetic
field. A Zeeman splitting will result, creating two electron states m = - and m = +_
(Figure 2). Circularly polarized light, with a wavelength of 795 nm interacts with the Rb,
exciting it into the 5P , m = +_state. As a result of the excited rubidium atoms colliding

with other atoms in the gas (collisional mixing), the electrons originally in the 5P , m =

+ atomic state will be distributed equally between the m = - and m = +_ atomic states.
The electrons can then decay back to the 5S , m = - state and the 5S, m = +_ state
with equal probability. Those rubidium atoms that decay to the m = - state may once

again be excited by circularly polarized light, thus repeating the process. If, however, the
rubidium decays to the m = +_state it can no longer be excited. Over time, all of the

rubidium atoms become trapped in the spin up state.
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Figure 2: Optical Pumping.

1.) A static magnetic field, H, creates a Zeeman splitting of the electron states.

2.) Circularly polarized light excites outer shell electrons from the 5S state to the 5P
state.

3.) The electrons decay back to the 5§ » = -_ and » = +_ state with equal

probability by emitting a photon (purple arrows).

Nitrogen molecules (N,) also play a role in the polarization of *He [8]. When a
rubidium atom decays from the 5P state to the 5S state a photon is released. The
emitted photon has a random polarization and it may be reabsorbed by another rubidium
atom. Since it is unlikely that this photon will have the correct polarization direction, the
rubidium will not have the correct spin direction, thus reducing the efficiency of the
optical pumping process.

Approximately 60 torr of N is added to the system to prevent the negative effects
of the reabsorbed photons. The N, molecule is able to absorb the energy from the excited
atoms into its rotational and vibrational motion [8]. This process is known as quenching

and allows for a high rubidium polarization.



2.1.2  Spin Exchange

When polarized rubidium and *He collide in the target cell, the rubidium
wavefunction overlaps with the nuclear wavefunction of the *He atom [9]. This
hyperfine-like interaction causes a spin exchange between the rubidium atom and the *He

nucleus in which angular momentum is transferred

Rb(1 wHe(})— Rb(} *He(t) 2.1)

Following this process, the rubidium is quickly polarized again, allowing the process to
be repeated. The nuclear spin, however, remains in the up position as long as no
depolarization effects are present. The *He polarization with respect to time can then be

calculated [8]

P, (1) = <PR,,>/%F(1 _ebur)) 2.2)

SE
<PRb> is the average polarization of rubidium, _ is the *He nuclear spin relaxation rate,
and y, is the ’He - Rb spin exchange rate by which the rubidium transfers spin to *He.

Over long periods of time this becomes [7]

; Y se
P = ———(P 2.3
He ,ySE +I“< Rb> ( )

Some of the factors that may cause an increase in the relaxation rate, are an
inhomogeneous magnetic field, *He — *He magnetic dipole interactions, collisions with

gas impurities, and wall collisions with impurities in the target cell [10].

10



2.2 Experimental Setup

2.2.1 Target Cells

The target cell is the physical enclosure that holds the *He, Rb, and N,. Target
cells at the College of William and Mary are made of General Electric type 180,
aluminosilicate glass [10]. Aluminosilicate glass has a low porosity to “He, a
characteristic that is believed to help achieve a high level of polarization. Before a cell is
filled it is connected to a vacuum system to pump out any impurities. Each cell includes
a target chamber, the transfer tube, and the pumping chamber (Figure 3).

The target chamber is typically 40 cm long with a diameter of approximately 2
cm. Each end of the chamber has a curved end window approximately 140 microns
thick, and the side walls are about 1 mm thick [7]. When experiments are conducted at
an accelerator facility, the target cell is placed in the path of the electron beam such that it
enters the first end window and passes out the other (unless it is scattered through the
walls). The scattering between the beam and *He atoms takes place in the target
chamber.

The transfer tube is approximately 6 cm long and 1.2 cm in diameter, and
connects the target chamber to the pumping chamber. The pumping chamber is a sphere
with a diameter of about 6.3 cm. In the presence of laser light, rubidium optical pumping

and spin exchange takes place in the pumping chamber.

11
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Figure 3: Target Cell

Rubidium is placed at the bottom of the pumping chamber so that optical pumping
and spin exchange may take place. The target chamber is outlined in orange, the
transfer tube is outlined in blue, and the pumping chamber is outlined in red.

