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Abstract

Nuclear-polarized *He targets have played an important role in electron-scattering
experiments since the mid 1990’s. Critical to the success and expansion of this pro-
gram has been the ability to produce large amounts of polarized *He gas with relatively
high polarization. This thesis describes research that has, by a convenient figure of
merit, improved the performance by more than an order of magnitude.

Historically, these 3He targets have been polarized through a process known as
Spin-Exchange Optical Pumping (SEOP). In SEOP, polarized laser light is used to
polarize an alkali metal vapor (usually, rubidium) through optical pumping. The po-
larized rubidium vapor transfers its polarization to *He atoms through spin-exchange
collisions. Two important advances in SEOP have been the implementation of alkali-
hybrid SEOP and spectrally-narrowed lasers.

In alkali-hybrid SEOP, a second species of alkali metal (usually potassium) is intro-
duced into the cell. The potassium vapor is not optically pumped, but becomes polar-
ized through spin-exchange collisions. The hybrid mixture more efficiently transfers
its polarization to the 3He gas, resulting in higher polarizations. Spectrally-narrowed
lasers result in much higher optical-pumping rates. When spectrally-narrowed lasers
are used to pump alkali-hybrid mixtures, tremendous gains in saturation polarization
and polarization rates can be made. To implement these improvements, extensive
diagnostic techniques were developed that were critical to optimization.

Although these advances have provided the enabling technology for a large num-
ber of experiments, they are alone insufficient to meet the demands of many future
electron-scattering experiments. The current target design uses a two-chambered
glass cell. In one chamber, known as the “pumping chamber,” 3He is polarized
through SEOP with an alkali vapor. In the other chamber, known as the “target
chamber,” electron scattering occurs. The two chambers are connected by a thin

transfer tube through which 3He gas can diffuse. This design has worked well in
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the past because, although the diffusion rates between the two chambers are slow,
the rate at which 3He gas is depolarized by the electron beam has been low. Future
experiments, however, will need to run at much higher beam currents. In the pres-
ence of such high currents, the *He gas in the target chamber will quickly become
depolarized. As part of this thesis, a new target design was developed and tested. In
this design, gas is rapidly mixed between the two chambers through convection. By
tagging gas inside the cell using Nuclear Magnetic Resonance (NMR) techniques, we

were able to visualize the flow of gas.
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Nuclear-polarized 3He has proven to be useful in a number of different areas of
research. In electron scattering, polarized *He provides a means for studying spin-
dependent interactions involving neutrons. This is because, to first approximation,
a 3He nucleus is comprised of a pair of protons whose spins are paired, and a single
neutron that accounts for most of the nuclear spin (free neutrons aren’t used because
they decay with a mean lifetime of approximately 15 minutes). An important early
example of the use of polarized 3He in electron scattering came during the 1992
Stanford Linear Accelerator Center (SLAC) experiment, known as E142, in which
the internal spin structure of the neutron was investigated [15]. More recently (and
central to this thesis) were the targets used in several recent experiments performed
at Jefferson Lab (JLab) in Newport News, VA . These experiments include E02-013,
“Measurement of the Neutron Electric Form Factor G% at High Q*” [16] as well as
several experiments investigating single-spin asymmetries such as E06-010, E06-014,
and E05-015. Other important applications of polarized *He have included being
used as a neutron polarizer [17], and as a source of signal for magnetic resonance
imaging [18, 19].

The targets used in E142 and other early experiments were only able to tol-
erate relatively modest electron-beam currents of a few microamps. Additionally,
these targets were usually only able to achieve 3He polarizations of about 35-40%.
These experiments relied upon a technique known as Spin-Exchange Optical Pump-
ing (SEOP) to polarize the *He atoms. In this technique, circularly-polarized laser
light is used to optically pump an alkali-metal vapor (historically typically rubidium
(Rb)); the polarized alkali-metal atoms transfer their polarization to the *He atoms
through spin-exchange collisions involving hyperfine-like interactions. Recently, much
improved target performance, including higher 3He polarizations have been attained
in large part because of the use of two new techniques, the study and implementation

of which are central to this thesis.
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The first of these techniques, known as the “alkali-hybrid SEOP,” involves using
a mixture of Potassium (K) and Rb to carry out spin-exchange collisions in contrast
to earlier work that relied on Rb alone. Although the lasers still optically pump the
Rb vapor, the K vapor becomes polarized through collisions with Rb. Both alkali
metals then spin-exchange with the 3He gas. The E02-013 experiment, which was the
first to use alkali-hybrid mixtures in the context of electron scattering, ran with 3He
polarizations approaching 50%.

