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Abstract

We present experimental studies on the spin-exchange optical pumping of 3He using
alkali metal potassium vapor. High 3He polarizations are achieved using lower laser
power than traditional rubidium-*He pumping studies. In addition, spin-exchange
rate coefficient measurements for potassium-*He, rubidium->He and cesium-*He pairs
are reported.

By spin-exchange optical pumping with potassium vapor, a high *He polarization
has been achieved in a mid-sized double-chamber glass target cell using only 5 watts
of Ti:sapphire laser power. The spin-exchange rate coefficients of potassium->He,
cesium-*He and rubidium-3He pairs are measured and compared. The results are
ksg = (4.0 & 0.3) x 1072°cm?/sec for the potassium-3He pair, ksp = (6.5 4= 0.4) x
1072% cm? /sec for the rubidium-*He pair and kg = (13.6 & 1.3) x 1072° cm?/sec for
the cesium-*He pair.

The results are consistent with theoretical predictions and confirm that the ef-
ficiency for spin-exchange polarization of He with potassium is significantly higher
than with rubidium or cesium. The results motivate the development of high power
diode lasers tuned to the appropriate potassium wavelengths. Applied to the produc-

tion of polarized *He as an atomic beam source for colliders, these developments could
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have significant impact on future studies of neutron spin structure. These studies may

also have impact on magnetic resonance imaging using hyperpolarized 3He.
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Chapter 1

Introduction

1.1 Overview

This thesis work focuses on the experimental studies of polarizing *He using potassium
vapor via the method of spin-exchange optical pumping [28, 47, 62]. Hyperpolarized
3He has a wide range of applications both in fundamental nuclear physics and in the
field of magnetic resonance imaging (MRI). In the following sections of this chapter,
the applications of hyperpolarized *He in nuclear physics and medical imaging are
first reviewed; then the methods of producing polarized 3He are discussed. In the last
section, discussions of the motivation and goals as well as the organization of this

thesis are presented.

1.2 Applications of Polarized *He

1.2.1 Polarized *He as a Nuclear Scattering Target

A polarized 3He nucleus can be modeled as a polarized neutron bound to two un-

polarized protons. The orientations of the proton spins are anti-parallel due to the
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Pauli Exclusion principle. Therefore, in spin-dependent deep inelastic scattering ex-
periments, the polarized *He can be used as a polarized neutron target to study the
internal spin structure of the neutron. Over the past two decades, a series of deep in-
elastic electron-neutron scattering experiments using polarized *He targets have been
performed at the Stanford Linear Accelerator Center (SLAC) to determine the neu-
tron spin structure functions [56]. The development and production of large volumes
of highly polarized *He for nuclear targets have already had an enormous impact on
fundamental studies of the internal spin structure of the nucleon.

Before the emergence of polarized *He targets, experiments were performed on
the experimental determination of the nucleon spin structure using solid proton and
deuteron targets. Researchers are interested in such experiments not only because
it helps us understand nucleon structure, but also because it provides fundamental
tests of quantum chromodynamics (QCD). For example, QCD predicts a relationship
between the spin-dependent deep inelastic lepton-nucleon scattering cross sections
and the low energy weak coupling constants found in neutron decay, known as the
Bjorken sum rule [14]. In addition, another relationship called the Ellis-Jaffe sum
rule predicts values for the individual quark spin distributions in the nucleon [18].
Therefore, deep inelastic scattering experiments with polarized nucleon targets play
an important role in experimental nuclear physics.

The first experimental studies of the Ellis-Jaffe sum rule used solid, polarized
ammonia targets in the 1980s to derive the proton spin structure [20]. Until 1993,

there was no polarized neutron target. To study about the neutron, deuterated
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ammonia was used as a deuteron target, and then the neutron spin structure was
derived from the combination of polarized proton and deuteron target measurements.
The associated uncertainties were large in these experiments. Since the proton target
was solid, QED radiative corrections due to the unpolarized materials in the target
also increased the systematic uncertainties.

These limitations were overcome by using polarized *He targets. As mentioned
above, the spin of a polarized 3He nucleus can be modeled well as a polarized neutron.
This model is accurate to the extent that the initial state is found in an S-state [30],
just as in the case of spin-dependent deep inelastic scattering experiments. In these
experiments, the advantages of polarized 3He targets over the previous solid nucleon
targets are obvious, since the neutron results do not depend on previous proton mea-
surements. The polarized *He is a gas target, so QED radiative corrections are also
greatly reduced compared to solid targets. Over the past ten years, fixed target elec-
tron scattering experiments, using polarized *He, have been performed at numerous

nuclear and particle accelerator centers around the world [33, 40, 43, 37, 82, 59, 64].

1.2.2 Magnetic Resonance Imaging Using Hyperpolarized *He

Nowadays magnetic resonance imaging (MRI) has become a mainstream imaging tool
in medical research and in clinical disease diagnosis. MRI can produce unparalleled
high quality images of human body tissues. The polarized He gas has been applied
in new MR imaging technique [38], soon after it was developed in the field of nuclear

physics.
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Current MRI techniques detect the proton nuclear magnetic resonance signals
from the dense population of hydrogen protons in the form of water existing in tissues.
During MRI, a strong magnetic field around the body is generated to produce a proton

thermal polarization, which follows Boltzmann statistics:

_ wB/KT _ o~ B/KT B
p=l#"""_ € ‘ = tanh(22). (1.1)
ny+n_  erB/KT  e—wB/KT kgT

Then, an rf pulse at the proton resonance frequency is applied to the tissues in
order to make the protons precess along the main magnetic field. When the rf pulse
is turned off, the relaxation signals of the protons at resonance are detected.

The signal size depends on the proton density (i.e., water density in the tissues),
and on the relaxation rates of the signal, which in turn are sensitive to the surrounding
environment. Actually the discovery that the relaxation rates of nuclear magnetic
resonance signals in tissues and in tumors are different was among the first motivations
for using magnetic resonance to detect diseases [16].

To localize the signal positions in the tissues, additional magnetic field gradients
in three dimensions are added to the main field, which alter the main magnetic field
locally. Such gradients are turned on and off in a thin slice through the tissues so that
the detected signals build up an image at this slice. When the gradients have scanned
the whole body of the subject, all images of the slices can be combined together to
get an entire image of the tissues.

The limitations of the current MRI technique originate from two conditions. First,

since MRI makes use of the presence of water protons in the body, it is hard to get a
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clear MRI image of a human body tissue which contains no water. For example, the
conventional MRI images of human lungs are far away from satisfactory. In the case of
lungs imaging, the air space in the lungs contains too little water vapor to produce a
successful MRI image. Although Computed Tomography (CT) can be used to obtain
lungs images, the subject has to be exposed to x-ray radiation. This disadvantage
is especially relevant when imaging pregnant women and children, since developing
cells are very vulnerable to x-ray exposure.

The second factor that limits the proton-based MRI is the low proton thermal
equilibrium polarizations. Since human imaging must be performed at room tem-
perature, to get a reasonable signal size, uniform high magnetic fields have to be
applied. Typically superconducting magnets are used to generate a ~ 2 Tesla field
for MRI. Even with such high magnetic fields, the proton polarization is only on the
order of 1079, according to Equation 1.1. In addition, the high cost associated with
superconducting magnets is a factor limiting the technology.

In the 1990s, researchers realized that hyperpolarized He gas by spin-exchange
optical pumping with alkali vapor can be used in MRI to overcome the limitations
mentioned above. The idea is to get a 3He based image instead of a proton-based
image, once the subject tissues absorb a certain amount of polarized 3He. As a result,
dynamic in vivo lung MRI is accessible when the subject inhales polarized 3He gas.

It is worth noting that inhaling laser-polarized 3He gas into lungs has no side
effects. The only concern is that the oxygen percentage in the subject’s body could

be reduced when large quantities of 3He gas are inhaled. In clinical *He MRI, one
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or two liters of 3He are used, which does not cause an oxygen level problem for the
subject [71].

Besides lung imaging, polarized 3He can also be applied to build low-cost, low-field
MRI systems. The polarized *He gas by spin-exchange optical pumping with alkali
metal vapor can reach polarizations near ~ 50%, which is five orders of magnitude
larger than the thermal equilibrium polarization in water. What’s more, the non-
thermal-equilibrium 3He polarization does not depend on the strength of the main
magnetic field. This advantage can be used to realize MRI at a relative low magnetic
field without using superconducting magnets. Consequently, the MRI system cost
can be greatly reduced.

One example among the efforts of building a low-field laser-polarized noble gas
MRI system is a collaboration between our group and Stanford in Appendix A [66].
Combining the laser-polarized noble gas MRI technique and a low-field MRI tech-
nique, namely, Pre-polarized MRI, images of gaseous polarized '?Xe and water cells
at room temperature were obtained with a low-field magnetic resonance scanner. This
potentially low-cost imaging technique offers the possibility of high-resolution imaging

using both polarized noble gas and proton MRI of tissues in the same scanner.
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1.3 “‘He Polarizing Methods

1.3.1 Metastable Optical Pumping

To polarize 3He, one straightforward method is to use the technique of optical pump-
ing. However, the energy splitting of the 3He 15 to 2P states is in the far ultraviolet
regime so that no laser light is available. Therefore, instead of direct optical pumping
the ground state of 3He, the metastable 235, state of 3He is used. In this technique,
the electron’s spin is polarized by optical pumping with circularly polarized laser light
at 1.08 um between the 23S, and 23F, states. Then, the electron’s spin transfers its
polarization to the 3He nucleus via a hyperfine interaction [12]. By this method, the
3He nucleus can be highly polarized in a short time.

Although *He can be polarized very fast with the metastable state optical pumping
technique, it is hard to get high densities of polarized *He. The reason is that one
needs to produce the 3He metastable state 235, by rf discharge first, which limits the
3He pressure to be on the order of a few torrs. To get polarized *He in large amounts,
a complicated vacuum flow system has to be constructed. Today’s polarized *He
experiments use targets with pressures on the order of 10 atmospheres. These targets

are difficult to achieve using the technique of metastable state optical pumping.
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1.3.2 Spin-exchange Optical Pumping with Alkali Metal Va-

por

The majority of spin-polarized neutron scattering experiments use a technique called
spin-exchange optical pumping, to produce high density hyperpolarized *He in large
amounts, which is the focus of this thesis work. In the process of spin-exchange
optical pumping, the valence electrons in alkali metal atoms are polarized by optical
pumping with circularly polarized laser light. Then, the polarization of the electrons
is transferred to the *He nuclei by spin-exchange collisions [13].

Since spin-exchange collisions occur between different alkali metal atoms and the
3He nucleus, the interaction cross section is much smaller compared to the hyperfine
interaction cross section in the metastable pumping technique. This disadvantage is
surpassed by the fact that high densities of alkali metal atoms can be easily optically
pumped with high power lasers at the alkali metal atom’s D1 lines. Today, in the
lab, it is routine to polarize ~ 100 cm?® of 3He nuclei in several tens of hours to

polarizations near 50% by spin-exchange optical pumping with rubidium vapor.

1.4 Motivation and Goals

1.4.1 Background

The technique of spin-exchange optical pumping *He by alkali metal vapors was de-
veloped in the 1980s [25, 27, 35, 46] and applied to polarized electron scattering

experiments in the 1990s [33, 40, 43]. Although researchers have been able to build
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polarized 3He targets with optically pumped rubidium vapor in these experiments,
such systems have yet to be optimized. In particular, the target polarization relax-
ation rates usually vary from cell to cell.

In the process of spin-exchange optical pumping, the detailed time evolution and
the final He polarization are determined by the physical processes of spin-related col-
lisions among *He and alkali metal atoms, including the mechanism of optical pumping
alkali metal electrons by laser photons and the various spin relaxation mechanisms
for both the *He and the alkali metal atoms. Hence, to optimize such systems, thor-
ough theoretical studies are needed. Measurements of the important rate constants
are desirable. Before this thesis work, the experimental values of the key rates in the
spin-exchange collisions for potassium-*He pair and cesium-*He pair have not been
measured.

Theoretically, all alkali metal vapors can be used to spin-exchange optically pump
3He. However, most of the past efforts were dedicated to rubidium vapor studies,
since laser light sources at the rubidium D1 line were readily available. Nevertheless,
the laser technology developed quickly, and the diode laser light for potassium and
cesium D1 lines are now presently available. Today, the lack of light sources cannot
justify rubidium as the sole candidate for spin-exchange optical pumping of He. In
fact, theoretical studies predict that the potassium-*He pair has a higher efficiency
than the rubidium-He pair in spin-exchange optical pumping [41]. Experimental
investigations on the possibilities to build a better polarized 3He target with potassium

vapor could be beneficial to the field.
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1.4.2 Goals

Following the discussions in the last section, the goals of this thesis work are mainly
composed of three parts. (1). Developing a system to build good polarized 3He
targets, i.e., slow 3He polarization relaxation rates and highly polarized *He cells.
(2). Systematically measuring the spin-exchange cross sections of potassium->He,
rubidium-*He and cesium-*He pairs. (3). Exploring the performance of polarized *He
targets using potassium vapor.

The second chapter of this thesis provides a brief review of the theory of spin-
exchange optical pumping, followed by a discussion of possible advantages of potas-
sium over rubidium in polarizing *He. Estimates of the related rate constants are also
presented.

The third chapter describes the lab system used for the polarized *He experiments,
including the design and fabrications of the *He target cells, the construction of the
gas system, the laser system and the target station. With this setup, we have been
able to build long lifetime 3He target cells consistently.

In Chapters 4 and 5, measurements of spin-exchange rate coefficients of potassium-
3He, rubidium-*He and cesium->He pairs are presented. Chapter 5 also reports on
the first production of a highly polarized 3He target cell using potassium vapor. The
results indicate that one can polarize *He with a higher efficiency compared to using
rubidium vapor. Significantly less laser power is required to polarize an equivalent
volume of *He gas.

Finally, the concluding chapter summarizes the results and discusses possible fu-



ture applications.
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Chapter 2

Spin-Exchange Optical Pumping

In this chapter, the physical processes of spin-exchange optical pumping are described
and the related theories are reviewed. In the first section, the two underlying pro-
cesses, optical pumping of alkali metal atoms and spin-exchange collisions between
alkali metal atoms and 3He atoms, are examined. The optical pumping rates and spin
exchange rates are also estimated. Then, in the second and third sections, the *He po-
larization relaxations and *He polarization evolutions are discussed. The motivation

of polarizing *He using potassium is discussed at the end of the chapter.

2.1 Theory of Spin-Exchange Optical Pumping

2.1.1 Optical Pumping of Alkali Metal Atoms

The ground state of the valence electron in alkali metal atoms is 25 2, with angular
momentum J = 1/2. In a magnetic field B, the populations of magnetic sub-states
my = +1/2 obey the normal Boltzmann distribution at the ambient temperature at
thermal equilibrium. Taking room temperature 7" ~ 300 K and the magnetic field

B ~ 30 Gauss, the population difference between the two sub-states is in the ratio of
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exp(2 peB/kpT) ~ 1.00001. The magnetic sub-levels are almost equally occupied.

To polarize the electron spins into one direction along the magnetic field, one
needs to deplete one of the sub-levels and put all the electrons into the other sub-
level. The depopulation optical pumping method was introduced in the 1950’s [6] to
achieve this goal.

In the depopulation optical pumping process, the atoms are illuminated with
circularly polarized light. Suppose the helicity of the light is positive (¢7), the wave-
length of the light is tuned to the absorption line between the ground state 25 ;2 and
the excite state 2P, /2 (D; line), then according to the angular momentum selection
rule Am; = +1, only the electrons in the ground state 251/2,mj = —1/2 can ab-
sorb photons and be excited to the state 2P 5, m; = +1/2. The electron population
in 25, /2,y = +1/2 remains untouched. The excited electrons then decay to both
ground states 2.5; /2, my = £1/2, resulting in a net population transfer from the state
2512, my = —1/2 to the state 2S5, m; = +1/2.

Figure 2.1 shows a diagram of the relevant optical pumping scheme with the cor-
responding energy levels for an alkali metal atom. The branching ratios in Figure 2.1
indicate that the radiative decay to the m; = —1/2 ground states is more favorable.
On average, 1% photons are needed to polarize one unpolarized alkali metal atom.
To speed up the polarization buildup process, usually ~ 100 torr of buffer gas, N, is
introduced. Since the atom’s spin angular momentum can transfer to the Ny molecule
rotational momentum via collisions, the sum of the angular momentum of the atoms

and photons are not conserved in the presence of the Ny buffer gas. Therefore, radia-
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Collisional m=1/2
Mixing
2
Pl m=-1/2
1/2
1/2
231/2 Spin _ m=1/2
m=-1/2 Destruction

Figure 2.1: The energy level of an alkali metal atoms with D1 line optical pumping.
The branching ratios 2/3,1/3 are for the case of spontaneous decays, which arise from

the related C-G coefficient < 11|11 -111 >= \/g and < 1111111 >= \/g The number

22127 2 22122
1/2, 1/2 are for the case of collisional decays in the presence of a buffer gas.

tive branching ratios are not applied in this case. In addition, the collisions between
the 3He gas and the alkali metal atoms also mix the 2P1/2, my = +1/2 states. Over-
all, these collisions quench the atoms to the two ground state sub-levels with equal
probability, resulting in a situation in which only one photon on average polarizes an
alkali metal atom.