Most cells are filled with 8.5 amagats of *He and are used in experiments at TINAF.
Some cells are filled with water and are used to calibrate the Nuclear Magnetic

Resonance system.
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Main Coils

RF Coils Pickup coil

Figure 4: Target System
Note: There is a pickup coil on each side of the cell; only one is visible from this view.

2.2.2  Target System

Once a target cell is filled (with *He or water) it is mounted such that the pumping
chamber is enclosed within an oven (Figure 4), which measures 4.25", by 4.25", by
5.125"[7]. The oven heats the rubidium to 170°C, the optimum temperature required for
optical pumping to take place. The temperature in the system is measured using a
resistance temperature detector (RTD).

A set of pickup coils is adjacent to, and parallel with, the target chamber of the
cell. Laser light from a Coherent FAP 30 W Diode Laser passes through polarizing

optics before reaching the pumping chamber of the cell [7]. The light is circularly

13



polarized and has a wavelength of 795 nm so that the optical pumping process may take
place.

Two sets of Helmholtz coils create the magnetic fields necessary for the
polarization process and subsequent Nuclear Magnetic Resonance measurements. The
first set has an inner diameter of 57" and an outer diameter of 62" [7]. This large set of
coils creates a homogeneous magnetic holding field that is swept from 25 G to 32 when
testing a “He sample and from 18 G to 25 G when testing a water sample. The second set
of coils (the RF coils) is orthogonal to the larger set and has an inner diameter of 31" and

an outer diameter of about 34”. The coils create an RF field at 91 kHz.

14



Chapter 3

Nuclear Magnetic Resonance

3.1 Precession

3.1.1 Quantum Precession

Once He nuclei are polarized, the level of polarization can be measured using
Nuclear Magnetic Resonance (NMR). In order to fully explain the theory of NMR the

discussion will begin by analyzing one magnetic dipole in a static magnetic field.
Consider one neutron in the presence of a constant magnetic field, H, = H,?

[11]. The Hamiltonian of such a system is:

(3.1)

I yHh(1 0
Hamiltonian = —-yH,S_ = -

2 \0 -1

In equation (3.1), y is the gyromagnetic ratio. The eigenstates of H, denoted, x_, and

X+’
1
X = (0) (3.2)

0
X = (1) (3.3)

have corresponding energies:

15



* 2

E = (VHoh)
2

Consider the solution to the time independent Schrédinger equation:

—iE 1 —iE_t

X(t) = a)(+eT +by e "

iyHt
ae ?
—iyHyt

beT

x(t) =

(3.4)

(3.5)

(3.6)

(3.7)

The constant coefficients, a and b, can be determined by the initial condition in which:

@[+l =1

Two values that fit such conditions are:

2)
a = COS b

b=sf3)
= SIn B

a iyHt
cos( 5) e ?
x(t)=

a —iyH,t
sin(—) e ?
2

The expectation value of the spin yields interesting results:

<Sx > = gsin(a)cos(yHot)

<Sy> = —gsin(a)sin(yHot)

16
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(3.11)

(3.12)

(3.13)



Ho

Figure 5: Larmor Precession of the magnetic dipole spin in the presence of a
constant magnetic field H = HZ .

z

<S > = gcos(a) (3.14)

Thus, the spin precesses at an angle o about the z direction. This is a Larmor precession
and occurs with a frequency (Figure 5)
w, =YyH, (3.15)
Now, again consider the neutron as a magnetic dipole in a constant magnetic
field, H = Hz [7]. The magnetic dipole moment is

{i = yhJ (3.16)

17



The total angular momentum (spin and orbital angular momentum of the nucleus) is 7/ .