The second technique that has substantially improved target performance is the
implementation of high-power spectrally-narrowed lasers. These lasers have narrower
spectral profiles and are able to achieve much higher optical-pumping rates. Dur-
ing the recent single-spin asymmetry Transversity experiments (E05-015) in which
spectrally-narrowed laser were used in conjunction with Hybrid SEOP, polarizations
approaching 70% were observed in the presence of the electron beam. We note that
these two improvements were only possible with the aid of several powerful diagnostic

techniques which were implemented as part of this thesis.

Pumping
Chamber 3.5
(PC)
T ——p| [&—— 1.2cm
3.57 Transfer
l " Tube (TT)
F Target Chamber (TC) 0.75 1
e 40 cm >

Figure 1.1: Inner Dimensions of a Large Pumping-Chamber GEN Target Cell

Although hybrid SEOP and spectrally-narrowed lasers have been employed with
great success, it is likely that the next generation of electron-scattering experiments

will encounter limitations unless other changes are made to the target design. His-
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torically, the ®He targets used in electron-scattering experiments have been two-
chambered glass cells (see Fig 1.1) in which gas can freely diffuse between the “pump-
ing chamber” (where the *He atoms are polarized) and the “target chamber” (where
electron scattering occurs). As long as the time scale associated with the diffusion
of gas is relatively fast compared to the time scale characterizing the depolarization
of the gas, this scheme works well. However, future experiments will need to run at
higher beam currents. These higher currents pose a problem as the relaxation rate of
the *He gas scales with the beam current. To compensate, we've tested a prototype
cell in which gas is mixed by convection. The time scales associated with convection
mixing are much faster (tens of seconds instead of hours) and should be more than
adequate to maintain high *He polarizations in the target chamber under demanding
conditions. A new experiment to measure the aforementioned electric form factor of
the neutron at momentum transfers nearly three times higher than those for which
data exist has been approved to run at JLab following a major energy upgrade that
is currently ongoing [20]. The experiment will require large increases in target perfor-
mance, and our new convection technique will be critical to the experiment’s success.

Later, we will refer to this experiment as G',-11.

1.1 Improvements in Effective Luminosity

Most of the electron-scattering experiments mentioned above involve spin asymme-
tries in which unpolarized electrons are scattered off of polarized 3He atoms. From
these asymmetries, physical quantites, such as G, can be extracted. In such asym-
metry experiments, data are acquired until a desired level of uncertainty is achieved.
The amount of time it takes to achieve this uncertainty can be decreased by increas-
ing the luminosity (defined in Eq. 1.4). In this section, we will illustrate how the

improvement in 3He polarization has resulted better target performance.
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Figure 1.2: Effective Luminosity (Luminosity Weighted by *He Polarization Squared) for Some
Important Electron-Scattering Experiments.

In a double-spin asymmetry experiment (in which polarized electrons are scattered

of off polarized *He atoms), the measured asymmetry can be written as
Ameasured = PePHeAphysical (11)

where P, is the electron-beam polarization, Py, is the polarization of the *He gas, and
Aphysical 15 the asymmetry that characterizes the physics of interest. The fractional

error in the physical uncertainty is given by Poisson statistics,

5Aphysical o 1

= 1.2
Aphysical \/NPePHe ( )

where N, the number of detected events, is proportional to the luminosity, £, and

the experiment duration, ¢,

N o Lt. (1.3)
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Here, luminosity is given by

L= Ib‘;“m [He]l (1.4)

where I, is the electron beam current, e is the charge of the electron, [He| is the

density of the gas in the target chamber, and [ is the length of the target chamber.

Combining Eq. 1.2 and Eq. 1.3 and rearranging, we find

2

(hes) ~ e 4
The quantity LP%, can be referred to as the “effective luminosity.” Fig. 1.2 shows
estimates for the effective luminosity for several 3He electron-scattering experiments.
The increase from Aln to G% was due to hybrid-alkali SEOP. The increase from G,
to the Transversity experiments was due to the combination of hybrid-alkali SEOP

and spectrally-narrowed lasers. The last entry, for G’,-11, shows the anticipated gains

that convective mixing will allow.

1.2 Other Uses of He-3

3He, a rare isotope of helium (1.37 ppm natural abundance), is produced when tritium
(which itself does not exist naturally) beta decays. Tritium, an important ingredient
in nuclear weapons, was produced by the U.S. Department of Energy’s Savannah
River Site until 1988 [21]. As a result of the Savannah River Site closing, the supply
of tritium has decreased, which has resulted in a decreased supply of *He.