The optical pumping rate per unpolarized alkali metal atom 7,,; is determined by

the incident light flux and the photon absorption cross section:

Vopt = /I}il;)o(u)dl/, (2.1)

where I(v) is the incident light spectral density in units of Watts cm™2 Hz™!, and
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o(v) is the photon absorption cross section with a Lorentzian profile

1 +4(v — ) /T2

o(v) (2.2)

The linewidth I'" in the above equation is dominated by pressure broadening
(18GHz/atm for *He) while the alkali metal D1 lines natural widths are in the range
of ~10 MHz to ~ 100 MHz.

The peak absorption cross section oy per unpolarized alkali metal atom can be
estimated by considering light scattering by a classical dipole oscillator. The incident

light energy absorbed by a bound electron is (section 13.2 in [2])!

62

E = 71'%|E0(u)0)’2. (2.3)

Dividing the energy by the the incident flux I(w) ~ I(wg) = (¢/27)|Eo(wp)|?, we get

the peak absorption cross section from the expression

/O'(V)dl/ = /U(w);ﬁ; ~ To(vy) ~ 150) = 77% =8.46 x 1073, (2.4)

where we assume both the cross section and the incident light are peaked at vy. For
[' ~ 20 GHz, o(p) ~ 10713 cm?.

The peak cross section can also be calculated by time-dependent perturbation

lgaussian units and w = 27w
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theory. Using a quantum mechanical treatment [1], the sum rule becomes

/a(u)dv = nrecf, (2.5)

where r, = e¢?/mc is the classical electron radius and f is the oscillator strength, a
dimensionless number on the order of one for alkali metal atoms (f ~ 1/3 for the D1
line and f & 2/3 for the D2 line [1]).

Equation 2.5 is only different from Equation 2.4 by a factor of f, which indicates
that the optical pumping rates per atom (7,,:) for different alkali metal atoms are the
same order of magnitude, given the same incident light profile. Combining Equation
2.1 and Equation 2.5, one can see that v,, is proportional to the light power per unit
area and inversely proportional to the absorption cross section linewidth I" (i.e., the
target cell’s pressure).

In our experiments, the laser light power is 5 Watts, and the wavelength is ~ 770
nm (potassium D1 line). The target cell diameter is about 4 cm. According to

Equation 2.1, the optical pumping time scale is approximately,

Swatts/(2cm)?

Y ~ X 10—13 2
Tert ™ .63 x 10~ m?kg /sec x 3 x 10°m /sec/(770 x 10—9m) o

~ 5 x 10° sec™ . (2.6)

Note that the incident laser light power will decrease along the optical path, and
the alkali metal atom spin destruction rates are not counted in the above estimate.

Actually, the alkali metal atom spin destruction cross sections are smaller than the
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photon absorption cross section [32]. Equation 2.6 is a reasonable order of magnitude
estimate.

The polarized alkali metal atoms lose their polarization by collisions with other
atoms. During collisions, the electron spin can either transfer its angular momentum
to the rotational angular momentum of the colliding pairs, or exchange its spin with

the 3He nuclear spin. The interaction Hamiltonian can be expressed as

H:HSR+HSE:V(R)S'N—FAb(R)S'I, (27)

where S is the electron spin, N is the rotational angular momentum and [ is the
3He nuclear spin. The coupling constants v(R) and Ay(R) are functions of position
and the corresponding wave function densities of the pairs. Given Equation 2.7, the
electron spin flip cross section oy, can be calculated. The electron spin destruction
cross section ogp 1S 20 fip.

In practice, the total electron spin destruction rate of alkali metal atoms I'gp arises
mainly through collisions with 3He, buffer gas N, and alkali metal atoms themselves.

I'sp is in the form

Tsp = (< o4p Ve > + < oag " vge >)PHe]

+ < ofptva > [Al+ < ofp Moy, > [N (2.8)

where A stands for alkali metal atoms, [ | is the density, and <> denotes the thermal

average, since the spin destruction cross sections are usually temperature dependent.



18

Due to the low buffer gas pressure, the last term in Equation 2.8 is smaller and less
important than the first two terms.

Defining the rate constants k4_; =< o4~%; > for atom species i, the constants
ka_; are the key rates that finally determine the efficiency for optical pumping. Table
2.1 shows the theoretical estimates and experimental measurements of the velocity-
averaged spin destruction cross sections for A-A pairs and A-3He pairs, which indicate

that

krx_k < kro—ro < kcs—cs (2.9)

and

kx—te < krp—re < kcs—He- (2.10)

Therefore, in a target cell filled with 3He, optical pumping potassium will likely require
less incident laser power among the choices of rubidium, potassium and cesium.

The fact that lighter alkali metal atoms have smaller spin destruction rates comes
from the Hamiltonian in Equation 2.7. The coefficient (R) in Equation 2.7 is propor-
tional to the spin-orbit splitting of the alkali metal atom and inversely proportional
to the reduced mass of alkali metal atom-3He pair. Therefore, it decreases rapidly
from Cs to Na [41].

Based on the values in Table 2.1, one can estimate the spin destruction rate for a
typical cell in the lab with a 3He density of 2 x 10! cm™ (pressure ~ 1 atm) and a

potassium density of ~ 10 cm™ (temperature ~ 171°C ):
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Atom pair | Ref. Measured ogp(cm?) | Ref. Theory ogp(cm?)
KK [47] 10x10 ™

Rb-Rb | [20] 1.6 x 1077

COs-Cs 48] 2.3 x 10716

Na-3He [19] 1.4 x107% [42] 1.2 x 1072
K-3He 42) 6.5 x 1072
Rb-*He | [35] 13 x10°% 2] 7.5 % 1072
Cs-*He [42] 6.0 x 102

Table 2.1: Measured values and theoretical estimates of spin destruction cross sections
for alkali metal pairs and alkali metal-He pairs. The spin destruction cross sections
decrease for smaller alkali metal atoms.

Lsp ~ 4(x—me) sec !+ 20(x—K) sec” ! = 24 sec™ L. (2.11)

Equation 2.11 implies that potassium-potassium collisions are the main underlying
processes responsible for the potassium spin destruction rate for the above experi-
mental conditions.

The spin-exchange rate constants kgp =< U?E?HevHe > are much smaller than
corresponding spin destruction rate constants k4_p. for *He atoms and alkali metal
atoms. They both contribute little to the overall spin destruction of alkali metal
atoms, but they are key factors in the process of *He nuclear spin polarization buildup.
In subsequent chapters, these two rate constants will be discussed in more detail, and
the measurement results for the spin-exchange rate constants will be presented.

With the relevant rate constants defined, it is possible to write down the alkali

metal electron spin evolution equation for optical pumping. Introducing normalized

ground state populations N that satisfy N, + N_ = 1, the alkali metal atom spin



20

polarization is defined as twice the averaged spin:

P=2<S,>=N;—N_. (2.12)

According to the definitions of 7, and I'sp, the rate equations are

AN, dN_
- _ - 2.1
dt dt (2.13)
dN. 1 r r
7; - §<2fyopt)N— + %N, - %NnLu (214>

where the factor 1/2 in the first term of the rightside comes from the branching ratios
of non-radiative quenching decay shown in Figure 2.1. Also, note that ~,, is defined
per unpolarized atom, which is half of the rate per atom in the sub-state m; = —1/2.

From Equation 2.14, it is straightforward to show that for unpolarized atoms, the

polarization evolves as

P(t) = P0(1 _ e*(’Yopt+FSD)t). (2.15>

After a time period ~ (Yopt + I'sp) ™' ~ %_p% ~ 10 microsecond, (comparing Equation
2.11 and Equation 2.6), the electron spin polarization arrives at its maximum steady

value

PO - "Yopt

= 2.16
Yopt + FSD ( )

All the above discussions including the rate constant values in Table 2.1 ignore
the effect of the non-zero nuclear spin of the alkali metal atoms. Basically, a non-zero

nuclear spin slows down the optical pumping rate comparing to the zero nuclear spin
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case. The following discussions will show that this effect can be described by a slow
down factor multiplied by the rate constants. Actually, this factor is the ratio of the
averaged hyperfine polarization to the electron spin polarization for the alkali metal
atoms.

In a weak magnetic field, since the zeeman splitting(Am = 1) is only on the order
of 10® kHz/Gauss and the hyperfine splitting (AF = 1) is ~ GHz, the total spin
F =1+ S is a good quantum number instead of S. The electron ground state has
2(21 + 1) mp sub-levels instead of only 25 4+ 1 = 2 sub-levels as shown in Figure 2.1.
In the presence of a high-pressure 3He gas, the hyperfine structures are not resolved
within the pressure broadened absorption D1 line. The mpg sub-levels absorb the
incident light with equal probability. The buffer gas will still quench the excited
states to the ground sub-level with equal branching ratios. The only difference from
the scheme in Figure 2.1 is now that it takes more steps to transfer the electrons to
the righthand ground sub-level mp = I + % Therefore, the optical pumping rate gets
slower compared to the zero nuclear spin situation discussed before.

The collisions between alkali metal atoms thermally mix the mpg sub-levels ac-
cording to their energies in a weak magnetic field. The steady state mp sublevel
population can, therefore, be described by a spin temperature 3~ with Boltzmann
distribution [7, 46]

N, = —eP™, (2.17)

where

sinh[B(F + 1/2)]'

_ Bm __
Zp =2 = sinh(3/2)

(2.18)
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The averaged alkali metal’s hyperfine polarization for state F' is

XmN,, 1 0Zp
Pr = ==
2N, Zp 0B

(2.19)

In the presence of optical pumping laser light, the spin temperature 37! is a function of
the laser power. It is determined by requiring the averaged electron spin polarization

change from Equation 2.12 to
_ g _
Pg = tanhg =2<85,>. (2.20)

It can be shown that under the spin temperature limit [32], the polarization evo-

lution will slow down by a factor of S = Pr/Ps. As a result, Equation 2.15 becomes

P(t) = Py(1 — e~ 25221, (2.21)
where the final polarization F, is unchanged. Therefore, in our experiments, the alkali
metal atom’s electron spin polarization is established on a time scale of milliseconds,
rather than the simplified estimate of ~ 10~ seconds from Equation 2.15.

The slowdown factor S can be understood as a requirement coming from angular
momentum conservation. For simplicity, first consider the case without relaxation.
Since the optical pumping rate is proportional to the unpolarized alkali metal electron
population, the rate is proportional to a factor of 1 — Pg, even in the presence of non-

zero nuclear spins. Given the fact that each photon transfers /2 angular momentum



23

to the atom’s total hyperfine spin Pr, the rate equation for the atom’s hyperfine spin

Pr can be written as

dP.
dTF = Yopt(1 — Ps) /2. (2.22)

Therefore, the rate equation for the electron spin Py becomes

dPs  d(Pp/S) _ Yopt
= S e T Py (2.23)

Compared to Equation 2.14, the slowdown factor S arises naturally. The argument
is the same for the case of the relaxation rate I'sp. Note that since S = Pp/Ps is
time dependent, the electron spin P(t) does not increase exponentially. Only when
P(t) is small, W is approximately a constant.

In our experimental conditions, the target cells usually contain large amount of
alkali metal vapor ([A] ~ 10 cm™3). The incident light flux is not a constant along
the light path through the cell (i.e., we are dealing with optically thick targets).
In such situations, the incident flux I(rv) = I(v, 2) is a function of position, hence
Yopt = Yopt(2). The consequence is that the alkali metal polarization P = P(z) also

varies along the cell. To determine P(z), one has to solve the following equations,

afgyz,z) = —[Alo)[1 - P(2)[[(1, 2) (2.24)
Yopt(2) = /I(Z;/Z)a(l/)dy (2.25)
Pl = —Jal®) (2.26)

’yopt(z) + 1—‘SD .
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A mathematica code has been written to solve numerically the above equation
arrays for given laser light powers/linewidths and alkali metal vapor densities. Al-
though the calculation does not agree well with experimental measurements, due to
large uncertainties on I'sp and [A], it still shows one important aspect of optically
thick pumping, the absorption length in the vapor is on the order of ~ mm.

The laser incident light can travel along the cell beyond many absorption lengths
for a optically thick cell. Since 7, >> ['sp, at the front of the vapor (z =~ 0),
the alkali metal polarization will be saturated and near one. Then, the saturated
vapor cannot absorb more laser light. After passing the saturated vapor region, the
incident light with the remaining power will continue to propagate along the path
and saturate more alkali metal atoms. When all the laser power has been absorbed,
the alkali metal polarization reduces to zero abruptly within one absorption length.
So the cell is basically divided into two parts. The front part has an alkali metal
polarization near one, and the rear part has a polarization near zero.

Collisions between the alkali metal atoms and the container’s wall also relax the
electron polarization in addition to the I'sp destruction. For the high-pressure cells
in our experiments, this effect can be modeled as a polarization diffusion process near
the wall [45]. Let D denote the alkali metal atom diffusion coefficient in the cell.
Adding a diffusion term DV?2P to Equation 2.21, the polarization evolution equation

is
oP I'sp 9
97 _ _15Dpy pyvrp, 2.97
ot g P+DV (227)

D

The diffusion term adds to the spin destruction rate by approximately 2T an 8T
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[45]. For our ~ 1 atmosphere potassium-*He cells, this effect is less than 5% of I'sp/.S.
2.1.2 Spin-exchange Collisions

Spin-exchange collisions between alkali metal and noble gas *He atoms can be under-

stood as interactions between two magnetic moments. The alkali metal atom’s valence

electron carries an electronic magnetic moment ps = 2upS, where pup = 2;72 is the
e

Bohr magneton, and the 3He nucleus carries a nuclear magnetic moment pu; = ~,1.

The parameter 7, is the nuclear gyromagnetic ratio and

eh eh
Vo = pu/T = g(5 /T =g(5—) = g, (2.28)

P P

eh

5..— is the nuclear magneton and g is the g factor for nucleus I. For 3He,
P

where puy =
V3. = 3243 Hz/Gauss and for proton, 7, = 4258 Hz/Gauss.

The spin-exchange Hamiltonian between two magnetic moments is [2]

87T 1 r- s r-
H:_gﬂ's'ﬂ'lé(r)"i_ﬁ ,LLS-[I,]—?)( ’J'Zg M’I) ! (229>

where the first term describes the interaction at r=0, which dominates the spin-
exchange process. This expression was first introduced by Fermi and called the Fermi
contact interaction energy.

Starting from Equation 2.29, it is natural to write down the spin-exchange Hamil-
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tonian using quantum theory,

167
Hep = Ay(R)I - S = TMB%U2I¢@(R)IQI - S. (2.30)

In Equation 2.30, R is the distance from the 3He nucleus to the alkali metal atom
center, and ¢.(R) is the unperturbed electron wave function for the alkali metal
without ®He present. The parameter n can be understood as an enhancement factor
[13]. In the presence of *He nucleus, the Coulomb potential attracts the alkali metal
electron to the *He nucleus, which increases the probability that the electron is located
at the 3He nucleus. The enhancement parameter 1 was calculated by Walker and
collaborators in the 1980’s [24].

Based on the Hamiltonian in Equation 2.30, the spin-exchange cross section ogg
can be estimated by time-dependent perturbation theory. An order of magnitude
estimate for ogg can be obtained as follows. Taking R ~ r4 as the radius of an
alkali metal atom (classically, it is the nearest distance between an alkali metal atom
and the *He nucleus), and the collision interaction time as At ~ r4/vge, where

vie = /8KT /mmy, is the thermal velocity of 3He atoms, we can estimate ogp as,

<1 [H(ra)At| 11>
h

Osg = 7r7“i-2

2 A%(’I”A)A2t

= 9 2.31
ﬂ-rA 4h2 ( )
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Correspondingly, the spin-exchange rate is

Vse = [A] - vge - 5B (2.32)

According to the above equations, the spin-exchange cross section ogg is inversely
proportional to the square of the 3He thermal velocity. Therefore, we expect the cross

section is inversely proportional to the temperature T. The rate coefficient

kSE‘ =< VUHe ' OSE > (233)

should exhibit 1/v/T dependence.
Equation 2.31 also suggests a positive correlation between the alkali metal atom
size and the spin-exchange cross section. Table 2.2 shows the theoretical estimates of

spin-exchange cross sections for alkali metal-3He pairs derived by Walker and Happer

28]

Atom pair Na-*He | K-*He | Rb-*He | Cs-*He
osp(10 Zem?) | 1.2 2.1 2.1 2.7

Table 2.2: Theoretical estimates for the spin-exchange cross sections at a temperature
of 100°C for alkali metal-*He pairs from Reference [28].