The energy of this dipole moment is
E=—ji-H=-yHhJ, (3.17)
Since AJ, = =1, the difference in energy between the states is
AE = hw = yhH, (3.18)
The frequency of the photon required for this transition is

w, =YyH, (3.19)

3.1.2 Classical Precession

Thus far, quantum mechanics has been used to understand how the neutron would
react to the presence of a magnetic field. It will now be demonstrated that, although the
neutron lives at the quantum scale, in this case, it acts in a manner that is consistent with

classical theory [12]. Equation (3.16) states that
i =yhJ (3.16)

The magnetic field exerts a torque on this dipole

d(n7)
= 3.20
T= (3.20)
T=uxH (3.21)
By combining equation (3.16), equation (3.20), and equation (3.21)
du S
= y (i x H) (3.22)



At this point, it is conventional to transform equation (3.22) into a coordinate system

rotating with angular velocity w’. In this frame of reference

du du (., .
i +(@ i (3.23)
au L (- o
(9— = u x H+— (324)
! y

If the frame rotates in the counter-clockwise direction with respect to the magnetic field

direction, &' = w'(= A )so [7]

M axlm -2\ A (3.25)
— = X -— .
ot u oy
If one lets w’ = yH then
du
—=0 3.26
py (3.26)

This means that in the laboratory frame the system precesses with a Larmor frequency

w' =yH, (3.27)
This is the same frequency that was calculated in equation (3.15) and equation (3.19).
This is interesting for two reasons. First, when another magnetic field is applied to the
system with a frequency that matches the frequency of the Larmor precession, a spin flip
takes place. Second, although the magnetic dipole moment of a neutron is often treated
in a quantum mechanical manner, in this situation the quantum results resemble the
results of a classical approach. Consequently much of the analysis from this point will

take place within a classical framework.
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3.1.3 Precession in Rotating Fields

The previous two sections discussed how a magnetic dipole would act in the

presence of a constant magnetic field oriented in one direction. If a rotating component
H, cos(a)lt)Q - sin(wlt)yA) is added it is useful to move into a reference frame that is

rotating with a frequency @, = -,z [7]. In this frame the magnetic field is

H' =Hyz' + HZx' (3.28)
Reference [7] provides a detailed account of the change of coordinates. This system has
an effective magnetic field

i, = (HO —%)z” +H (3.29)

In the rotating frame, the magnetic moment will precess around the effective magnetic

field with a frequency

w" =yH,, (3.30)
Resonance occurs at
w, = yH, (3.31)
when the magnetic moment precesses around the x'axes. When the system is not in
resonance ‘Hl‘ << ‘HO‘ and the rotation is about the z' axes.
If an oscillating magnetic field is applied, H, (RF coils generate such a field) the

system can be treated as if there were two magnetic fields rotating in opposite directions

[7,13].

H, = H, ((cos(wlt)? + sin(wlt);ﬁ’)+ (cos(a)lt)f" - sin(wlt)y”)) (3.32)

20



In this system it is only necessary to consider the effects of one rotating field, rotating at a

frequency,w, = -,z because in the frame of this rotation the other field is has a
frequency of 2w,z", a value that is not near the resonance condition. Thus the system

reduces to the case described earlier with only one magnetic field. At resonance,

3.1.4 Adiabatic Fast Passage

Adiabatic fast passage is a technique in which a homogeneous magnetic field, FIO

in the presence of an oscillating magnetic field, Fll is swept through a resonance

frequency. At the resonance frequency the magnetization of the gas induces an EMF in
nearby pickup coils. The process must sweep at a rate such that the magnetization can
follow the effective magnetic field [13]. When considering this condition, it is useful to

deal with the most extreme situation, at resonance, when H,, = H, . If the time passage

through resonance is

H,
T = a (3.33)
dt
the adiabatic condition is then
1 |dH,
—— H, .34
i ar | << (3.34)

However, while the sweep must not run too fast, if it sweeps too slow the magnetization

is lost due to spin relaxation. 77; and 7> refer to the longitudinal and transverse relaxation

21



times respectively. The 7; constant measures the rate that an excited system will return
to the ground state [13]. The 7> time constant is not due to an energy exchange but rather
a loss of phase coherence among spins, very often due to an applied magnetic field that is
not perfectly homogeneous. The 7 constant is usually less than 7;. Combining both the

“adiabatic” and the “fast” conditions AFP requires

11,
<< yH, (3.35)

<<
T " H | a

The 7 time for *He is approximately 100 seconds [14].