The isotope *He can serve as a very effective neutron detector, and is thus very
useful to detect neutron emmission from fissile plutonium. Since the creation of
the Department of Homeland Security in 2002, neutron detectors have been in high
demand at borders and ports in the United States. Increased demand and low supply

has led to a demand-to-supply ratio of roughly 10, which has caused the cost of 3He
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to soar from $100 per liter to a peak of about $2,000 per liter in recent years [22].
There is considerable pressure to use this scarce resource as efficiently as possible.

In addition to having an important role in national security, *He has important
medical applications. In fact, *He Nuclear Magnetic Resonance Imaging (MRI) has
been used to detect small structural damage in the lungs of people exposed to second-
hand smoke [23]. Conventional MRI exploits the thermal equilibrium polarization of
the hydrogen protons in water molecules in the presence of strong magnetic fields [24].
At room temperature in the presence of a 3 Tesla magnetic field, a proton is ther-
mally polarized to 0.001%. Different tissues (fat, muscle, tumor, etc.) have different
water concentrations and relaxation properties which can be identified on an MRI
scanner. The lungs, however, are relatively empty. Hyperpolarized (polarized well
above thermal polarization) 3He provides an excellent medium for MRI studies, as
the gas can be easily inhaled [25]. What the gas lacks in density (roughly 3 orders
of magnitude) it easily makes up in polarization (roughly 5-6 orders of magnitude);
an MRI produced with hyperpolarized *He is more detailed than one produced by a
traditional MRI, inside the lungs.

It is worth noting that the techniques and improvements described in this thesis
also provide capabilities for medical imaging. Recently, the author helped construct a
new He polarizer that is currently in use at UVa and utilizes these techniques. This
new polarizer produces double the volume of *He gas in less than half the time of its
predecessor. Moreover, the polarization of this gas has nearly doubled from about

35% to about 65%.
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Spin-Exchange Optical Pumping (SEOP) uses circularly-polarized laser light to
polarize an alkali metal; the alkali metal in turn transfers its polarization to a noble-
gas nucleus such as *He or ?Xe[26]. Until recently SEOP usually employed rubidium
(Rb) and broadband lasers (2.0 nm Full Width Half Maximum (FWHM)), which can
achieve around 40% 3He polarization in the large-volume target cells we use for elec-
tron scattering experiments (1-3 liters). Recent advances including the introduction of
hybrid alkali mixtures and spectrally narrowed lasers (0.2 nm FWHM) have produced
polarizations in excess of 70%.

Three basic ingredients are required for SEOP: an alkali metal (typically rubid-
ium); a laser tuned to the D1 resonance of that particular alkali species; an appropriate
noble gas (we use *He, which has one unpaired neutron). The laser is used to optically
pump the alkali metal’s valence electron, which in turn spin exchanges with the free
neutron of the noble gas. Since the lasers are ultimately one of the limiting factors in
noble gas polarization (they provide the power), maximizing the efficiencies of spin
transfer and minimizing miscellaneous relaxations is crucial to making the most of

the laser power available.

2.1 Polarization Review

2.1.1 General Treatment of Polarization
The spin polarization, P, of any spin 1/2 nucleus (e.g. *He) is defined by the asym-
metry between the two states,

AN N, -N_

PZN N

(2.1)

where N = N, + N_ and N, and N_ are the number of spins in each of the two

possible states.
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The time evolution of polarization can be modeled by:

dP

—r=—PO+D)+7, (2:2)

where 7 is the polarization rate and I' is the the depolarization rate due to all other

processes. The solution to this differential equation is

P(t) = Ce 0D 4 WLF (2.3)

Note that in the limit ¢ — oo, the polarization is limited

If we label the polarization at ¢ = 0 F,, this becomes

P(t) = Ppe 0t 4 P (1 — e 0D (2.5)

2.1.2 Thermal Polarization Aside

In the absence of active polarization technique, spins in a magnetic field will be

thermally polarized. The partition function, Z, is

Z =Y ekt (2.6)

where Fj is the energy of a spin in state s, kg = 1.38 x 1072J/K is the Boltzmann
constant, and 7" is the temperature (in Kelvin) of the system. The average energy of

an ensemble of spins is
B, e Bs/ksT

() =3 = — (2.7)

S
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Specifically, for spins in a magnetic field where E, = u - B,

B
(E) = —puB tanh IZ—T (2.8)

The thermal polarization relates the average energy of the ensemble to the energy of
the upper state (the state with p antiparallel to the applied field), (F) = PE. This

yields for the thermal polarization,

uB
Piverma = — tanh ——; 2.9
th l an kT ( )

under typical operating conditions,

Ptg;zljremal ~ 10_9 (210)
Pt];dcfrmal R 10_5' (211)