At a temperature ~ 150°C, the He thermal velocity is about 1700 m/s, and

3

the potassium vapor density is on the order of 10* cm™3. The spin-exchange rate

constant is estimated as ksg ~ 3.6 x 107%cm? /s, which implies that the 3He spin
1

polarization rate is about ~ (a few hours)~'.

The theoretical spin-exchange cross sections for rubidium-*He and potassium-3He
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pairs are almost the same, since the radii for rubidium and potassium are similar.
However, the spin destruction cross section for the rubidium-*He pair is ten times
larger than for the potassium-3He pair due to spin rotation interactions, as shown in
Table 2.1. So, we expect an overall higher spin-exchange efficiency for the potassium-
3He pair.

The spin-exchange photon efficiency 7 is defined as the inverse of the minimum
photon number needed to fully polarize one unpolarized *He nucleus [45]. The effi-
ciency is determined by the ratio of the spin-exchange rate of the alkali metal atom
3He pair to the overall alkali metal electron’s spin destruction rate, I'gp. Since each
photon transfers i/2 angular momentum to the alkali metal atom’s electron, by def-

inition, we have

1 -1 FSD + kSE[3H6]
27] n kSE[3He]
ksp[*H
— sl Hel (2.34)

2(FSD + kSEPHe]) '

Inserting the rate constant values from Table 2.1 and Table 2.2 into the above equa-
tion, the maximum spin-exchange photon efficiencies of alkali metal atom and 3He
pairs can be estimated and are given in Table 2.3.

Table 2.3 indicates the optimum specifies for polarizing *He. They are Na and
K, in terms of power consumption for optical pumping laser light. Although the
prediction is straightforward, one has to bear in mind that the actual photon effi-

ciencies could be very different from the values listed in Table 2.3. In practice, at
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Atom pair Na-’He | K-*He | Rb-*He | Cs-3He
St = osn/(0sp Fose) | 09 | 04 | 003 | 0.008

Table 2.3: Theoretical maximum spin-exchange photon efficiencies for the limit of low
alkali metal densities. Spin destruction is mainly due to the rotation interaction of
the alkali metal and 3He atom pairs, ignoring the contribution from collisions between
alkali metal atoms.

high temperature, the spin collisions between alkali metal atoms could dominate the
spin destruction processes, hence the photon efficiency can be strongly temperature-
dependent. What’s more, systematic measurements for ogp and ogp are lacking in
the literature, and it is possible that the differences between experimental values and

theoretical estimates are large.

2.2 SHe Spin Relaxation Studies

The 3He nuclei gain polarization from spin-exchange collisions with polarized alkali
metal atoms and lose polarization through various relaxation processes.

The fundamental physical process which ultimately limits the *He spin relaxation
rate is the magnetic dipole-dipole interaction between *He atoms [34]. During col-
lisions between *He atoms, the magnetic dipole-dipole interaction couples the 3He
nuclear spins to the orbital angular momentum of the colliding atom pair. Therefore,
the individual *He nuclear spins are depolarized.

Newbury et al. calculated the relaxation rate 'y, due to 3He dipole-dipole in-

teractions in Reference [34]. It was found that the dipolar relaxation is proportional
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to the *He density. At room temperature (23°C),

[*He]

77N hours ™, (2.35)

Dyt =

where [*He] is the *He density in units of amagats. (An amagat is the ideal gas density
at one atmosphere and 0°C. One amagat=2.69 x 10 cm™3.) For the target cells
with *He pressures ~ 1 atm, 7,7, is longer than 744 hours at room temperature.

Newbury et al. also predicted a moderate negative temperature dependence for
[pur- In the temperature range of 23°C to 250 °C, the calculated 7y, decreases by
a factor of 1.2.

In practice, the wall collision is the most important process which dominate the
3He polarization relaxation rate. In a 3He glass cell, the 3He atoms collide with
paramagnetic impurities such as Fe?* on the cell’s surface. The Fe3* in the glass wall
have random orientations, leading to the *He nuclear spin relaxation. For glass which
is highly permeable to 3He , such as Pyrex, the wall relaxation rates can be as fast

1

as ~ 1 hours™. Some aluminosilicate glasses, namely, Corning 1720 and GE-180,

both have a low *He permeability, therefore, wall relaxation rates ~ 1/50 hours™! are
achievable.

The temperature dependence of wall relaxation rates was studied both experimen-
tally and theoretically in References [15] and [76]. At low temperatures, the relaxation

rate decreases with increasing temperature, since He atoms spend less time at the

wall at higher temperature [15]. For temperatures above 130 K, the wall sticking time
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is the most important, leading to a temperature dependence of

Fwall - Fg,e_E/kT7 (236)

where F is the binding energy of the 3He atom at the wall [35].
Saam et al. confirmed Equation 2.36 in experiments and empirically determined

I'% and E for Pyrex glass in Reference [76]. They found that

F’wall _ Fguefl.GE)/T
1.65

In the temperature range of 23 °C to 250°C, I',4; can be regarded as a constant for
Pyrex glass cell according to Equation 2.37. The constant 'Y is proportional to the
surface-to-volume ratio of the cell. Therefore, the wall relaxation time 1/I",4; scales
with the cell’s characteristic length. Larger cells have longer life times.

In addition to the above two basic *He spin relaxation processes, there are other
relaxation mechanisms that typically contribute less to the *He spin relaxation. The
inhomogeneous magnetic field can relax the *He spin polarization via [26]

VB, |> + VB,?

(2.38)

where Dy, is the 3He self-diffusion constant and the holding magnetic field is along

the z direction. For a cell with one atmosphere of *He , Dy, is ~ 0.03 cm?/s. The



32

Helmholtz coils in our experiments have a residual magnetic field gradients near the
center on the order of ~ 10 mG/cm and the holding field B, is between 20-40 G, so
F%lB ~ 1400 hours, which is negligible.

In the polarized *He scattering experiments, electron beam ionization also con-
tributes to the *He depolarization. This effect was small in SLAC experiment E-154
[44] and is absent in our experiments.

The total *He polarization relaxation rate is then given by
I'= Fwall + 1—‘bulk + FVB + Fothera (239)

where the first term typically dominates. We have been successfully making cells
with T'=! greater than 50 hours using GE-180 glass. High 3He polarizations have

been achieved in these long lifetime cells in our laboratory.

2.3 3He Polarization Evolution Equations

The 3He nuclear polarization evolution has a similar form to the alkali metal atoms
polarization evolution Equation 2.14. Let Ni be the normalized atom state popula-
tions satisfying N, + N_ = 1. The 3He spin polarization can be expressed as P =
N, (®*He) — N_(3He). The alkali metal atom polarization is Py = N, (A) — N_(A).

The 3He polarization rate equation is given by

N, (*He) [T
ANy CHe) [0 N (4)

dt 2 N_(*He) - E +vseN_(A)| N.(*He),  (2.40)
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where

AN, (*He) , dN_(*He)
dt dt

= 0. (2.41)

The time evolution of Equation 2.40 for initially unpolarized 3He is

PO =Fas VSZ“S—T- (1 —e e, (2.42)

with a time constant of (ysg + ')~

The steady state 3He polarization becomes

P=r, YSE < Yopt )( VSE ) (2.43)

ysg+T Yopt + T'sp ) \vse + T

According to Equation 2.43, to achieve a high *He polarization, both P4 ~ 1 and
vse > T have to be satisfied. So one wants the alkali metal atom density [A] large
enough to ensure vsg = ksg[A] > T, but still small enough so that I'sp < Yopt, and
Py~1.

Explicitly, the requirements for achieving a high 3He polarization are

FSD < Yopt» (244>

and

I' < ysp = ksplA]. (2.45)

These requirements can be rewritten as conditions on the alkali metal density (tem-
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perature),
T ot — k§p"[PH
e < [A] < T =750 (A, (2.46)
kSE kSD

Higher laser power and longer lifetime cells can increase the range of the above
inequality. On the other hand, for a given incident laser power and cell, choosing
the alkali metal-atom-3He pair which has the largest spin-exchange rate (k§;"¢) and
smallest spin destruction rate coefficients (k45 and k§5¢) should optimize the *He
polarization system. This is the main motivation for this thesis work, to polarize *He
using potassium and to measure the spin-exchange rate coefficients for the potassium-

3He pair and the cesium->He pair.
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Chapter 3

Experimental Setup

3.1 Overview

This chapter describes the experimental setup. In the first part, the design and
fabrications of the 3He target cells are discussed. Following is a description of the
gas system built to clean and fill the cells with 3He and N, gases, after which the
gases filling process is presented. In the second part of the chapter, the target setup
components and operations are described, including the lasers and optics layout, the
production and control of the magnetic fields, and the heating oven with temperature

measurements.

3.2 Target Cells

In our spin-exchange optical pumping experiments, He gas and alkali metals were
sealed in glass cells. Figure 3.1 shows a photograph of a cell used in the experiments.
During the experiments, the cells were heated to between 100°C and 200°C, and a

laser beam passed through the cell to polarize the alkali metal vapor.



Figure 3.1: A double-chamber cell used in the experiments. The background is an
optical table with threaded holes with one inch spacing.

3.2.1 Cell Design

To polarize 3He successfully, it is required that the cell’s geometry and the laser optics
are both optimized to improve overall laser light transmission efficiency into the cell.
More importantly, the cell’s wall should have low 3He polarization relaxation rates.
The cell should also have a low permeability to *He to reduce diffusion loss of *He
through the cell over longtime periods.

All the above requirements come into considerations in the cell design and fabri-
cation. The key factors are designing the cell geometry and choosing the correct glass

materials for building cells.
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3.2.1.1 Geometry Considerations

As shown in Figure 3.1, double-cylinder-chamber cells were built for the experiments.
In principle, a spherical geometry would be a good choice, since a spherical cell
has a small surface to volume ratio. Hence, a longer wall relaxation rate could be
achieved with a spherical cell as discussed in Chapter 2. However, light reflection
and refraction on a curved cell surface does seriously reduce the light transmission
efficiency. Therefore, a cylindrical shape was adopted. The front end of the cell was
constructed to be flat, and the cell’s diameter was chosen to match the laser beam
profile to use the maximum amount of laser light.

The two-chamber design, shown in Figure 3.1, was first adopted for electron scat-
tering experiments [36]. In the electron scattering experiments, the laser light illumi-
nated the upper chamber of the target cells, while the electron beam passed through
the bottom chamber. This design allowed a separation of the optical pumping from
the electron beam scattering process and, therefore, helped reduce radiation damage
to the optical mirrors during the experiments.

Another technical reason for choosing the double-chamber design in the experi-
ments is to allow for 3He polarization measurements at room temperature, similar to
the water calibration measurements. A better measurement of the 3He polarization
is achieved than using a hot single-chamber cell. Polarimetry, along with the relevant

calibrations, will be discussed in detail in the next chapter.
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GE-180 | Fused Quartz | Corning-1720 | Pyrex
Softening Point (°C) 1015 1870 926 821
Anneal Point (°C) 785 1140 726 565
Strain Point (°C) 735 1070 674 510
Expansion Coefficient (10~7/°C) 44 55 44 33
Density (g/cm?) 2.77 2.20 2.64 2.23

Table 3.1: Comparative data for GE-180, Quartz, Corning 1720 and Pyrex glass.
Note that the glass density is proportional to the permeability of *He. All the data
are taken from the GE Lighting glass data sheet.

3.2.1.2 Material Considerations

Besides the geometry considerations, it is important to choose the correct glass ma-
terial when constructing the cells. As discussed in the last chapter, the glass surface
properties, such as the impurities, the 3He permeability are largely responsible for
the 3He depolarization. Different glasses make huge differences in the polarized 3He
wall relaxation rates.

Quartz, borosilicate glass (Pyrex) and aluminosilicate glass (Corning 1720, GE
type 180) are the most common candidates for constructing *He cells. All of them
have been used for building polarized 3He cells in different labs. Table 3.1 shows a
comparison of different glass, namely, glass GE-180, Quartz, Corning 1720 and Pyrex.

Quartz is more permeable to *He compared to Pyrex and aluminosilicate glass. It
also has a much higher softening point (1870 °C ) than the other two types of glass.
Correspondingly, it is harder to work with than Pyrex glass in terms of glassblowing.
Therefore, quartz was not used for cell construction in our lab.

Pyrex is easy to work with, so it is preferred by glassblowers. However, the

pyrex cells made in our lab had fast wall relaxation rates typically with 1 hour™!
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timescales. Though it had been difficult to make long *He polarization relaxation
time cells out of Pyrex throughout the history of spin-exchange optical pumping, it
is worth mentioning that some recent successes have been made in other labs using
Pyrex cells. In 2002, long lifetime (~ 40 hours) bare Pyrex 3He cells were produced
in Saam’s lab [75]. Another method, namely, sol-gel coating of Rb and Cs metal in
the inner wall, was explored in Cates’ lab [57] to increase the wall relaxation time of
Pyrex cells. Relaxation times of hundreds of hours have been observed in some Pyrex
cells [57].

In the SLAC polarized *He experiments, the 3He target cells were all made out of
aluminosilicate glass Corning 1720 [44, 36]. Corning 1720 has a very low permeability
to *He. The wall relaxation rates in Corning 1720 cells can easily be several tens
hours™ or less. However, some serious drawbacks for using Corning 1720 glass exist.
First, it is extremely difficult to work with, actually only a very few glassblowers can
work with this glass. Second, it is hard to get Corning 1720 glass on the market.
The price of Corning 1720 glass is high and the availability is limited. Actually in
2003, Corning Inc. stopped its product line of aluminosilicate glass tubes including
Corning 1720.

All the cells used in this work were produced out of a new aluminosilicate glass,
namely, GE-180. Originally GE-180 glass was developed and was used exclusively for
halogen lamps. It has a superior heat strength, which tolerates temperatures higher
than 500°C with minimal levels of impurities. GE-180 glass has a higher density

than other glasses (see Table 3.1), and therefore it has a lower permeability to 3He.
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In terms of physical properties, it is a good substitute for Corning 1720 glass. The
results in our lab confirm that GE-180 glass is an ideal material for polarized 3He
cells. Bare cells made of Ge-180 glass in our lab consistently have wall relaxation
times on the order of ~50 hours. It is also worth noting that unlike Corning 1720
glass, Ge-180 glass is easy for a glassblower to use and is cheaper and available on

the market.

3.2.2 Cell Fabrications

For the cell fabrication and filling procedures, it was difficult to achieve consistent
control of the cell wall relaxation rates. Besides choosing the right glass material,
careful glass cleaning treatments were applied to reduce any additional *He relaxation
rates resulting from gas-glass surface interactions. One highlight of this thesis work
is that, by the end, long wall relaxation time cells were produced routinely in the lab.

Commercial glass tubing has many contaminants on the surface. Untreated tub-
ing does not make long lifetime cells. The key treatment of tubing during the cell
fabrication procedure was to reblow the tubing so that the inner wall of the cell has
a cleaner surface.

Original Ge-180 glass tubing out of box was 16 + 0.2 mm in outside diameter
with a wall thickness of 1.2 £ 0.12 mm. The tubing was attached to a lathe, and the
glassblower carefully expanded it to a size of 1.5 inch or 1.0 inch in outer diameter, for
the upper chamber tubing and bottom chamber tubing, respectively. Since a simple

expansion leaves the new tubing wall too thin, and the cell too fragile, the glassblower



41

had to increase the tubing diameter, then shrink it in length to thicken the wall. These
procedures were repeated until the tubing reached the desired diameter for a certain
wall thickness. The measured wall thickness after blowing was 0.9 & 0.1 mm. In this
case, a direct measurement of the wall thickness is necessary, since the wall thickness
cannot be calculated by assuming the wall thickness is inversely proportional to the
diameter.

Before resizing the tubing, additional chemical cleaning procedures are typically
applied. The glass was rinsed in nitric acid, deionized water and spectroscopic grade
methanol. However, for the cells made in our lab, simple reblowing without chemical
treatment cleaned the glass effectively enough. Future cell lifetime improvements may
be achieved if the acid cleaning step are added.

The cell chambers were made from the resized tubing. Then, one or two cells
were connected to a tube through a 1 inch long constriction stem, as shown in Figure
3.2. The whole string was annealed in an oven at ~ 785°C for several hours. After
annealing, a capsule containing alkali metal was attached to one end of the tube. The
other end of the tube served as an entrance of the entire cells manifold to the vacuum

system. (see Figure 3.2).

3.3 Cell Filling

A vacuum system was built in our lab to fill the cells. The system has the capacity to
handle a wide pressure range from 10~® torr to several atmospheres. It was used to

monitor the contaminants in the cell, pump out the contaminants from the cell, and
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Figure 3.2: A string of cells on a manifold. The dimensions of the pumping chamber is
1.5 inches in diameter and 3 inches in length; the target chamber is 1 inch in diameter
and 4 inches in length.

then fill the cell with the alkali metal vapor, and the *He and N, gas in a controlled

manner.