3.2 Measuring a ‘He Signal

In the rotating frame, the x' component of the magnetization can be calculated
[13]
M, = uNPH - %' (3.36)
where N is the number of spins and P is the polarization. Using the unit vector of

equation (3.27)

H, = (3.37)

(3.38)

77



This magnetization will induce an EMF in the pickup coils. This EMF is measured using
electronics as well as computer software and the signal height is proportional to the
magnetization. The signal will have the form

H,

peak
2 w,
\/Hl + (HO - )
Y

The peak amplitude of the *He signal can be modeled using

Sind = S 2 (339)

geo
oC
SSHe ‘ujHensHePSHeq) G

N Cov (3.40)
when u,, is the magnetic moment of *He, n, 1. 1s the density of the ’He sample, P, e 18

geo

3 . .
the “"He polarization, @3 o

is the geometric flux factor that accounts for the cell geometry
and cell placement between the pickup coils, and G, = is the electronic gain in the system

during the *He measurement.
At the College of William and Mary, polarization signals are measured using
NMR electronics and computer software [7]. An RF function generator applies a voltage

to an RF amplifier, producing a 91 kHz RF magnetic field. The two main coils create a
: G

holding field that sweeps at a rate of 1.2 — . It first ramps up from 25 G to 32 G and then
s

ramps down from 32 G to 25 G. Resonance occurs around 28 Gauss. A Perkin-Elmer
7265 Lock-in Amplifier is used to measure the output voltage from the preamp at a

certain frequency.

23



NMR Signal Voltage V)

Holding Field (G)

Figure 6: AFP Polarization Signal for Voltaire
Note: The up sweep is outlined in red and the down sweep is outlined in blue

The AFP polarization signal was measured for a *He cell named Voltaire. (Figure 6).
The up sweep was fit using computer software. The maximum peak height was
determined to be 39.5 mV (Figure 7). When Voltaire was filled the density of *He was

n,, =85 amg, however since the oven is heated to 170°C during optical pumping, the

density of *He between the pickup coils increased to #, s =102 amg.

4



NMR Signal Voltage (V)

Holding Field (G)

Figure 7: Up Sweep AFP Polarization Signal fit for Voltaire
Note: The data is marked in blue and the fit is marked in red.
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Chapter 4

Water Calibration

4.1 Spin Relaxation

While the peak height of an NMR signal is a relative measure of polarization, it
does not indicate the absolute value of the polarization. In order to calculate the absolute
polarization the target system must be calibrated. Water serves as a good standard for
calibrating the system because it has a known Boltzmann polarization.

In order to calibrate the system, a target cell is filled with de-ionized water and

mounted between the pickup coils. The constant holding field and the oscillating RF
: . G . : .
field are applied and the system is swept at a rate of 1.2—. The holding field is ramping
s

from 18 G to 25 G and is held at 25 G so that the spins relax. The water signal is swept
from 18 G to 25 G rather than 25 G to 32 G because water and *He have different

Hz

gyromagnetic ratios. The gyromagnetic ratio for the proton in water is y = 26752E ,

which means that in the presence of an RF field with a frequency of 91 kHz, the system
passes through resonance around 21 G [14] .

The spin relaxation rate of the proton is around 3 seconds and is on the order of
the sweep rate [13]. Holding the magnetic field at 25 G allows the protons to depolarize

back to their original spin state. When the field is ramped back down from 25 G to 18 G

76



the proton spins flip again. In short, the magnetizations flip, depolarize, and then flip
again. The magnetic field is not held when a *He sample is tested because the
depolarization time of *He is not on the order of the sweep rate; *He depolarizes much
slower than water. Since the effects of spin relaxation are significant for the water
sample they should be discussed. The magnetization in the Zz'direction relaxes in a

manner described by

am; -(M.-M,)
dt T

4.1)

where M _ is the longitudinal component of the magnetization and M represents the

longitudinal component at thermal equilibrium. The magnetization in the x' direction

and the y' direction relaxes as follows

!

M’ M. s
dt - ]—vz ( . )
M M i
T (43)

Since the magnetization is proportional to the sum of the magnetic dipole moments, the
precession of the effective magnetic field can be restated to include the relaxation effects

8, 12, 13].