2.2 Optical Pumping

2.2.1 Overview

Circularly-polarized laser light tuned to the D1 line of an alkali metal atom can in-
duce optical pumping; in context of electron scattering experiments, rubidium (Rb) is
often the alkali metal under consideration. In this process illustrated in Fig. (2.1), the
angular momentum of a polarized photon is transfered to the valence electron of the
Rb atom. The interaction is said to be “sudden” with respect to the nuclear spin [27].
The excited electron will enter the 5P% orbital in the opposite spin state. Through
collisions with other Rb atoms 5P% states will “mix” and become equally populated.
The excited electrons would then spontaneously decay with equal probability to either

state by emitting a photon (which could then pump an S-orbital electron); however,
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Figure 2.1: Spin-Exchange Optical Pumping of Rubidium, I = 0

a small amount of diatomic nitrogen gas is often added to non-radiatively “quench”
the excited electrons through their rotational and vibration modes of oscillation [28].
In the presence of the roughly 0.1 Amagats of Ny typical in the target cells we study,
95% of excited electrons will decay through quenching, with the remainder decaying
by emitting a photon [1]. Because the alkali-alkali spin exchange rate is much faster
than the spontaneous emission rate, the excited electrons will decay with equal prob-
ability to either 55 1 magnetic substate [26]. Although both ground states are being
repopulated, only one of the two states is being depopulated; consequently, the Rb
vapor becomes polarized. The Rb atoms become highly polarized on a time scale of
milliseconds (see Sec. 2.2.6). Fig. 2.2 shows the energy level diagram of Rb-87 in the

presence of a weak magnetic field. For optical pumping, Eqn.( 2.4) takes the form

Rop(7)
Rop(7) + Tro(7)

PRb<t = 00, 7?) = Plight(ﬁ Cos 97 (212)

where the polarization and direction (relative to the holding field) of the light have

been introduced as limiting factors. The rates and polarizations in the above equation
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have spatial dependances — alkali atoms at the front of the cell are exposed to more
intense laser light than those in the back because the atoms in the front attenuate

the pump beam.

2.2.2 Alkali Metal in an External Magnetic Field

A ground state (L=0) alkali metal atom in an external magnetic field has a spin
Hamiltonian

H=AS -1—g.ugS.B. — gnunI.B., (2.13)

where A is the isotropic magnetic-dipole coupling coefficient [28]; pup = 9.274 X
10724 J/T and py = 5.051 x 1072"J/T are the bohr and nuclear magnetons; g, ~ 2
and gy =~ 5.59 are the electronic and nuclear Lande g-factors; and the external
magnetic field is assumed to point along the z axis. The first term is the Fermi-
contact interaction between the *He nucleus and the alkali valence electron; it is
responsible for spin exchange. It should be noted that the Zeeman term is dominated

by the electron spin (up > ).

2.2.3 Optical Pumping Rate

Tuned D1 laser light is used to induce electric dipole transitions (see Sec. 4.2.2), which
serve to polarize the alkali metal (see Fig. 2.1). The optical pumping rate for these

transitions is given by

R:/q)(l/,F)J(V)dl/, (2.14)

where ®(v, ) is the photon spectral flux density and o(v) is the photon absorption

cross section. It can be shown that [29]

/a(u)dy = 7w frec, (2.15)
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where 7, is the classical electron radius and f is the oscillator strength of the transition
under consideration (f ~ % for the D1 transition [30]). From this result, we can

assuime

o(v) =nfrecF(v,1p), (2.16)

where F(v, 1) contains all the frequency dependance of o. It might be desirable for
F(v, 1) = d(v — vg). (2.17)

In reality the spectral shape is a combination of a natural Lorentzian lineshape, a
doppler-broadened Gaussian lineshape, and a pressure-broadened Lorentzian due to
collisions with ®*He atoms. Under the high pressure conditions we operate under, this

last effect dominates the lineshape.

n

2

whose FWHM is given by I'4 (a quantity that depends on the helium pressure [31]).
Because of this pressure broadening, the hyperfine and Zeeman states are unresolved.

This gives the following for the photon-absorption cross section:

71'7’661 %A

Ignoring for the moment the attenuation of the laser light, the photon spectral dis-

tribution can be expressed as the product of a spatial and a spectral Gaussian [32],

(v, ) = Po(F)G(v) (2.20)
= P 2 —9r2 /2

@0(7") = ﬁﬂe 2%/ (221)

Gv) = L -t (2.22)

V2mo, 7
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where v, is the central laser frequency; o; is Gaussian width of the laser, related to
the FWHM by w;, = m/%/ﬂ; P is the power of the laser; and w is the beam waist.
The absorption line width, 'y &~ .04nm/amg - [*He] is & 0.3nm under our operating
conditions.