3.3.1 Gas System

Figure 3.3 shows the layout of the vacuum system. It contains two pumps, one of
which is a turbo molecular pump (Pfeiffer model TSHO71E) and the other of which
is an ion pump (Varian minivac model 9290091). Combining the two pumps can
evacuate the system to a pressure down to 107® mbar. A residual gas analyzer (SRS
model RGA 200) is attached to the vacuum manifold to identify and analyze the
gas contaminants left in the system. Several pressure gauges are located in different
positions to measure the system pressure.

It took one month in the lab to assemble and test the entire vacuum system.

Before filling the cell, the system was leak tested with *He gas and baked for several
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Figure 3.3: The vacuum system used for cell filling.

days to bring the pressure down to 10~® mbar. One lesson learned in this process was
that some valves in the system cannot stand high baking temperature.

Before attaching the cells to the vacuum, the string of cells was rinsed in deionized
water, then sealed to a VCR fitting by epoxy. After 24 hours, when the epoxy fully
dried, the string was connected to the vacuum system through a valve. The turbo
molecular pump was turned on, until the the system pressure fell to ~ 1 torr, then
the ion-pump was turned on. When the vacuum pressure was below 10~ torr, the
RGA was turned on to monitor the gas contaminants in the system. Figure 3.4 shows
a typical RGA scan before baking the cell.

Initially the main contaminants in the system were water, nitrogen (air), CO5 and

hydrogen. To remove the contaminants, the cell string was wrapped with heating tape



44

Figure 3.4: A typical RGA scan before baking the cell.

and baked at ~ 150 °C overnight. Initially, large amounts of water were baked off the
cell walls. The vacuum pressure would increase by an order of magnitude. After 12
hours or so, the pressure dropped to its minimum value, namely, ~ 10~7 torr.
During the pump down, the pressure in the system was not uniform. Only after
a very long time period did the whole system reach a pressure equilibrium. During
most of the time, the pressure readings from different gauges had different values,
since these gauges were located in different positions. As a consequence, the pressure
read from the RGA scan are not the same as the pressure read from the hot-ion gauge.
The RGA was placed near the pumps under the bottom part of the vacuum system,
while the hot ion gauge was placed at the top near the cell string. The readings from

the RGA were usually larger than those from the ion gauge by an order of magnitude.
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Figure 3.5: A typical RGA scan before filling the gas into the cell.

We use the values from the ion gauge to characterize the cell pressures, since the gauge
is close to the cells.

After the cell string was cooled down, when the bake down was complete, the
alkali metal capsule, attached at one end of the string, was broken by a small magnet.
Contaminants were released from the broken capsule. The removal of impurities from
the alkali metal is believed to be critical to the cell’s final performance. Several hours
are needed to pump off these contaminants. Figure 3.5 shows a RGA scan graph for
a cell string after removing all contaminants. The major residual gases were only

hydrogen and nitrogen.
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3.3.2 Cell Construction

After the system’s pressure reaches equilibrium, a few milligrams of alkali metal are
chased with a torch into the upper chamber of the cell. Then the cell is ready to be
filled with 3He gas and Ny buffer gas.

The entire vacuum system can be divided into two parts, by a main valve. The
lower part contains all the pumps and the RGA. The upper part of the vacuum
system contains *He, Ny bottles and the cell string. Between the gas bottles and the
remaining part of the vacuum manifold, there are small buffer volumes separated by
valves, which serve as reservoirs between the gas bottles and the cells string.

To fill the cells, the main valve is first closed. Then valves between the buffer
volumes and the vacuum manifold are closed. A small amount of nitrogen or *He gas
is released into a buffer volume. After closing the gas bottle valve, the cell-end valve
is opened. The gas in the buffer volume then enters the cells.

During the filling process, the cell’s pressure is monitored by a gauge. The cell is
filled to the desired *He and nitrogen densities by repeating the filling cycle. Finally,
filled cells are pulled off from the vacuum manifold and sealed by a torch.

The *He had a purity of 99.9% (Spectra Gases, *He - atom 99.9%, 5 liter bottle).
Since alkali metals are excellent getters to purify gas, we did not apply any additional
3He gas purifying procedures.

The final *He number densities are converted from the gas pressure by n = P/kgT.
A typical potassium cell in the experiments contains a density of ~0.66 amagats of

3He and ~0.1 amagats of nitrogen.
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3.4 Target Setup

3.4.1 Overview

The experimental setup is shown in Figure 3.6. In the experiments, the top cham-
ber of the cell was placed in a high temperature plastic oven and sealed with high
temperature epoxy. The oven was then mounted in the target station. The target
station was originally built and used in the polarized *He experiments performed at
the Stanford Linear Accelerator Center in the 1990s [33, 40, 43, 36, 44] and has been
adapted for laboratory tests.

The experimental setup shown in Figure 3.6 consisted of a pair of 1.4 meter
diameter Helmholtz coils that generated a uniform 20 to 40 Gauss magnetic field
along the pump beam direction, which worked as the holding field for the 3He nuclear
polarization. The residual magnetic field gradients near the center of the target stand
were measured to be on the order of ~10 mG/cm. The target cell was placed in the
center of the Helmholtz coil. A pair of rf drive coils and a separate pair of pickup
coils surround the cell and were used for nuclear magnetic resonance measurements
of the 3He polarization using adiabatic fast passage (AFP)[3].

During the experiments the top chamber was heated by hot air flow at tem-
peratures between 180°C and 230 °C, while the lower chamber was maintained at a
relatively low temperature of 40°C for the polarization measurements. The cell’s tem-

perature was monitored by several RTD (Resistive Temperature Devices) elements.
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Figure 3.6: Experiment setup. Circularly polarized laser light was used to polarize
the potassium vapor in the top chamber of the target cell. A holding magnetic field
was generated by the Helmholtz coils. The 3He polarization was measured using the

drive and pickup coils shown. Thermal equilibrium polarization of protons in water
was measured in the same setup to calibrate the 3He signal.

3.4.2 Lasers and Optics

A single Ti:sapphire laser (Spectra-Physics, Model 3900S) with a linewidth of 40 GHz
and 5 watts output power was used to polarize the potassium vapor. The Ti:sapphire
laser was pumped by a 20 watt Argon ion laser (Spectra-Physics, Model 2040E). A
picture of the Ti:sappire lasers with the pumping lasers is shown in Figure 3.7.

The wavelength was tuned to the potassium D1 line at 770 nm. A set of telescope
lenses were placed in front of the laser head to expand the laser beam size from 1 mm
to about 1.5 inch in order to expose the full upper cell chamber to the laser light,
as shown in Figure 3.6. The laser light was originally linear polarized (> 100 : 1
horizontal). After passing through a high power quarter waveplate placed in the
optical path, circular polarization of the light was created.

A series of measurements were conducted to characterize the laser light properties.
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Figure 3.7: The Ti:sappire lasers and Argon ion lasers in the lab.

The laser power was measured by a power meter. For fine tuning, the laser wavelength
was monitored by a wavelength meter (ILX Lightwave, model LWM-6500B) with a
resolution of 0.01 nm. The spatial laser beam profile was observed by an infrared
sensor card and an infrared viewer scope. A fiber beam profiler system (Photon Inc.
Model 2350) was also used to analysis the laser beam mode parameters.

Besides laser powers, wavelengths and spatial modes, it is also important to know
the laser circular polarization quantitatively in the experiments. To measure the
circular polarization of laser light, Stokes polarimetry was applied. As shown in
Figure 3.8, a polarizing beamsplitter cube (PBS) separated the laser beam into two
orthogonally polarized components. The PBS was mounted on a rotary stage and

served as a polarizer which has the ability to rotate the passing axis 360° in the
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plane vertical to the beam propagating direction. By measuring the transmitted light
intensities in each direction, the minor axis and major axis of the light electric vector
can be found, along with the maximum and minimum recorded intensities I,,,, and

Lin- The circular polarization can be found by

2\/Imm/Imaz (31)

- 1 + Imin/Imax '

In the experiments, a zeroth-order quarter waveplate designed for the correct wave-
length was used to convert the horizontal polarized laser light to the circular polarized
light. The resulting circular polarization was always better than 95% (corresponding
t0 Lin/Lmaz > 3/5).

The derivation of Equation 3.1 is straightforward. An elliptical polarized beam

can be modeled as
E = Ejcos 0 cos wtex + Eysin§ cos(wt + ¢)ey, (3.2)

where E is the electric vector, E, = Eycos@ is the electric field amplitude of the x
component, F, = Eysinf is the y component, ¢ is the phase difference between E,
and E,, and w is the light frequency. In Equation 3.2, the light is linear polarized
when ¢ = 0. On the other hand, the light is circularly polarized only when ¢ = 7/2

and 6 = m/4. To describe the polarization, four Stokes Parameters were used [85]:

I = total intensity (3.3)
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g=Q/I = < cos20cos2y > (3.4)
u=U/I = <sin26cos2y > (3.5)
v=V/I = <sin2yx >, (3.6)

where the angle x satisfies sin 2x = sin 20 sin ¢. Consequently, tan x = Eyin/ Emas 18

the minor to major axis ratio. Note that
F+uP+0P=1 (3.7)

for a fully polarized beam.

The degree of linear polarization is defined as

P =\/¢>+ u? (3.8)

and the circular polarization is
P=v=<sin2y>. (3.9)

Inserting the definition of x into Equation 3.9, Equation 3.1 is obtained.

During the experiments, the helicity of the laser light is also needed. Left and right
circularly polarized light excite alkali metal atom electrons in the opposite directions,
respectively. If oT light is applied, the electrons are pumped to the high energy

Zeeman sub-state. In this case, a phenomenon called spin masing [44] can occur,
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Figure 3.8: Laser light polarimetry setup. The light propagated along the z direction
while the polarization lay in the x-y plane. After passing the polarizer, the transmitted
light intensities were measured. The ratio of the minimum transmitted light intensity

to the maximum transmitted light intensity is recorded as Inuin/Imae = tan®x. The
circular polarization is P, = sin 2.

which results in the electron polarization dropping abruptly. When this occurs, we
have to reverse the helicity of the light to ¢~ by rotating the quarter waveplate by
90°. In addition, when two or more laser beams were combined for optical pumping,
the helicity of each beam needed be the same. Otherwise, their effects would cancel
out.

The light helicity is easily checked by passing the beam through a quarter wave-
plate. Supposing the fast axis of the waveplate is along the x direction, then, when o™
light passes the waveplate, the transmitted light is linearly polarized with an angle of
—45° to the x-axis. On the contrary, when o~ light passes the waveplate, the linear
polarization direction of the transmitted light is +45° to the x-axis.

The wavelength tuning range of the Ti:sapphire laser used in the experiments
varies from 700 nm to 980 nm, which includes the D1 lines of potassium, rubidium
and cesium. In the actual experiments, the wavelength was tuned to be a little bit off

the D1 resonance, since on-resonant light will be strongly absorbed. Compared to the
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case of off-resonance pumping, on-resonance pumping will result in a decrease in the
alkali metal polarization [32]. During the optical pumping process, a CCD camera
monitored the light absorption in the target cell. The optimum laser wavelength was
achieved when all the laser light was absorbed at the rear end of cell.

For comparison, the high power diode laser arrays were also used to optically
pump the alkali metal atoms. The bandwidth of the diode laser arrays is about 2 nm,
which is broader than the Ti:sapphire laser by a factor of 20. Experiments in our lab
showed that 5 to 10 times more laser power was needed for the diode laser to yield a
similar polarization compared to the Ti:sapphire laser.

Using the broadband diode laser rather than the Ti:sapphire laser for optically
pumping potassium has another potential problem related to the laser power effi-
ciency. The spacing between the D1 and D2 lines for potassium is narrower than the
spacing for rubidium, 3 nm and 15 nm, respectively. The 3 nm spacing is comparable
to the diode laser bandwidth, so the additional D2 resonant absorption may reduce

the laser power efficiency for optically pumping potassium->He targets.

3.4.3 Magnetic Fields

The holding magnetic field was generated by a pair of 1.4 m Helmholtz coils, shown
in Figure 3.9.

The holding magnetic field generated by the Helmholtz coils was controlled by
a series of computer programs, a function generator, an rf amplifier and a power

supply. A labview program controlled the function generator (Hewlett Packard, model
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Figure 3.9: The target station.

3325B) through a GPIB interface. The function generator generated the drive signal
with a programmed wave shape and frequency. Then, the signal was amplified by a
bipolar operational power supply/amplifier (Kepco, Model BOP 36-12M). The Kepco
amplifier worked in the constant current mode with an output of 5 to 10 Amperes
and controlled the holding magnetic field. The magnetic field strength was adjusted
and swept by the program.

The rf drive coils used in the 3He polarization measurements were controlled in a

similar manner as the Helmholtz coils.
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3.4.4 Heating Oven and Temperature Measurements

The top chamber of the cell was placed in a homemade high temperature plastic oven.
In our experiments, the top chamber was heated by hot air flow. The oven withstood
continuous heating at 230°C for several days. However, longtime heating can burn
the screws and the plastic windows in the oven. Therefore, the heating time and
heating temperatures were carefully controlled and monitored.

The cell temperature was detected by RTDs placed in different positions near the
cell’s pumping chamber and near the bottom chamber. Since the whole cell was not
in thermal equilibrium, multiple RTDs were used to characterize the cell temperature.

In addition, since the pumping chamber was heated by the laser light, the hot
air flow temperature near the cell detected by the RTDs is not necessarily the tem-
perature of 3He gas in the cell. To determine the temperature uncertainty, the 3He
polarization signals were measured and compared for the cases of laser on and laser
off. The two measurements were taken in a relatively short time interval, so the 3He
polarization decay between the measurements can be ignored. The 3He polarization
signals are proportional to the 3He density in the bottom chamber, which is inversely
proportional to the temperature. Therefore, the signal amplitude variation between
the two measurements is caused by laser heating. We found that a 5°C tempera-
ture uncertainty is adequate to understand these effects when calibrating the 3He
polarization in the cell.

The heat flowed from the upper chamber to the bottom through the neck. The

temperature near the center of the bottom chamber is slightly higher than the tem-
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perature near the ends. A position averaged temperature with a +5°C uncertainty
for the bottom chamber temperature was used to calculate the *He density in the

bottom chamber.



57

Chapter 4

SHe NMR-AFP Polarimetry

In this chapter, the principle of 3He polarimetry using Nuclear Magnetic Resonance
with Adiabatic Fast Passage (AFP) will be discussed, followed by a description of the
electronics setup. Then, modeling of water NMR-AFP signals will be presented. The

3He polarimetry using water signals will be discussed in detail.

4.1 Overview

To measure the *He polarization, a nuclear magnetic resonance technique named
adiabatic fast passage [3] was adopted. In this method, the polarized 3He target
was exposed to an rf magnetic field B, in the y-direction, plus a uniform holding
magnetic field B, along the z axis. A pair of pickup coils situated in the y-z plane
were placed near the 3He target. The induced voltage in the pickup coils from the
3He spin precession was then detected. Figure 4.1 shows the experimental layout.
The induced voltage in the pickup coils is proportional to the changing rate of
magnetic field flux in the x direction. Note that the holding field and the rf field are

both orthogonal to the x-axis. The x-component of the magnetic flux is only produced
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Figure 4.1: The NMR-AFP setup. The holding field, the rf field and a pair of detection
pickup coils are in the z, y, x directions, respectively. The pickup coils are coupled to
a capacitor. The induced voltage in the pickup coils is recorded and measured. Note
that the objects sizes in this figure are not to scale.

by the magnetic moment from the polarized 3He nuclei, which is proportional to
the *He polarization. Therefore, the detected signal provides a measure of the *He
polarization.

During AFP measurements, the holding field B, is swept slowly so that the 3He
spins follow the field adiabatically. As a consequence, the detected signal varies with
time. The B, field is swept linearly in time through a resonance point, resulting in a
peak signal passing through the pickup coils.

To calibrate the *He polarization signal, the polarization of protons in a water cell
with the same geometry as the 3He cell is measured in the same setup. The water
thermal equilibrium polarization is known from Equation 1.1, which is a function of
only the water temperature and the holding magnetic field strength. Comparing the

calculated water polarization with the measured water signal, the calibration constant
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of the system can be determined.

In the subsequent sections, this method will be explained in detail.

4.2 Adiabatic Fast Passage

4.2.1 Spin Motion in Magnetic Fields

A nuclear spin I is related to its magnetic moment M by M = ~Al as described in
Chapter 2. Supposing this spin is in a magnetic field B, then it feels a torque M x B.