M M (M -M,)

4.4
L, T, T, (44

E=)’

- @ A A
U x ((HO ——)z’ +H1x')
J4

When equation (4.4) is written in terms of each coordinate. The resulting equations

describe the magnetization of the water sample in the rotating frame and are called the

Bloch equations
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dM | , o) M)
7 YM | Hy - 7 - T (4.5)
am’; ’ w M;
dt = yMzHl _ny(HO _7) - T (4'6)
2
dM . . (Mz - M,
7 YM H, - T 4.7)

When the system is at resonance the proton spin flips in the water molecules. The

maximum amplitude of the proton signal is [13]

S, «un, PG, (4.8)

when u, is the magnetic moment of the proton, n, is the density of the water sample, P,

geo
w

is the polarization of water, ®** is the geometric flux factor that accounts for the cell

geometry and cell placement between the pickup coils, G, is the electronic gain in the
system during the water measurement.

Since the same system is used for both the *He measurement and the water

measurement the ratio of signals, §,, to S can be made. This allows for the

polarization of the *He sample to be calculated.

G, ® S,
P - P Auw nw w w He (49)

3 He w geo
M3He n3He GlHe (I)3He S

Every variable on the right side of equation (4.9) can be calculated or measured so that

the polarization of *He can be determined.
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4.2  Polarization of Water

The polarization of water can be calculated using a Boltzmann distribution
function. The polarization is defined as

N,-N,

P=——— (4.10)
N¢+N¢

where N, is the fraction of spins that are pointing parallel with the magnetic field, and

N, is the fraction of spins pointing anti-parallel to the magnetic field. The fraction of

spins in any given state is [15]

-E
e T

zZ

N()= 4.11)

where N is the fraction of spins pointing in a direction i, E; is the energy, k is
’ =23 J . . . .
Boltzmann’s constant (£ = 1.38 x 10 E) [16], T is the temperature in Kelvin, and Z is

the partition function given by

_Ei
Z(T)=Y e (4.12)
Combining equation (3.17) and equation (3.19) the energy is

_hw
E =+7 (4.13)

with w =27 x91 kHz. The fraction of the spins that are parallel and anti-parallel with

the magnetic field are then

hw
eZkT

N, =—0—— (4.14)

! o ~ho
eZkT +eZkT
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-hw
e 2kT

N, =% (4.15)

eZkT +e 2kT

The polarization is then

Jo o —ho
eZkT _ eZkT
P = ho -hw (416)

eZkT +e 2kT

P=t h(h—a’) (h—a’) 417
=M Ser) T\ kT (4.17)

Since #=105x10"*J-s and T =295 K, the polarization of water is,

P, =73736x107.

4.3  Magnetic Moment and Electrical Gain
The magnetic moment of ‘He is -2.1274u, [9] where

MeV
Uy =3.152454x10'14Te[14]. The magnetic moment of protons in water is

u, =u, =2.79285u, [9]. The electronic gain refers to the gain on the preamplifier.

When performing NMR on a *He sample the gain is set at 10x. When performing NMR

on a water sample the gain is set at 100x.
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4.4 Flux Factor

4.4.1 Geometric Flux

In order to calibrate the NMR system an AFP polarization curve is generated
for both a *He target cell and a water cell. Although every effort is made to make these
two experiments identical, differences in cell geometry and cell placement between the

pickup coils cannot be ignored. As the magnetization precesses at resonance its magnetic

field, B passes through the pickup coils. This field creates a flux [17].
q>=fé-d5 (4.18)

However, as the magnetization precesses, the magnetic field changes with time, and as a

result the flux varies with time. This change in flux induces an EMF in the pickup coils
EMF = -- (5 da 4.19
= [B-da (4.19)

The flux can also be written in terms of the magnetic vector potential, A [17]

[Bdi=[(Vxd)di=§id (4.20)
In this form, rather than integrating over the area enclosed by the wire on the pickup coil,
the magnetic vector potential is integrated around the path around the pickup coil.

Since each precessing *He nucleus is treated as a magnetic dipole with moment

., , the vector potential from a certain point in the cell can be reduced to the dipole

term of the multipole expansion [17]

- uxr
A, (7)= :‘—; fur—zdr (4.21)
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where 7 is the distance from a specific magnetic dipole moment in the cell to a point on

the path around the pickup coil. Combining equation (4.20) and equation (4.21) [18]

_ My g cHXT T
c1>_4nfcf e dv'-dl (4.22)

Since we calculate ratio of the *He signal to the water signal the factor &cancels out.
& & 4