The motion of the spin will be

which can be expressed in terms of magnetic moment M as

M
ddt =M x B. (4.2)

For a uniform field B = B.é,, the magnetic moment precesses along é, at the

Larmor frequency f = vB,. And, the magnitude of M is constant in time,

d dM
—(M*») =2M - — =0. 4.3
dt( ) o (4.3)

In the y direction, now let’s suppose there is an additional oscillating rf field with
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a frequency of wy,

B, = 2B cos(wpt)é,. (4.4)

This oscillating field can be decomposed into two counter rotating fields

B, =B, +B_, where

B+ = Blé+<t) = B1 [COS(WOt)éy — Sin(th)éz] (45)

B_ = Bié_(t) = By[cos(wot)é, + sin(wot)é,]. (4.6)

To solve for the precession in the field B.é, + By, it is convenient to switch to a

rotating frame where

e, = é, (4.7)
e = é4(t) = cos(wot)é, — sin(wpt)é, (4.8)
€, = cos(wot)é, + sin(wot)é,. (4.9)

In this frame, B is constant along the x axis, while B_ rotates along the z axis

at a frequency of 2wy.

Recall that in a rotating frame, the operator % transfers as

d
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The magnetic moment’s motion in this rotating frame is given by

oM

5 = YM x {[(B, — @)é; + B1€,] + Bi[cos(2wot )€, + sin(2wot)é, |} (4.11)
Y

YM x {Be + Bi[cos(2wot)é,, + sin(2wot)é, ] }, (4.12)
where the effective field B, is defined as
Wo N N
B. = (B, — —)é, + Bié, (4.13)
Y

with a magnitude of

B, = \/(Bz — DOy g2 (4.14)
Y

In our experiments, the rf field By was far smaller than the holding field B., i.e.,
B;/B, < 1. Under such conditions, it can be shown that the last counter rotating

term in Equation 4.12 is negligible. The spin motion equation simplifies to

oM

According to Equation 4.15, the magnetic moment precesses along the effective
field B, with a Larmor frequency w = 7B, in the rotating frame.
Before continuing the discussion, it is useful to examine how well Equation 4.15

approximates Equation 4.12. The counter rotating 2w, component is only noticeable
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when B, =~ By, i.e., near the resonance

B, =22 (4.16)

The magnetic moment will experience a resonance when the Larmor precession fre-
quency w = vB, is equal to the counter rotating frequency 2wy. So the resonance

condition is modified from Equation 4.16 to

vB. = 2wy. (4.17)

Inserting the magnitude of B, from Equation 4.14 into Equation 4.17, with a

first-order approximation for B;/B., the resonance frequency is solved and becomes

B, ==(1+—). (4.18)

Compared to Equation 4.16, the resonance frequency shifts by a factor of (B, /2B.)?,

which is on the order of 107% for our experiments. This effect is indeed negligible.

4.2.2 Adiabatic Fast Passage

During AFP, the holding field B, was swept linearly in time as B.(t) = Bt+B.(t = 0).
Initially the condition B, < % holds. Therefore, the effective field B, is almost paral-
lel to the z axis at the beginning (i.e., % — B.(t) > By). Since the *He magnetization

is along the z-axis initially, the magnetization precesses around B, with a very small

angle that can be regarded as being parallel to Be.
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Figure 4.2: Adiabatic Fast Passage process. In the rotating frame, the magnetization
M follows the effective field B, through resonance. Initially the magnetization is along
the -z direction. After sweeping, the magnetization reverses to the +z direction.

The adiabatic theorem [3] states that if the sweeping rate B is slow enough, the
angle between the magnetization and the effective field will be constant. Providing
this initial condition and the fact that the amplitude of the magnetization is a con-
stant, from Equation 4.3, one can conclude that the magnetization will follow the
effective field during a sweep.

The magnetic field B, was swept through resonance at B, = % until the effective
field Be is anti-parallel to the z axis (B.(t) — “* > Bj). The magnetization then
flips its direction while keeping the amplitude unchanged. Figure 4.2 shows the AFP
process.

The adiabatic condition is satisfied when the relative rate of change of the effective
field B¢ in the radial direction is significantly slower than the Larmor precession

frequency. In other words,

1, . B
. B3
=B < VB:’. (4.20)



64

Since B, > B, the above condition can be written as

B < yB?. (4.21)

Equation 4.21 sets an upper bound on B. There is also a lower bound on B. Since
the target’s magnetization is proportional to the He polarization, the sweeping rate
B can not be too slow so as to depolarize the 3He . The *He relaxation rate due to

inhomogeneities in the magnetic field is given by [36]

1 _aD|VB,|

7.~ 2 B2’

(4.22)

where D is the 3He diffusion constant. The following condition

(4.23)

has to be satisfied.
Equations 4.21 and 4.21 can be combined to give

wD |VB,|?

B B2, 4.24
> B, <E<1B (4.24)

For our case, the *He diffusion constant is ~ 0.03 cm?s™!, the holding field inho-
mogeneity and the rf field strength were about 10 mGauss/cm and 50 x 1073 Gauss,

respectively, which were found from the measured resonance signals. Therefore, Equa-
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tion 4.24 becomes numerically,

107 « B < 20 (Unit:Gauss/Second). (4.25)

The sweeping rate B was set to be ~ 2 Gauss/Second in practice.

4.2.3 Measured AFP Signals

The *He gas contained in the target cell has a polarization P along the z axis as
defined in Equation 2.42. The polarized 3He sample, therefore, has a magnetization

associated with P along the direction of the effective field:

M = ppPBe(t), (4.26)

where y is the nuclear magnetic moment of *He and p is the 3He density. The induced
voltage signal in the pickup coils is proportional to the sample’s rate of change of

magnetization in the x-direction:

d
S(t) = 5| [ Md 4.27
(t) = 5| [ Mds (427)
Inserting Equations 4.26, 4.13 into 4.27, the pickup signal becomes
By :
S(t) = pupP wo sinwt A, (4.28)

(Bt — )2 4 B?
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where we assume that the magnetization is uniform near the pickup coils. The integral
over the pickup coil’s area [ ds can be separated out as a geometric parameter A.
Detecting the signal S(¢) in Equation 4.29 at the frequency wy using a lock-in am-

plifier gives a square-root Lorentz shape signal proportional to the *He polarization:

B
S(t) = prreprek——— P (4.29)
(Bt — )2 4 B2

where k = wpA is a geometric parameter related to the magnetic fields and pickup
coil geometry. The constant k is the same for any uniform sample provided the
sample geometry and the position are kept constant. This fact is used to calibrate
3He polarization using water NMR-AFP signals.

The peak amplitude of the AFP signal in Equation 4.29 is

S(t) = uHepHekP, (430)

which is independent of the holding field and of the rf field strengths. The line shape
of Equation 4.29 can be used to estimate the rf field strength, since the FWHM

(full-width half-maximum) of the signal S(¢) in Equation 4.29 is

BAt = 2V/3B,. (4.31)
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Figure 4.3: The NMR AFP electronics block diagram. The dashed block contains
the equivalent RL circuit of the pickup coils. The pre-amplified induced voltage is
sent to the lock-in amplifier. The data is recorded in the computer. The reference
signal of the lock-in amplifier is locked to the driving source of the rf coils. A labview
program controls the sweeping of the holding field and collects the measured data.

4.3 Electronics Setup

The electronic setup block diagram for the NMR-AFP system is shown in Figure 4.3.
One pair of 1.4 m diameter coils served to generate the holding magnetic field in the
z-direction, and another pair of 45 cm diameter coils were used to generate the rf
oscillating field in the y-direction. The pickup coils are a pair of rectangular coils
with a size of 3 inch in length by 1 inch in width. They were located at the center
of the target station, aligned along the y-z plane. The 3He target cell was placed

between the pickup coils in the center of the main magnet.
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Figure 4.4: Calibration curve of the drive coils’ voltage compared to the magnetic
field strength. The solid line is a second-order polynomial fit of the measured data:
B = —0.12+1.03V+0.0008V? (Units: B Gauss; V Volts). The second-order correction
is negligible.

4.3.1 Magnetic Coils

The holding magnetic coils were designed to generate a uniform magnetic field up to
40 Gauss along the z axis. The power supply was operated in the constant current
mode to reduce magnetic field fluctuations caused by power supply fluctuations. The
magnetic field strength was measured by a magneto-meter (Bell Inc, Model 615) and
was calibrated to the voltage readings of the power supply as shown in Figure 4.4. The
relationship between the voltage applied to the coils and the magnetic field strength
is given by

B = —0.12 + 1.03V 4 0.0008V2. (4.32)

Recalling that the nuclear gyromagnetic ratios for *He and protons are 3, = 3243
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Hz/Gauss and v, = 4258 Hz/Gauss, respectively, it was decided that the rf field

frequency wy should be set to about 100 kHz in order to have the NMR resonance
be B = % centered near 25 guass. The rf field amplitude B; was between 50 to 100
mGauss.

The rf frequency was set to 85.6 kHz, corresponded to an AFP NMR resonance
magnetic field for *He at 27.2 Gauss. During an AFP measurement, the holding field
B, was swept across the resonance linearly with time. The sweeping shape, sweeping
rate and the sweeping range was set up in a waveform generated in the controlling
program. Typically a triangle waveform with a frequency 0.1 Hz and an amplitude
10 volts was generated, and then was sent to a Hewlett Packard 3325B Synthesized
Signal Generator. The generated signal waveform out of the signal generator was
amplified and applied to the holding field coils. Figure 4.5 shows a typical holding
main field sweep. In Figure 4.5, the holding magnetic field starts from 22 Gauss, then
is increased linearly to 32.3 Gauss in 4.5 seconds and then returned to 22 Gauss at
the same rate, B = 2.34 Gauss/Second.

The rf coils were powered by a function generator (HP 33120A) and a rf power
amplifier (ENT 2100L). The amplitude of the rf field was kept constant for all runs.
The frequency and the phase of the rf field was synchronized with a reference signal for

the lock-in amplifier, which was generated by another HP 33120A function generator.

4.3.2 Signal Detection

The signals are recorded by pickup coils and detected in a lock-in amplifier.
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Figure 4.5: A typical sweep of the holding B field. The sweeping rate is 0.1 Hz.
The flatten bottom period was designed to allow the *He polarization reaches its
equilibrium between sweeps.

Each of the pickup coils was constructed out of insulated copper wires with a
size of 34 AWG gauge with 150 turns. At room temperature, each of the coils has a
resistance of R=39 ohm and an inductance L=3.4 mH. In Figure 4.3, the equivalent
circuit of the pickup coils is shown in the dashed line block. A capacitor of 22 nF was
connected across the two pickup coils. The capacitance of the coupling capacitor was
chosen to correspond to a resonance frequency of ~ 100 kHz (\/% ~ 80 kHz). The
actual Q curve of the pickup coils was measured and is shown in Figure 4.6. During
the experiments, the rf frequency was set near the peak of the ) curve, at 85.6 kHz.

The induced voltage signal from the pickup coils passed through the capacitor
and was recorded in a lock-in amplifier (Stanford Research Systems Inc., model SR

830). Figure 4.7 shows a typical AFP sweep of the polarized *He NMR signal. The
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Figure 4.6: The measured Q-curve for the pickup coils.

FWHM of the first peak is about 73 ms. Using Equation 4.31, the rf field strength
is estimated to be near 50 mGauss. The lock-in amplifier was controlled through a
GPIB interface to the computer. The phase of the lock-in amplifier was adjusted to
make the full signal appear in only one channel.

Since the rf coils are not perfectly orthogonal to the pickup coils in reality, some
rf power leaks into the pickup coils as a background signal. To cancel out this back-
ground, the auto offset function on the lock-in amplifier is used during the measure-
ments of the *He polarization. In the case where there is a large background, or the
resonance signal is too small (i.e., when measuring the water AFP signal), an ad-
ditional background cancelation signal was added to the amplifier. The cancelation
signal was generated by a second HP function generator and was monitored on an
oscilloscope (not shown in Figure 4.3).

The signal detected by the lock-in amplifier is not exactly in the form described
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Figure 4.7: Typical polarized 3He AFP NMR signals from one sweep. The top x

axis corresponds to the holding magnetic field, while the bottom x axis indicates the
sweep time.

by Equation 4.29. There is usually a linear background under the signal due to rf
power leakage remaining after the cancelation. In addition, the time constant setting
of the lock-in amplifier will modify the signal slightly. The time constant parameter
of the lock-in amplifier is the inverse of the low pass filter bandwidth in the frequency
domain. When it is set long, the noise is reduced. However, if the width of the peak
signal is comparable to the time constant, the signal itself is attenuated.

Back in the time domain, the effect of the time constant 7 can be expressed as a

convolution product with the signal:

Soult) = | ¥ St — 2)e . (4.33)

—00
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For the AFP sweeps of the 3He and water signals, the time constant was set to be
10 ms. Using Equation 4.29 as the input signal S;, (), the time constant modification
on the 3He signal peak amplitude can be numerically estimated. The peak height is
reduced by less than 1%. It is necessary to keep the time constant unchanged during
the scans for both water and 3He signals. In this case, the modification is the same for
all measurements, and they cancel out in the calculation of the calibration constant.

On resonance during an AFP scan, it is possible that the *He magnetization
exchanges energy with the RLC circuit of the pickup coils. Such possible AFP loss
was determined by measuring the signal consecutively and rapidly, and then fitting
the decay of the signals over the short time period. During such short periods, the
3He polarization relaxation can be ignored, and the AFP power loss accounts for the
signal decay. It was found that the AFP loss is about 0.3% for each measurement.

For certain conditions, the coupling of the pickup coils with the 3He magnetization
can be prominent. As discussed in Section 3.4.2, a phenomenon called spin masing
can occur [44]. If the ®He spins are polarized to the high energy sub-state and the
3He polarization is above a threshold, the spin and the pickup coils can couple in a
nonlinear manner, and the polarization of the 3He target will decrease suddenly. To
avoid spin masing during AFP measurements, the 3He was always polarized to the

lower Zeeman states.
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4.4 Water Signal Calibration

Protons in water have a thermal equilibrium polarization in a magnetic field that

follows Boltzmann statistics as given in Equation 1.1:

Ny —n_ - B
P=——— =tanh : 4.34
e an(kBT) (4.34)
At AFP resonance, B = By, = %, so the thermal equilibrium polarization of
protons is
[LBO h wWo h wWo
P, =tanh(=—) =tanh(= - —) ~ — - —. 4.35
anh(p ) = tanh(G - ) ~ 5 T (4:35)

However, the measured water signal size is not simply related to the proton ther-
mal equilibrium polarization in water by Equation 4.29. The situation is more com-
plicated than the case for the 3He AFP signal. The constant P, in Equation 4.35 is
only an approximation for P in Equation 4.29. The complications come from several
facts.

First, the proton polarization is not in an equilibrium state during an AFP sweep.
The reason is that the proton polarization relaxation rate 77 ' in water is fast. The
relaxation time T} is typically 2.4 seconds [36], which is comparable to the AFP
sweeping rate. Since the relaxation cannot be neglected, the proton polarization

obeys the following relaxation formula:

dP 1
& —__—(P-P), 4.36
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where P, is the proton equilibrium polarization at time ¢ and 1/7} is the proton
polarization relaxation rate in water.

The relaxation rate of polarized *He (~ hours™') is much slower than the AFP
sweeping rate (~ second™!), so the *He polarization can be regarded as being in an
equilibrium state during an AFP scan. Therefore, Equation 4.29 describes the 3He
signal well.

Secondly, the thermal equilibrium proton polarization P, changes over time during
an AFP sweep. The proton energy in the holding magnetic field is p - By, where the
proton magnetic moment 4 is along the effective field Be = (B, — 0)é, + Bié;,
which is not aligned with the total magnetic field (By = B.é, + B1é,, # Be). Near

resonance, the two fields are far away from parallel. Taking the inner product of the

total magnetic field By with u, the equilibrium polarization P, is

B.(B, — ) + B?
p=2" ( )5 (4.37)
kT \/(Bz —“0)2 + B

Inserting B, = Bt + B(t = 0), Equations 4.36 and 4.37 can be numerically solved.
Strictly speaking, the numerical results for P should be used in the AFP evaluation,
since it is not obvious that Equation 4.35 is a close approximation to the exact
numerical solution.

To understand the approximation from Equation 4.35, first consider the limit
when B; — 0. Suppose t = 0 is the time when the AFP resonance occurs, and the

initial field is below the resonance. For an up-AFP sweep when B; — 0, Equation
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4.37 reduces to

Koo wo
P.(t)~ ———(Bt+ —). 4.38
(0)~ —pon(Br+ ) (4:38)

Taking the simplified P.(t) given above, the proton polarization from Equation

4.36 can be analytically solved as

P(t) = —kgT[? Y Bt—BT(1—em), (4.39)

where the initial condition
P(t:tz) :Pe(t:tz) <~ 7(t:tl) =0 (440)

has been used. Note that the first term of Equation 4.39, when ¢t — 0, is just Equation
4.35.

During an AFP sweep, the holding field increases and then decreases at the same
rate. For the down-sweep, P,(t) changes its direction and the signal size is slightly
larger than the size of the up-sweep, due to the third term in Equation 4.39,

P(t) = &[“f; BE+ BTY(1— e ). (4.41)

The average of the up and down peak amplitudes is taken as the water polarization

signal. Namely,

Pu = 5(1Put = 0) + | Pagunlt = 0) (4.42)
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w
- k;‘T; (4.43)
which is comparable to Equation 4.35.

To estimate the uncertainty in P,, there are three major contributions. First, the
rf magnetic field B is non-zero. Second, the time interval between the sweep start
time and the resonant time is not exactly the same for both the up and down sweeps,
(i.e., |t;| # |tf]). Third, if the sweep up and down are averaged, then the signal size
depends on T7, the proton relaxation time in water.

Based on the measured B; values and the knowledge of T}, Equations 4.36 and

4.37 can be solved numerically. We find that a shift of

R =097 (4.44)

should be multiplied to Equation 4.43 to calculate the true proton polarization. The
calculation of R depends on the values of the rf field B; strength and the water
relaxation rate 77, and it has an overall 2% uncertainty. The treatment here follows
Reference [50].

More precisely, the proton’s longitudinal relaxation time 77 and transverse relax-
ation time Ty are actually slightly different. To address this difference, the relaxation

Equation 4.36 is replaced by the Bloch equations [50]:

PO - B0 - 2n0 + 2 (1.45)
dlz,t(t) _ _PyT(;) —~[B(t) — C:O]Px(t) + B P.(t) (4.46)



78

0.4

0.3

o
N

0.1

NMR Signal (1 V)

-0.4 I I I I I I I I
0 1 2 3 4 5 6 7 8 9

Sweep Time (Second)

Figure 4.8: A typical water AFP NMR signal with one sweep up and down. The solid
line is a fit to the peaks according to Equation 4.29.

dl Z(t) 1 Z(t) 7By

In deionized water, 1/Ty = 1/T; +0.125 second ! [10]. It was studied in Reference
[44] and found that the height of the water peak is reduced slightly, once the effect
of T; is taken into consideration. The relative correction from the simplified T} = T3
assumption is less than 1%.

Figure 4.8 shows an AFP water signal. Since the water polarization is extremely
small compared to the *He polarization, the water signal was amplified 100 times
before feeding into a lock-in amplifier. To improve the signal-to-noise ratio, 100
sweeps were taken and averaged to get the data in Figure 4.8.

The reason that up and down sweep peaks have different directions in Figure 4.8

can be found from Equations 4.39 and 4.41. Unlike the 3He polarization, since the
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proton relaxation rate 77 ' is fast, after one sweep up, the proton polarization has
relaxed back along the direction of the main holding field. For the case of *He , the
relaxation can be neglected during one sweep , so the *He polarization always follows
the effective field and the two 3He peaks have the same sign as shown in Figure 4.7.

To minimize the uncertainty in the *He polarization determination, a water NMR
signal measurement was performed immediately before and after every 3He polariza-
tion process at the same driving field and the same resonant frequency as the 3He
measurements.

After obtaining the water AFP signal and proton polarization, the He polarization

was found from the following calibration equation,

S e roton Tlproton R2
He Hproton Tlprot water (448)

bottom R2 ’
He

PHe = PprotonS
water MHe nHe

where Py, is the 3He polarization, Pproton 1s the proton polarization, Sy, is the mag-
nitude of the 3He signal, Syazer is the magnitude of the water signal, Iproton, aNd [Lfre
are the proton and *He magnetic moments, respectively, n,.ot0n 18 the water proton
density, nl}?fom is the *He density in the bottom chamber, and R qe and Ry are
the radii of the water and 3He cells, respectively. All the gain settings of the amplifier
have been taken into account.

The uncertainties in Equation 4.48 and the 3He polarization data analysis are

discussed in the next chapter.
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Chapter 5

Measurements and Data Analysis

In this chapter, measurements of the *He polarization and the spin-exchange rate
coefficients of 3He and the alkali metal atoms pairs are discussed. The 3He polarization
calibration and the rate coefficients measurement uncertainties are studied, including
discussions on the water signal calibration uncertainties, the determination of 3He

densities, and methods for measuring the alkali metal vapor densities.

5.1 3He Polarization Measurements

The target cells used in our experiments are made of GE-180 glass with a double-
chamber design described in Chapter 3. The cells were filled with 0.5 ~ 1 atmosphere
3He and ~ 100 torr nitrogen gas. During the polarization process, a series of 3He
NMR-AFP signals were taken to obtain values for the 3He polarization in the bottom
chamber.

During the process of spin-exchange optical pumping, the 3He polarization in the
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target cell builds up according to Equation 2.42,

P(t) = Py(1 — e~ lisE+Dty, (5.1)

So at a particular temperature, the 3He polarization versus time can be fit to a first-
order exponential. The time constant parameter of the fit is (ysg + ')~

Results from a 3He polarization buildup curve are shown in Figure 5.1. The
3He polarization achieved was ~27% after ~16 hours of optical pumping. The 3He
polarization was calculated from the calibration Equation 4.48. Table 5.1 shows a
detailed breakdown of experimental values and systematic uncertainties. In Table
5.1, the water NMR-~AFP signal was taken at room temperature T' = 23°C and the
rf resonance frequency is f = 85.6 kHz. The water signal correction factor R is
taken from Equation 4.44. The 2% uncertainty for P, .., comes mainly from the
calculation of R as discussed in the last chapter. The water signal S, in Table
5.1 is the average of the up and down water NMR-AFP peak measurements. The 5%
uncertainty comes from fits to the peak amplitude using a square root Lorentz shape.
The peak amplitude is sensitive to the chosen baseline, which has a ~ 3% statistical
uncertainty, since the water signal is small. On the other hand, the 3He AFP signal
is large and has a small uncertainty (< 1%) as seen in Figure 4.7.

A second large source of uncertainty comes from determining the *He number

density in the target cell. The *He number density n%! was calculated by measuring

the pressure when the cell was filled. The quantity n% has a 2% relative uncertainty

which comes primarily from temperature fluctuations during filling. When the target
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Figure 5.1: A 3He spin polarization buildup curve showing the polarization of 3He
versus time. The pumping chamber temperature was 220°C. The precision of the
polarization measurements was ~6%. One 4.5 watts output Ti: sapphire laser was
used. The cell contains 10.3 psi of *He. The solid line is an exponential curve fit to
Equation 5.1.

Parameter | value relative
uncertainty

Poater 6.73 x 1079 2%

Ste 4.64 x 1072 Volts | 1%

Swater 3.75 x 107% Volts | 5%

Mproton 2.793 Un

HHe —2.127 uy

Nproton 6.647 x 10?2 em™3 | 0.1%

nsell 1.77 x 10" em™3 | 2%

plettom [peell |1 927 1%

Ruater 12.0 mm 1%

Ry 13.2 mm 1%

Py. 27% 6%
Table 5.1: Calibration parameters and corresponding systematic uncertainties.
In Eq. 4.48, the water protons polarization Pygter Rtanh (u,B/kpgT) =

Rtanh (hf/2kgT), where B is the resonant magnetic field, kp is Boltzmann’s con-
stant, and a small correction factor R due to the Bloch equations is included. The rf
frequency, f for both water and *He was 85.6 KHz. The *He number density in the
cell n%!! was determined by measuring the pressure when the cell was filled.
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cell is at room temperature, the He number density is the same for both the upper
and bottom chambers. The difficulty comes from the fact that it is necessary to
determine the 3He polarization during the pumping process when the upper chamber
is hot and the bottom is near room temperature. Under such conditions, the 3He
number density in the bottom chamber n%'°™ depends on the chamber temperature
and is needed for extracting the *He polarization.

Suppose the volumes of the upper chamber and the bottom chamber are V,, and
Vi, respectively. Ignore the volume of the connecting neck and assume the upper
and bottom chamber’s temperatures are T, and T}, Then, it is easily found that the
3He number density in the bottom chamber can be related to the *He filling number
density via

pbettom Vi+ Vs

= . 2.2
will o+ BN o

In order to determine the 3He number density in the bottom chamber, knowledge
of the inner volumes of the chambers and the chamber temperatures is required.

The cell’s outside dimensions were measured by a caliper. The thickness of the
cell walls was determined by measuring the resized tubes before the cells were sealed.
The direct measurements have a statistical uncertainty of £0.1 mm. The chambers’
inner volumes were calculated based on the measured cell dimensions.

The partial volume calculations have uncertainties due to the fact that the cell
chambers are not perfectly cylindrical. The uncertainties were estimated to be about
2%. In order to determine the volume uncertainties, for a particular Rb-He double

cell used in our experiments and built for a previous experiment [36], the sum of
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the calculated partial volumes was compared to the result from a direct buoyancy
measurement of the cell total volume. Based on the Archimedes’ principle, the cell
was attached to a metal block, and then was weighted under water. The inner cell

volume is given by

1 1 1 1 Mpuoyan
Veell = Meeil ( - ) + Mpiock ( - ) — luoyant (5.3)

Pwater Pglass Pwater Phlock Pwater

where mee; is the cell’s mass, mpyoer is the metal block’s mass and Mmpyeyant is the
buoyant weight of the cell with the metal block attached under water. The difference
between the buoyancy measurement and geometrical calculation is ~ 3%. The GE-
180 cells built in the lab did not receive such buoyancy measurements, however, all
the GE-180 cells had more uniform shapes and wall thickness than the cell from
Reference [36]. The 2% uncertainty of the volume for the GE-180 cells should be a
reasonable estimate.

The partial volume uncertainty and the temperature measurement uncertainties
contribute to the relative uncertainty of n%™ /n%!  Given that the upper chamber
is 1.5 inch in diameter and 3 inch in length, the neck is 0.4 inch in diameter and 0.7
inch in length, and the bottom chamber is 1 inch in diameter and 4 inches in length,
and allowing for a temperature uncertainty in the pumping chamber to be about
AT ~ 5°C, a simple calculation shows that a 1% relative uncertainty for njgtem /néel
should be assigned. Note that the temperature in the pumping chamber was stabilized

to within 41 °C. However, in the presence of the pumping laser light, the inner 3He

temperature could be higher than the cell wall temperature monitored by RTDs. For
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Figure 5.2: A 3He spin polarization buildup curve showing the polarization of 3He
versus time. The temperature was adjusted several times during the measurement
and ranged from 193 °C to 217°C. The data point was taken every 30 minutes. The
largest *He polarization was around 46%.

this reason, the cell temperature uncertainty was estimated to be ~ 5°C when the
laser is on.

The water calibration cell’s radius Ryqter is slightly different from the *He cell’s
radius Rp. as shown in Table 5.1. Since the *He magnetization is proportional to

the number of spins in the chamber, which scales as R2,, a correction factor of

cell»

R? .../R%. enters into the He polarization calibration in Equation 4.48.

Figure 5.2 shows a second *He polarization buildup curve for one potassium-3He
target cell with a higher *He polarization. After ~60 hours of optical pumping, the
final 3He polarization was

Py = (46 £ 3)%. (5.4)
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In Figure 5.2, the target cell was filled with 0.73 atmosphere of *He and a few
mg of potassium metal. The cell was made of GE-180 glass, and the geometry was
the same double-chamber design as mentioned before. The final volume of the target
cell was 87 cm? in the top chamber and 51 ¢cm? in the bottom chamber. Only one
Ti sapphire laser with a linewidth of 40 GHz and 5 watts output power was used to
polarize the potassium vapor.

During the pumping process, the top chamber was heated by hot air flow to
temperatures between 193°C and 217°C, while the lower chamber was maintained
at a temperature of 37°C for the polarization measurements. Note that in Figure
5.2, the temperature was adjusted several times during the measurement to find the
optimum working temperature for a given laser power.

For comparison, in Figure 5.3, a polarization buildup curve for a *He cell using
optical pumping of rubidium is shown. The cell used in this figure was the same cell
used in the SLAC E142 experiments in the early 1990s [33, 40, 36]. The high polar-
ization demonstrated in this figure used the same setup as for the potassium-He cell
studies. The higher polarization, larger pressure and larger volume were handled by
pumping with significantly more laser power, coming from both a pair of Ti:sapphire
lasers and a 30 Watt diode laser operating at the rubidium D1 line. Modern polarized
3He targets such as the one presently operating at Jefferson Laboratory [37, 59, 64]
use multiple diode lasers consisting of ~100 Watts of power.

Additional *He cells using optical pumping of rubidium were also built for compar-

ison. Under the same setup as for the potassium-3He cell, only ~15% 3He polarization
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Figure 5.3: A 3He spin polarization buildup curve of a rubidium-*He cell. A pair of
5 watts Ti:sapphire lasers and a 30 Watt diode laser were used to optically pump
rubidium vapor. A 3He polarization of 44% was achieved.

was achieved with significantly more laser power, coming from three of Ti:sapphire
lasers operating at the rubidium D1 line.

The rubidium-*He cells were built for comparison to the potassium-*He cells for
the same experimental conditions. The performances of the rubidium-*He cells in
our lab are not as good as what has been achieved elsewhere. For rubidium-3He
studies, under more optimized conditions, it is possible to get good *He polarizations
with less laser power. In Reference [81], a *He polarization of 70% was achieved
by spin-exchange optical pumping with rubidium in cells 100 cm? in volume with 1
atmosphere *He. One of the key factors in their experiments is that a homemade
narrowband diode laser was used instead of the commercial ones available in most

other labs, including ours. In Reference [81], a 30 W diode laser array bar selected
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for low array curvature was applied and the bandwidth was narrowed from 700 to 125
GHz using an external cavity, with a 4X telescope and a 2400 lines/mm grating. It
is expected that when the same improvements are applied to the potassium-He cell,
the potassium->He system should also show an improved efficiency.

Another effort to improve the spin-exchange optical pumping efficiency uses a
hybrid K-Rb vapor mixture [80]. In this method, the rubidium atoms are optically
pumped by a laser working at the rubidium D1 line. The rubidium electron spin po-
larization is transferred to potassium electrons via collisions. Spin-exchange collisions
between both the K-3He and Rb-3He pairs then polarize *He with a greater efficiency
than the case when only Rb-*He pair are present. By this method, the advantages
of cheaper rubidium lasers and a higher potassium->He spin-exchange rate can be
combined at the same time. However, the performance of the hybrid cells will depend
on the rubidium to potassium vapor ratio. Since the vapor pressure of rubidium is
larger than that of potassium at the same temperature, it needs special treatments
during the cell filling process to regulate the rubidium to potassium ratio in the cell.
In the case when potassium laser sources become readily available, a potassium-3He

target cell may become a better candidate than a Rb-K cell mixture.
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5.2 Spin-exchange Rate Coefficients

5.2.1 Overview

In the absence of pumping light, when the polarized *He target cell is hot and potas-
sium vapor is present in the cell, the spin-exchange collisions transfer *He polarization
to the potassium electron spins and contribute to the 3He polarization relaxation rate.
Similar to the discussions leading to Equation 2.40, it can be shown that the *He po-
larization relaxation rate is ysg + 1. When the pumping laser is off, since alkali metal
atom polarization relaxes at a much faster rate than the *He polarization relaxation
rate, the alkali metal atom polarization is Py = Ny (A) — N_(A) = 0,where N. stand
for the normalized atom state populations that satisfy N, + N_ = 1. So N = % in

this case. The 3He polarization rate equation then becomes

_ dNy(®He) dN_(®He)
0 — e (5.5)

It immediately follows that the He polarization relaxes as

P = Pye”Osetht (5.6)

where the spin-exchange rate ysg has been defined in Equation 2.32 as

vsg = K| - vpe - 0sg = [Klksg, (5.7)
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where [K| stands for the potassium density and kgg is called the spin-exchange rate
coefficient or spin-exchange rate constant.

According to Equations 2.32 and 5.6, fits for the measured *He polarization relax-
ation curves at different temperatures can be used to find I' and vgg from the data.
Providing the potassium vapor density is known, then the spin-exchange rate coeffi-
cient kgg can be determined. We now will discuss the measurements of I' and vgg,
the determination of the potassium density and then present results for the calculated
spin-exchange rate coefficients kgp for different alkali metal atom->He pairs.

Alternatively, the spin-exchange rate ysg can also be found from the exponential
fit of *He polarization buildup curve as shown in Figure 5.1. However, this determi-
nation has several disadvantages.

First, in order to extract the time constant from the 3He polarization buildup
curve, it is necessary to polarize the He over a time period longer or comparable to
the time constant (ysg+I)"!. Since the final maximum *He polarization is unknown,
one has to measure the whole curve in order to obtain a reliable fit. This is not only
extremely time consuming, but also it requires strict control of experimental condi-
tions. During the measurements, one needs to keep the cell’s temperature stabilized,
in order to maintain a constant potassium vapor population. The measurements typ-
ically take several days of continuous optical pumping. The laser power fluctuation
during the pumping process changes the potassium polarization immediately so that
it contributes to the measurement uncertainties.