The magnetic moment is accounted for in equation (3.40) and equation (4.8) and as a
result it can be pulled out of equation (4.22). Thus the geometric flux factor accounts for

only geometric changes between the *He and the water signal.

o = § fﬁ;? dv'-dl (4.23)

In order to calculate for the geometric flux, a C++ computer program was written that
integrates the path around each coil. For points around the coil the magnetic vector
potential due to points throughout the cell was calculated and summed together to

calculate the total flux.
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4.4.2 Coil Modeling

Researchers at the College of William and Mary work in close cooperation with
researchers at the Thomas Jefferson National Accelerator Facility. Since input
parameters for the flux code are used at both William and Mary and TINAF it was
necessary to model the pickup coils using a coordinate system that is consistent with the

system used at TINAF (Figure §8).

e Laser

Coil 1

Figure 8: Coordinate System for Coil Modeling
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+y 4

+X

Figure 9: Coil Model

The dimensions of each of the four corners of the pickup coil are measured so that
the distance between a volume element in the cell and a point on the coil can be
measured.

In order to integrate around the coil, each coil was marked with four points, one at
each corner . The corners were numbered as if one is looking from the +y direction at the
cell (Figure 9).

The flux program begins by opening an input file specific to each cell. The input
file contains all the necessary information regarding the cell dimensions, the pickup coil
dimensions, and the location of the cell between the pickup coils. All coordinates are
measured from the center of the target chamber of the cell. The top of the coil was
divided up into 100 segments and the sides were divided up into 20 segments. The
program first moved from point 3 to point 2 (the top of the coil) one segment at a time.

The target chamber, transfer tube, and pumping chamber were divided up into 40 units in

24



Figure 10: Calculating the geometric flux

In order to calculate the geometric flux the contribution from a number of volume
elements in the target cell is summed for a number of points around the pickup coil.
The summation loops around the pickup coils in the direction indicated by the green
arrows above.

the x, y, and z directions. Each volume element was a box with dimensions determined by
the size of the segments in each direction. The program calculated the magnetic vector
potential from each volume element to the center of each segment on the coil.  The total
was stored in an array so that the effect on each point on the coil mesh could be analyzed.
The process was repeated for all sides of coil 1 and coil 2 (Figure 10). Although every
attempt was made to center the cell between the coils, there were slight misalignments.

This was accounted for in the input file and during the integration.
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X Y Z

Coil 100 20

Target Chamber 40 40 40
Transfer Tube 40 40 40
Pumping Chamber 40 40 40

Table 1: Number of divisions in the target chamber, transfer tube, and pumping
chamber

Target Transfer Tube Pumping

Chamber Flux (cm?) Chamber

Flux (cm?) Flux (cm?)
Coil 1 20.8 0.4 -1.7
Coil 2 -23.7 -0.3 1.7
Total 44.5 0.7 -3.4

Total Flux: 41.8 cm’

Table 2: Voltaire Flux Results

Note: Since the coils face opposite directions the results from coil 1 are subtracted
from the results of coil 2.
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Target Transfer Tube Pumping

Chamber Flux (cm?) Chamber

Flux (cm?) Flux (cm?)
Coil 1 243 0.5 -1.7
Coil 2 -24.7 -0.4 1.7
Total 49.1 0.9 -3.4

Table 3: Water Cell Flux Results
Note: Since the coils face opposite directions the results from coil 1 are subtracted

Total Flux: 46.1 cm’

from the results of coil 2.

4.5 Measuring a Water Signal

A water signal was measured using the techniques of adiabatic fast passage. The

density of the water in the cell was , n, = 2482 amg [8]. The magnetic field was ramped

from 18 G to 25 G and then back down again (Figure 11). Since water produces a weak
signal, 400 sweeps were performed in an attempt to cancel out background noise. The
signal was then fit by a computer program (Figure 12). The fit accounted for five
parameters: signal height, holding field, resonance frequency, background slope, and

background offset. From the fit it was determined that the signal height for the water

sample was (- 126+ 0.11)x 107 V.
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NMR Signal Voltage (V)

Holding Field (G)

Figure 11: AFP Polarization Signal for Water Cell

Note: The up sweep is outlined in red and the down sweep is outlined in blue
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Figure 12: AFP Polarization Signal Fit for Water Sample
The side peaks are background noise.
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4.6 Calibrating the System

Once the values on the right side of equation (4.9)

G, ® S,
P - P Auw nw w w He (49)

3 He w geo
MSHe n3He GSHe q>3He S

are known, the polarization of a *He sample can be calculated. The values specific to the

system at the College of William and Mary are summarized in Table 4.