Secondly, the knowledge of potassium density is critical to the calculation of the
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spin-exchange coefficient, ksg. The potassium density is inferred from the potassium
vapor pressure, which is measured by monitoring the cell temperature. When the
pumping laser is on, the laser light will heat the inside of the cell significantly such
that the inside vapor temperature can be several degrees higher than the cell wall
temperature. Even worse, since the potassium vapor is optically thick to the laser
light, a temperature gradient along the laser propagation direction may exist. There-
fore, the measured cell temperature can be quite different from the actual potassium
vapor temperature inside the cell. As a result, it is hard to obtain a reliable potassium
density measurement when the pumping laser is on.

On the other hand, the 3He hot polarization relaxation measurements can be
both timesaving and reliable. Without the laser light present, the 3He polarization
relaxation only depends on the cell temperature, which can be easily stabilized to
within £1°C. The potassium vapor in the cell should be in thermal equilibrium with
the cell wall, so the measured cell temperature is a good indicator of the vapor
temperature.

Since the 3He polarization will eventually relax to zero, the hot polarization relax-
ation measurements can be accelerated to obtain the time constant. One only needs
to take the 3He relaxation data points during a relative short time period compared
to (I' + vse) !, then perform a linear fit to get the time constant. Namely, when

(T' + vsp)t < 1, for a particular 3He polarization relaxation curve,

P = Byl — (T + ysp)t]. (5.8)
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The intercept from the fit divided by the slope is the time constant (I + vgg) ™.

5.2.2 3He Polarization Relaxation Rate Measurements
5.2.2.1 Room Temperature Relaxation Rates

The *He polarization wall relaxation rate in the cell, 1/T,, can be found from a
room temperature *He polarization relaxation measurement as shown in Figure 5.4.

At room temperature, the potassium vapor present in the cell is negligible, so the
3He polarization decays as

P = Py . (5.9)

In Figure 5.4, the solid line is a first-order exponential fit to Equation 5.9. The cell

in Figure 5.4 has a wall relaxation lifetime of

! = (20.6 & 0.3) hours. (5.10)

The cell shown in Figure 5.4 was among the first GE-180 potassium-3He cells that
we made. Later cells consistently had lifetimes I'"! greater than 50 hours. Figure 5.5
shows the lifetime measurements of the cell used to demonstrate high 3He polarization
shown in Figure 5.2. The wall relaxation lifetime is measured to be 58 4 2 hours.

For the long lifetime cells, since the *He polarization relaxation rate is slow, it
is necessary to correct for the NMR-AFP loss in the data before performing the fit.
The measured 0.3% AFP loss has been added to the data points in Figure 5.5. In

Figure 5.5, the first several data were excluded during the fits, because at that time
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Figure 5.4: A *He polarization relaxation curve at room temperature. The solid line
is an exponential fit to find the cell’s lifetime.

the target cell had not reached thermal equilibrium at room temperature.

To get an accurate measurement of ['"1, it is safe to take the data over a time
interval comparable to or longer than I'"!. To speed up the measurements and check
whether a shorter time range is good enough to determine I'"!, an exponential fit was
performed each time when a new data point is taken and included in the data set,
until the results are stable.

The time interval between consecutive measurements and the minimum total num-
ber of data points were carefully chosen based on consideration of the measurement
uncertainties. For the room temperature cell lifetime measurements, when the *He
polarization relaxation is slow, it is possible that the *He NMR-AFP peak amplitude

uncertainty is comparable to the magnitude of the 3He polarization relaxation between
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Figure 5.5: A 3He polarization relaxation curve at room temperature for a second
potassium-3He cell.

measurements. In this case, taking too fewer points brings in large uncertainties in
the determination of the time constant I'.

To illustrate this point, suppose that the NMR-AFP signal uncertainty is 1%
as listed in Table 5.1, and denote At as the time interval between two consecutive

measurements, n is the number of data points, then we want

At > 1% (5.11)
APP = nlAt> 1% (5.12)

to ensure that the individual uncertainties do not affect the final results significantly.

For the cells with I'™! ~ 50 hours, according to Equation 5.12, the time interval
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between two consecutive measurements was set to 0.5 hours or longer to make sure
that the 3He polarization decay is observable and to reduce the 3He polarization
measurement uncertainty. The total number of the data point n was set to be larger

than 10 in order to satisfy nI'’At > 1%.

5.2.2.2 3He Polarization Relaxation in a Hot Double Chamber Cell

The *He polarization relaxation measurements are straightforward for a hot single-
chamber cell, similar to the room temperature measurements. Several single cells
were built to measure vsg during the early stage of the experiments. However, in the
setup of our target station, the pickup coils are included inside the heating oven. The
heat on the pickup coils changes their resistance and inductance. As a result, one
has to normalize the pickup coils response under different temperatures in order to
calibrate the absolute *He polarization. This is one reason that all the measurements
were performed on double-chamber cells.

For a double-chamber cell, the *He polarization relaxation rates are not the same
in the two chambers, when the upper chamber is hot and the bottom cell is at room
temperature, since the potassium vapor is confined to the upper chamber.

One basic observation for the double-chamber cells is that although the *He po-
larization relaxes at different rates in the two chambers, the value of *He polarization
can be regarded as uniform over the whole cell. For a cell with less than 1 atmosphere
of 3He, the diffusion time constant of 3He inside the cell is about 10 minutes. This
is much shorter than the 3He polarization relaxation rate of ~ 10 hours. This fact

can be used to model the *He polarization relaxation in a hot double-chamber cell as
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follows.

Studying a single *He atom in the cell, the *He nucleus will lose its spin orientation
by collisions with the cell walls. If this *He atom is located in the upper chamber,
it will also lose its spin orientation by spin-exchange collisions with the potassium
atoms. The probability that this atom is in the upper chamber is Nj7" /N where
N stands for the 3He atom total number. In a double-chamber cell, the averaged spin
destruction rate for a 3He atom is

upper
N He

g T (5.13)

VSE

where we assume the wall relaxation rate I' in the upper chamber and in the bottom
chamber is the same.

Compared to Equation 5.13, a factor of

upper
Ry=—He = hT (5.14)
I

has to be applied for a double-chamber *He cell. In Equation 5.14, V is the cham-
ber volume, T is the corresponding temperature, and the indexes u and b stand for
upper chamber and bottom chamber, respectively. Explicitly, the 3He polarization

relaxation rate is

Plotting the hot 3He polarization relaxation rates as a function of R4[K], the spin-

exchange rate coefficient ksg can be found from the slope, and the wall relaxation
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rate I' can be found from the intercept.

In the above discussions, it is assumed the cell’s wall relaxation rate I' is inde-
pendent of the temperature of the glass wall. In Chapter 2, it was discussed that
it is true for Pyrex glass (see Equation 2.37 and the discussions therein). It is rea-
sonable to assume that the same is true for the GE-180 glass. One way to test this
assumption is to compare the I' measurements at high temperatures to the direct
measurements of He polarization relaxation rates at room temperature. The data
presented in the following sections show that the measured I' agrees well with the
direct measurements. The good linearity of the fit also indicates that I" is insensitive

to temperature changes for our target cells.

5.2.3 Alkali Metal Vapor Density Determinations
5.2.3.1 Vapor Pressure Formulae

Knowing the potassium vapor density is critical for the calculation of the spin-
exchange rate coefficient ksg in Equation 5.15. During the experiments, the cell’s
temperature was monitored by several RTDs. Following the potassium vapor pressure
formula, the potassium vapor pressure was taken from the temperature readings. The
potassium number density is related to the pressure by the ideal gas law n = P/kgT.

The alkali vapor pressure formulae taken in this work come from the Killian for-

mulae for rubidium and potassium [4] and the cesium formula from Reference [11]:

log,o Pry = 9.55—4132/T (5.16)
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Figure 5.6: Alkali vapor densities as functions of temperature. The rubidium and

potassium formulae are from Reference [4] and the cesium formula is from Reference
[11].

logio Px = 10.83 — —4964/T (5.17)

log,g Pos = 13.1781 — 4041/T — 1.35log,, T, (5.18)

where P is in Pa and T is in Kevin.

Figure 5.6 shows the alkali metal vapor densities as functions of the vapor tem-
perature. In order to have the same number density as rubidium at ~ 180 — 200°C,
which is the working temperature for typical rubidium->He targets experiments, the
temperature of the potassium has to be 20 — 30°C higher.

The alkali metal vapor pressure formulae are widely used in the spin-exchange
optical pumping 3He community. However, recently some groups have claimed that
these formulae do not agree well with the true alkali metal number densities [69, 78].

The alkali metal number density depends on the individual cell surface and efforts to
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find a uniform empirical pressure formula failed for these groups.

To find out whether the alkali metal vapor pressure formulae are applicable to the
individual cells in our lab, measurements were performed in two different potassium-
3He cells, and the results were compared. Also, for the rubidium-3He cells, results were
obtained in our lab and compared with the published kg measurements. Basically,
we observed that different cells produce the same results when using the same alkali

metal vapor pressure formula as discussed in the following subsections.

5.2.3.2 Direct Vapor Density Measurements by the Faraday Rotation

Method

Direct alkali metal number density measurements were also performed in our lab us-
ing a Faraday rotation method to further test the applicability of the vapor pressure
formulae [86]. In the work of [86], for each alkali metal vapor, namely, rubidium,
potassium and cesium, two 1 inch diameter 3 inch length cells were made, one from
GE-180 glass and one from Pyrex. The vapor atom number densities at different
temperatures in the different cells were measured directly and compared to the em-
pirical formulae. No cell to cell vapor density variations were observed at the same
temperature.

The Faraday rotation measurements detect the Faraday rotation angle of an inci-
dent linear polarized probe laser light. The probe light passes through the target cell
along the direction of the holding magnetic field. Since the alkali metal vapor inside
the cell is circularly birefringent, the linear polarization plane of the probe light will

rotate by an angle, which is proportional to the alkali metal vapor density.
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The Faraday rotation angles are very small for our experimental conditions. For
the holding magnetic field B, ~ 40 Gauss and with an alkali metal number density on
the order of 10 ¢cm™3 (corresponding to a temperature ~ 200°C), a typical rotation
angle is ~ 0.5°. The angle was detected by a lock-in detection scheme using a photoe-
lastic modulator (PEM) (Hinds Instruments, model PEM90-1/FS50), a photodiode
(PD) detector and a lock-in amplifier. The PEM is a birefringent medium which
oscillates at a frequency of f = 50 kHz. After the incident light passing the PEM,
the net circular polarization component of the transmission light produces a signal
in the PD at the modulator frequency f(50 kHz), and the net linear polarization
component produces a signal at 2f (100 kHz). Therefore, all four Stokes parameters
of the incident light can be measured by lock-in detection and the rotation angle can
be determined with high sensitivity. The rotation angles were measured at different
wavelengths of the probe light at the same temperature, then a fit of the angles versus
the wavelengths gives the measured alkali vapor density. Figure 5.7 shows the optical
experimental setup for the Faraday rotation measurements.

For the work in Reference [86], the fits show that for each alkali metal, the densities
in the two cells are the same at the same temperature. However, it is possible that
the contaminants in the cell walls and in the alkali metals could change the vapor
pressure relations noticeably. Fabrication and alkali metal filling procedures could be
responsible for this difficulty arising in the vapor density determination [69, 78]. In
this thesis work, the vapor pressure method is still adopted for the determination of

alkali metal vapor densities, since we found no evidence for a violation of the vapor
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Figure 5.7: Setup for Faraday rotation measurements. The first PBS is used to obtain
horizontally polarized probe light. The axis of the second PBS is set at 45° compared
to the stress axis of the PEM. The photo detector records the transmitted light at
the PEM frequency f and at a frequency of 2f.

pressure formulae for our cells.

5.2.4 Calculations of Spin-exchange Rate Coefficients

The 3He polarization relaxation rates at different temperatures were measured as
discussed in previous sections to find the spin-exchange rate coefficients kgg. Figure
5.8 shows one of the actual hot *He polarization relaxation curves obtained from a
potassium-3He cell, which is the same cell used in Figure 5.5. The fit in Figure 5.8
shows a *He polarization relaxation time constant of (ysg +I')™' = 9 £ 0.3 hours at
230°C. The temperature fluctuations were stabilized to within +1°C.

Combining the fits of ygp + [' from Figure 5.8 and I' from Figure 5.5, we can

derive the potassium-2He spin-exchange rate coefficient kgz at 230°C to be

ksp = 22 = (3.9+0.2) x 107 Pcm? /sec, (5.19)

where R; = 0.506 is the correction factor for the double-chamber geometry as shown
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Figure 5.8: The 3He spin polarization relaxation curve for a potassium-*He cell at
230°C. The fit shows a polarization relaxation time constant (ysg + ')~ =94 0.3
hours.

in Equation 5.14. The potassium number density [K] = 1.326 x 10*'m~3 is calculated
from the Killian vapor pressure Formula 5.18. The uncertainties are largely due to
the potassium number density variation caused by temperature fluctuations.

The spin-exchange rate coefficient kgr measurement in Equation 5.19 is based on
two assumptions. First, the wall relaxation rate I' measured at room temperature is
the same at high temperatures, and second, the potassium number density inferred
from the vapor pressure formulae is accurate. Neither assumptions can be taken for
granted. Therefore, during the experiments, for each cell, the *He polarization relax-
ation rates at different temperatures are measured. Figure 5.9 shows the measured
vse + I at several temperatures ranging from 177°C to 230°C. The 3He polarization

relaxation rates show excellent linearity with the potassium densities calculated from
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Figure 5.9: The 3He spin polarization relaxation rates for a potassium-3He cell
as a function of [KT*, where [K]|* = Ry[K] and [K] is the density of potassium,

cell

Rg = NjP/Ng!t . NP is the number of *He atoms in the top chamber, and Ng is

the total number of *He atoms in the cell. The listed temperatures correspond to
the temperature in the top chamber of the cell. Systematic uncertainties, coming
primarily from the uncertainty in the temperature measurement, are included in the
error bars, and therefore the uncertainties are correlated.

the Killian vapor pressure formula.

Assuming that the 3He polarization wall relaxation rate in the cell, 1/T'g,, is
approximately a constant for the temperature range of 177°C to 230°C, then 1/T .
can be read out as 61 & 16 hours from Figure 5.9. This is consistent with the cold
3He polarization relaxation measurements, but less accurate. From the slope of the
line in Figure 5.9, the spin-exchange rate coefficient at a temperature of 197°C was

found to be

ksp = FSK’T = (4.0 £ 0.3) x 1072 cm® /sec. (5.20)
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Figure 5.10: The ®*He spin polarization relaxation rates measurements for a second

potassium-3He cell.

As discussed in Chapter 2, the spin-exchange rate coefficient kgg has a tempera-
ture dependence in the form of 1/v/7T. This brings in a small correction (3% relative)
on the x-axis in Figures 5.9 and has been accounted for when performing the fit.

Figure 5.10 shows the spin-exchange rate coefficient ksp measurements for a sec-

ond potassium-*He cell.

The spin-exchange rate coefficient calculated from Figure 5.10 is

ksp = ?;‘5 = (4.1£0.3) x 1072 cm? /sec, (5.21)

which agrees well with Equation 5.20.

Using the same method, the spin-exchange rate coefficient of cesium->He pair has
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Figure 5.11: The 3He spin polarization relaxation rates measurements for a cesium-
3He cell.

also been measured for a cesium->He double-chamber cell in the temperature range

of 100°C to 150°C as shown in Figure 5.11.

The cesium-*He spin-exchange rate coefficient is found from Figure 5.11 to be

ksp = F(:’jE] = (13.6 £ 1.3) x 1072 cm? /sec. (5.22)
S

The cell used in Figure 5.11 has a 3He polarization wall relaxation time constant of
6941 hours measured at room temperature. The hot 3He polarization wall relaxation
time constant comes from the intercept in Figure 5.11 is found to be 68 £ 13 hours.
The results agrees well with each other.

The spin-exchange rate coefficient for rubidium-*He pair has been measured be-

fore by several groups [45, 31, 69]. A rubidium-*He cell measurement has also been



106

performed in our lab, and a value for the Rb/He spin-exchange coefficient at a tem-

perature of 171°C is found to be

ksp = igf] = (0.65 = 0.04) x 1071° cm® /sec, (5.23)

The rubidium results agree well with previous measurements [69].
In conclusion, the results from Equations 5.21, 5.22 and 5.23 show that the spin-
exchange rate coefficients for potassium-*He, rubidium->He and cesium-3He pairs are

of the same order of magnitude and they satisfy
ksp(K = He) < ksp(Rb —3 He) < ksp(Cs —* He) (5.24)

as predicted by theoretical studies [41]. Recalling that the alkali metal atom spin

destruction coefficients have the relationship
k’gD(K> < ]CSD(Rb) < ksp(CS) (525)

as shown in Table 2.1, it is indicated that potassium-*He pair are more efficient
than rubidium-*He and cesium-*He pairs for spin-exchange optical pumping. This
prediction is in agreement with the high *He polarization results achieved in the

potassium-*He cells in this thesis work.
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Chapter 6

Conclusion

6.1 Conclusion

Spin-exchange optical pumping using potassium rather than rubidium as the polar-
izing agent offers the possibility of obtaining higher *He polarizations using substan-
tially lower laser power. The high *He polarization achieved in the potassium-3He
cells reported in this thesis work is the first successful attempt to realize a practical
potassium-3He target which have comparable performance with traditional rubidium-
3He system using less laser power. Our work motivates further researches on the
building of high-pressure polarized 3He targets and on the development of high power
lasers at the potassium D1 wavelength, namely, 770 nm.

The measured spin-exchange rate coefficients of potassium-3He pairs, rubidium-
3He pairs and cesium-2He pairs agree with theoretical predictions discussed in Chap-
ter 2. The rubidium-3He results are also in agreement with previous measurements
conducted by other groups. By the time of this thesis writing, no cesium-*He spin-

exchange rate coefficients measurements have been measured.
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6.2 Future Work

For future polarized *He studies, it is important to improve the precision of the rate
coefficient measurements. It would be beneficial, for example, to try to polarize a
high-pressure 3He cell with potassium using a diode laser.

It is possible that the efficiency of the diode laser may be different from that of
the Ti:Sapphire laser, since the D1 line and D2 line of potassium are closer than that
of rubidium. The commercial diode laser has a wide bandwidth, therefore, it is likely
that a significant fraction of the laser power will be absorbed by the potassium D2
line during spin-exchange optical pumping. The efficiency for the D1 line will then
be decreased. For the same reason, due to pressure broadening, the high-pressure
potassium-3He cell may have a worse performance than the one atmosphere cells
studied in this thesis.

The performance of high-pressure potassium-3He cells pumped by diode lasers at
the potassium D1 line can be estimated based on the relevant spin destruction and
spin-exchange rate coefficients characterized in this thesis work.

For comparison, consider a typical rubidium->He high-pressure double-chamber
target cell in SLAC 154 experiment. It contained 9 amagats of 3He with a lifetime
of 85 hours. About 50% 3He polarization was achieved after several days of pumping
using three diode laser arrays (15 watts each, FWHM 2-4 nm) and four Ti:sapphire
lasers (5 watts each, FWHM < 40 GHz) [44].

If we construct a potassium-*He cell at the same He density, the potassium D1

linewidth is dominated by pressure broadening up to 0.5 nm. (The potassium D1 line
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broadening is about 30 GHz/amagats [5], which is larger than the rubidium D1 line
broadening.) Suppose we use commercial diode laser arrays at 770 nm with 2 nm
spectral width. Then, ~ 20% laser power will be absorbed by the cell with optically
thick potassium vapor. (For a Gaussian laser beam profile with 2 nm width, the 0.5
nm K D1 line width occupies a ratio of 1//7 - [°2552, e=**dx = 0.2.)

The spin destruction rates due to collisions with gas atoms are proportional to
the density of that gas. For the rubidium case, the experimental values of Rb-Rb
and Rb-He spin destruction rate coefficients are given in Table 2.1. They contribute
similarly to the Rb spin destruction rate I'sp for a 9 amagats 3He cell. For the
potassium case, the K-K spin destruction cross section was measured to be one order
of magnitude smaller than that of Rb-Rb, and the theoretical estimate for the K-He
spin destruction cross section is also one order of magnitude smaller than Rb-He’s
[41]. Judging by these results, we expect that the potassium density, rather than the
3He density, will dominate in affecting I'sp for a 9 amagats potassium-3He cell. The
high-pressure cell should not be very different from a 1 atmosphere cell with regard
to the potassium spin destruction rate at the same temperature.

For a typical potassium->He cell as presented in this thesis work, 5 watts of laser
power operating for 60 hours results in a 46% polarization. We expect a diode laser
arrays at 25 watts should be able to pump the high-pressure cell to several-tens of
percent of 3He polarization on the same time scale, which would be very efficient both
in time and in terms of laser power consumption.

In addition, the diode laser spectral width can be narrowed by using reflection
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feedback from an etalon as demonstrated in the rubidium->He studies from Reference
[81]. This technique can significantly increase the laser power available for potassium
optical pumping.

Based on the above discussions, we estimate that a single 30 watts diode laser
tuned to the potassium D1 line should be adequate to polarize the *He gas at high
pressures (~10 atmospheres) and large volumes (~liters) to values of ~50%.

The highly polarized *He gas have important applications in both fundamental
nuclear physics and in medical imaging as introduced in Chapter 1. With better
performance, the potassium-He system can supersede the traditional rubidium-3He
systems and further benefit the polarized noble gas user community. One potential
future application of highly polarized potassium-*He system is the production of
polarized beams of *He used in colliders to study the neutron spin structure at high
energies.

In the field of high energy nuclear physics, future studies of the internal spin
structure of the proton and neutron will require even higher energy beams than can
be produced by present-day fixed target experiments. The next step will be to study
proton and neutron spin structure at collider facilities. A program to study the proton
spin structure using polarized proton collisions at center of mass energies of 200 to
500 GeV is already active at Brookhaven National Laboratory [83, 84], and studies to
develop a new facility to collide polarized electrons with polarized protons are ongoing
[74]. However, at present, little attention is devoted to developing programs to learn

about neutron spin structure in a high-energy collider environment.



111

Accelerator physics considerations on how to operate a polarized *He and deuteron
beams for a collider program have been briefly studied [52]. One of the requirements
for the operation and development of a polarized *He beam source would be the
continuous production of large volumes of highly polarized 3He. A likely scenario is
that the polarized 3He beam source will use spin-exchange collisions with optically
pumped alkali vapor as the technique for the polarization process, since large vol-
umes of polarized gas would be needed. However, the optical pumping efficiency,
polarization optimization, and adaptation of the technique for accelerator beam op-
eration will need to be improved compared to what exists using today polarized 3He
targets from rubidium spin-exchange collisions. In particular, high polarizations will
be needed in order to have sufficient statistical precision on the polarized neutron
measurements. The potassium-*He system could be critical for the success of these
future experiments.

For the storage of a polarized beam of 3He in a collider facility, it is estimated that
one will only need to produce on the order of 1075 liters per hour of highly polarized
3He ions at one atmosphere pressure in order to reach source currents comparable
to the existing polarized proton beams planned in the future RHIC spin program
[68]. In this thesis work, we have achieved a reasonably high polarization for 140
cc of of 3He at 0.73 atmospheres in 60 hours. Although this *He number density is
many orders of magnitude larger than the 107° liters per hour needed, the conversion
and transport efficiency of polarized 3He to a polarized *He ion beam is unknown.

Achieving polarizations greater than ~80% will be needed in order to test the low
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x substructure for the neutron spin program competitive with a comparable proton
spin program, and to test fundamental QCD predictions such as the Bjorken Sum

Rule [14] with a new electron-ion collider [74].
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Appendix A

Low-Field MRI of Hyperpolarized
Noble (Gas and Water in A Single
System

This is a reprint of a Letter on the experimental studies of building a low-field
laser-polarized noble gas MRI system. Collaborated with Stanford, we combined
the laser-polarized noble gas MRI technique and a low-field MRI technique, namely,
Pre-polarized MRI, images of gaseous polarized **Xe and water cells at room tem-
perature were obtained with a low-field magnetic resonance scanner. This potentially
low-cost imaging technique offers the possibility of high-resolution imaging using both

polarized noble gas and proton MRI of tissues in the same scanner.
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Using a low-field magnetic resonance scanner, we have obtained images of gaseous péfxezed
and water cells at room temperature. This potentially low-cost imaging technique offers the
possibility of high-resolution imaging using both polarized noble gas and proton magnetic
resonance imaging of tissues in the same scanner2082 American Institute of Physics.
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Magnetic resonance imagin®IRI) is an imaging tech- production of polarized targefsthe cell was filled with a
nigue in which a nuclear magnetic resona®IR) signal  mixture of 0.57 amagat of natural abundance xenon, 0.
is obtained from a sample within an external magnetic field. amagat of N, and a few droplets of rubidium. The cell wa:
In normal MRI, the equilibrium magnetization in the sample sealed and removed from the system by glass blowing 1
and the amplitude and frequency of the induced voltage ifPyrex tube connecting the cell to the vacuum system.
the receive coil are proportional to the strength of the main,  The cell was placed between a pair of 50 cm diam Helr
static field. There are, however, two methods of MRI inholtz coils, whose central fiel@#5 mT) acts as a holding
which the magnetization is not directly related to the mag-ield during the polarization process. A heat gun warmed t
netic field used to collect the signal: hyperpolarized gascell to approximately 100 °C, so that a sufficient rubidiur
imaging® and prepolarized MRIPMRI).*® In the first case, (Rb) vapor density(on the order of 10* amagats was
a hyperpolarized gas is produced through spin—exchange opresent for the optical pumping process. A 30 W Cohere
tical pumping of a polarized noble dasuch as®He and
12%e in the presence of a weak magnetic field. The polarized

gas is then introduced into the biological system of interest, B g
for example, the lung§,and images are obtained based on

the NMR signal from the gas magnetization. In the case of Holding field|

PMRI, magnetization is produced in the sample using a

strong(~1 T) but not very uniform~20%) magnet which is b o7
subsequently and very rapidly switched Gdffter ~40 ms. Circularly polarized

The magnetization is then detected in the presence of a weak laser beam

(~30 mT) but uniform(~10 ppm field. These two methods

share the capability to read out the NMR signals in the pres-
ence of very low fields while still having magnetizations @)
typical of high fields. The combination of these two ap-
proaches should allow the investigation of proton signals in
tissues at both low and high fields using PMRI, and at low

fields using hyperpolarized noble gas, on the same sample, in P’“”‘p”"ﬁ‘ Bl
the same system. In this letter, we present prelimirtédge Ma;net 9

and proton images obtained with our prototype system. S — — FF coil
Hyperpolarized xenon images were obtained first by po-

larizing the sample of?*Xe in the laser system and then RF transmitter AF shield
carrying the polarized cell into the PMRI scanner for imag-
(b)

e Readout magnet

ing. Figure 1 shows a schematic of the experimental setup.
The polarized xenon cell used in this study was made of
uncoated Pyrex and was spherical in shape. The cell had an

. . . i FIG. 1. (@ Schematic of the experimental setup used for polarizing tt
inner diameter of 2 cm and a wall thickness of a few milli xenon cell. Circularly polarized laser light impinged upon the xenon ce

meters. After baking overnight on a high vacuum systeMynich is located within a pair of Helmholtz coils. The cell was heated i
(10’7 Torr) similar in design to filling stations used in the approximately 100 °C with a heat gufb) Schematic of the PMRI system.
The sample was placed within a solenoid rf coil after being removed frc
the polarizing apparatus. The polarizing magnet was only necessary for
@Electronic mail: emlyn@its.caltech.edu water imaging and was not activated during the xenon experiments.
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diode laser(FAP-System™, was circularly polarized and
tuned to the RID1 wavelength(795 nm) to pump the elec-
tronic polarization of Rb. The polarized Rb then transfers its
polarization to the Xe nuclei via spin—exchange collisions.
After approximately 10 min of optical pumping, the cell was
manually removed from the holding field, immersed in room
temperature water for approximately 5 s to condense the Rl
vapor, and then transferred to the imaging system.
The PMRI system was based on the combination of a
resistive readout magrietapable of producing fields be-
tween 0 and 35 mT and a resistive polarizing magnet pro-
ducing fields from 0 to 0.3 T. For th&%Xe signal acquisi- (@) (b)
tions, the r,eadOUt magnet was operated alone at 33.6 mEIG. 2. (a) 2DFT gradient-recalled echd®e image. The image is magni
corresponding to 8°°Xe NMR frequency of 399 kHz. The fied t0 a display field of visioFOV) of 4 cmx 3.5 cm. Imaging param-
12%¢e magnetization was excited using a 40° flip angle,eters: Original FOV=14.5 cnix 10 cm, image matrix 128 64, zero filled
thereby allowing several excitations before the cell had to bé];?e ’Tg:é 029295§H§5%Vi\“# Fﬂ;‘;‘i;ﬁ’z‘”?ﬁ ;ﬁ&g{ﬁg%?%&?g:q‘:
repolgriz_ed in the Iasgr system. To allow eStim_ation of th(:‘\(Tg)=25)ﬁms, repe'éition tir;e (TR:)25’5 nEJS, tgtal imagiﬁg t’ime16.3 s.
polarization achieved in th&%Xe cell, a proton signal was (b) Gradient echo image of a water cell of the same dimensions &%
collected from a distilled water sample identical in shape andell. Imaging parameters: Original FOV: 10 20 cm, image matrix 64
size to the xenon cell, with the magnet at 9.37 (ﬁgg kHz §128, readout _freqqency: 398 kHz, tip anglg0°, echo time (TE)
NMR frequency for waterand using the same rf coil and =13.6ms, total imaging time10 s.
preamplifier. Proton magnetization was excited using a 90°

flip angle. The polarizing magnet was not used during the |t has been previously notédf that, in systems for
collection of the calibration water spectra. which the magnetization is independent of the readout fi

129 images were acquired using a low flip angle, Strength, the SNR achievable varies as the readout frequ

2DFT gradient-recalled echo sequence without slice seled® the 3/4 power if the dominant source of noise is therr
tion. Water images were acquired using a 2DFT gradienfnotion of electrons in the receive circiit scenario referrec
echo sequence without slice selection. During water imagingf© @S “coil noise dominance” This condition occurs for low
the polarizing magnet was pulsed on to 0.3 T for 300 mgeadout frequencies. If the readout field is increased,
during each TR recovery interval in order to establish high-101S€ contrlbuflon from _|nd,u_ct|ve coupling to the sam(rie-
field equilibrium magnetization in the sample for each acquiférred to as “body noise] increases relative to the co
sition. noise. As the body noise becomes dominant, the S
The signal to noise raticSNRS in the proton and?*Xe achievable becomes independent of the readout freque
spectra were estimated to be 5:1 and 20:1, respectively. THEerefore, no gains in SNR can be obtained through hic

absolute polarization of the sample was estimated by confeadout fields.As the sample and coil are increased in si:
paring the two spectral lines: the frequency at which body noise dominance occurs

creases. Previous studies have demonstrated that in t
sized coil systems of simple geometry, body noise do
“P“’m"nPLO”S“, nance is achieved at frequencies above approximatel
Mxe  Nxe Sw MHz.!! The primary technical challenge for future versio
of the scanner system used in this study is to achieve kb
where Py, is the xenon polarizatiomy,. is the density of noise dominance in the receive systems used.
12%e (only about one fourth of all Xe atoMsNyeon is the Due to the smaller magnetic moment and lower pol
density of protons in watefye and spon are the nuclear  izations, ?°Xe images are not yet competitive with tho:
magnetic moments, ar@,, andSy, are the signal size®,,  produced usingHe; however!?*Xe has a number of advan
is the thermal polarization of protons in water, calculatedtages. The spin—exchange cross section for polariAf¢e
from the Boltzmann distribution. From the NMR signals for is much larger, and as a result full polarization can
xenon and water, polarization of the xenon cell was found tachieved in seconds or minutes, as opposed to several
be approximately 4%. for ®He. Natural abundanc&%Xe is approximately an orde
The polarization of the Xe cell used was independentlyof magnitude cheaper thahle, which can only be produce
measured in a low field3 mT) NMR system. Using the as a by-product of tritium decay. Unlik#e, **Xe can be
identical optical pumping system and xenon cell, the polarfrozen at liquid nitrogen temperatures, stored, and tre
ization of the xenon cell was estimated to be between 5%orted for use in imaging facilitie.
and 10% and had a lifetime on the order of 1 min at room  Low-field ***Xe imaging could have advantages ov
temperature. high-field **°Xe applications due to reduced susceptibili
Figure 2a) shows the'?°Xe image collected. The pull- effects and therefore smaller depolarizing gradients that
off seal where the cell was removed from the vacuum systerfect the spins during imaging. This effect could make lo
resulted in a small extrusion from the spherical cell, whichfield 1?°Xe material studies attractive. It has already be
can be seen in the image. Figuréd@shows the image of a demonstrated that hyperpolariz&3Xe is a potentially pow-
similarly shaped and sized spherical water cell collected orrful probe of porous surfacéd:'°Additional low-field im-
the PMRI system. aging techniques using polarized noble gas are being de

Pxe=Pw
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oped using low temperature superconducting quantum
interference devices (SQUIDs).**Y" Using a low field scan-
ner such as a PMRI system, such studies have the potential
of becoming much more affordable while at the same time
maintaining the capability to image water. Nevertheless, sig-
nificant advances in imaging with polarized *°Xe at any
field will require improvement in the polarization values that
can be achieved, now typically 5% (compared to the 40%—
50% range available with SHe).
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