Parameter Value
P, 737%x107°
u, 2.79uy
Us,. -212u,
n, 2482 amg
ns,. 10.2 amg
G, 100
G3He 10
D 46.1 cm’
eo 2
D 41.8 cm
S, 395x107 V
S, -126x107° V

Table 4: Parameters used to calibrate an NMR system
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Raw Spin Up Data for Voltaire
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Figure 13: Spin up data for Voltaire.

The plot shows the peak height increasing over time for the AFP polarization
signal measured for Voltaire. The plot includes data from when the sweep began
until the peak height leveled off at its maximum value.

When the values in Table 4 are inserted into equation (4.9) the maximum polarization of

*He in Voltaire can be calculated, P, . =0.081=281%. The increase in the peak height

and the increase in the polarization over time are shown in Figure 13 and Figure 14

respectively.
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Calibrated Spin Up Polarization Data for Voltaire
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Figure 14: Spin up polarization data for Voltaire.

This plot shows the absolute polarization in percent vs. time for Voltaire. The
plot includes data from when the sweep began until it leveled off at its maximum
value.

4.7 Treatment of Errors

In this calibration there was error associated with measuring n, e S, , and

He

S, . In addition, error must be taken into account when calculating CD?Z’G and

(Table 5). As discussed earlier, Voltaire was filled with 8.5 amg of *He. However, when
the pumping chamber was heated during the optical pumping process the pressure in the
target chamber changed to about 10.2 amg. When calculating this change in pressure, it
was necessary to measure the interior volume of the cell. Due to some uncertainty in this

volume measurement, 7, has an error of about 5 %.

The signal height for Voltaire was fit using computer software. The error

associated with this fit is approximately 1 %. The water signal is much weaker than the
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*He signal and as a result background noise made it difficult to fit. The water signal fit

has an error of 9.0%.

Parameter | Error
n,. 5%
S, e 1%
S, 9%
ot | %
q)if’” 5%

P, e 12.5%

Table 5: The errors in the water calibration of Voltaire

When calculating the flux (for both *He cells and water cells), inaccurate
measurements in the input file are the largest source of error. The distance from the
target cell to the pickup coils must be measured accurately because variations on the
order of a millimeter can have a drastic effect on the total flux. Varying the number of
divisions along the coil and in the cell has little impact on the flux (except when the
number of divisions is set lower than 10). When the divisions along the coil were altered
so that there were 50 divisions in the x direction and 10 in the z direction, and the size of
the volume element in the cell remained unchanged, the total flux was 41.8 cm?, only a

0.001% change from the flux in 7able 2. When the divisions along the coil were kept at
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their original values (100 divisions in the x direction and 20 divisions in the z direction)
and each chamber of the cell was divided up into 20 divisions rather than 40, the flux
changed by only 1.8%. Due to measurement errors and the choice of segment size, it can
be approximated that there is a 5% error associated with each calculation of the geometric

flux. The total *He polarization error is approximately 12.5%.
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Chapter 5

Conclusions

The goal of this Honors Project was to calibrate the NMR system at the College
of William and Mary so that the absolute polarization of a *He sample could be
measured. This goal was accomplished; the absolute polarization of the *He cell,
Voltaire, was measured to be (8.1 + 1.0)%. The research conducted in this project will
help future researchers at the College of William and Mary measure the polarization of
*He target cells.

The NMR research conducted this year at the College of William and Mary has
focused on the pickup coils adjacent to the target chamber. Recently, however, upper
coils were installed in the target system at William and Mary. These coils are circular
and are adjacent to the pumping chamber of the cell. This year a flux code was also
written for the upper coils, but this code has not yet been tested or debugged and more

research is necessary before the measurements from these coils can be fully understood.
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Appendix

The computer code used to calculate the geometric flux is on the pol3he computer in
Small Hall in the directory named “marc” (~marc/flux.cc). The input file for Voltaire is
located in ~marc/voltaire.dat, and the input data for the water cell is located in

~marc/watercelll.dat.
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