Eq. 2.14 can now be evaluated to give the initial optical pumping rate (the optical

pumping rate at the front end of the cell)

Ry = /gzﬁ(y) -o(v)dv ~ 20 kHz per 20 W/31 ¢cm®/2.0 nm (broadband),  (2.23)
Ry = /gb(u) - o(v)dv ~ 87 kHz per 20 W/31 ¢m”/0.2 nm (line-narrowed). (2.24)

2.2.4 Pumping Chamber Temperatures

For a given laser power, an appropriate alkali density must be chosen. If the alkali
density is too high, then the laser won’t be able to fully penetrate the vapor and
the alkali polarization will be low. Conversely, if the alkali density is too low, then
much of the available laser light will pass through the cell unused. Moreover, as will
be discussed in Ch. 2.3.4, the Rb-3He spin-exchange rate is directly proportional to
the alkali density. A balance between high alkali polarization (corresponding to low
alkali density) and fast spin-exchange rates (achieved at higher alkali densities) must
be found.

We achieve high alkali densities by placing the pumping chamber (pc) of our target
cell in a ceramic, forced-air oven (see Fig. 2.3). The temperature of the oven, which
is monitored by an RTD (resistive thermal device) attached to the pull-off of the
target cell, is controlled by an Omega CN76000 temperature controller. Although
this RTD is quite reliable at measuring the temperature on the outside of the cell,
the temperature inside the cell can be much higher.

When the pump laser is on, the gas inside the cell is heated to significantly higher



Chapter 2. Spin-Exchange Optical Pumping 17

| | | RTD

WINDOW
— PULL OFF —» '

ALKALI METAL

CERAMIC OVEN

Figure 2.3: Interior of Oven (side view)

temperatures (as much as 40°C, see Ch. 3.2.5). The majority of excited Rb atoms non-
radiatively decay through collisions with nitrogen molecules, effectively converting the
Rb excited state energy into Ny thermal energy. The temperature of the inside surface
of the glass, however, remains much lower.

The Rb vapor pressure is in equilibrium with the pool of Rb in the cell. This
pool, however is in equilibrium with the glass wall containing it. Consequently, mea-
surements of the Rb density can be used to measure the temperature of the inner
surface of the glass pc (see Ch. 4). Such measurements show that this temperature
is typically about 5°C above the temperature of the pull off.

We typically operate at an oven temperature of T' = 190°C, which corresponds to
a Rb density of

[Rb] = 6.16 x 10" em?. (2.25)
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2.2.5 Rb-X Spin Destruction Rate

Through collisions with Rb, 3He, and Ny, the polarized rubidium atoms relax. The

Rb spin destruction rate is given by

I're = ro—re + I'rp—sme + 'ro—ns, (2.26)

where

Ty x = EE[X]. (2.27)

The spin-destruction rate constants have been measured by many groups; a sum-

mary of many of their results is included in Appendix A. Using the results of Ap-

pendix A.1.2
T 3.31(12)
Ib=3te(Ty = 55.9(9) <m> Hz/amg (2.28)
T 2.0(25)
EE-NZ(TY = 290(30) (m) Hz/amg (2.29)
EE-FN(T) = 4.813(48) x 10 Pem?/s. (2.30)

Under typical operating conditions (T,.e, = 190°C'), the pumping chamber densities

are given by

[*He] ~ 7.0amg (2.31)
[N2] ~ 0.08amg (2.32)

[Rb] = 6.16 x 10"*cm™; (2.33)
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the target chamber densities are

[PHe] ~ 11.6amg (2.34)
[Ny] =~ 0.13amg (2.35)
[Rb] ~ Ocm™>. (2.36)

As was mention in Ch. 1.1, our target cells have two chambers: a pumping chamber
(pc) and a target chamber (tc), which are joined by a narrow transfer tube (tt) (see
Fig. 1.1). The pc is kept inside of a forced air oven, which is typically heated to
190°C. At such a high temperature, a high Rb density forms, which is necessary for
SEOP. The tc, however, is cooled to nearly room temperature. Because the tc is kept
at a low temperature, only a negligible amount of Rb vapor is present; consequently,
there is very little Rb-Rb spin-destruction in the target chamber. The approximate

spin-destruction rates in the pumping chamber are:

Ty sge ~ 365Hz (2.37)
Trp e A 22Hz (2.38)
Troomy ~ 293Hz (2.39)
~.Try ~ 680Hz (2.40)

2.2.6 Alkali Polarization

Analogous to Eq. 2.5, the alkali polarization is given by

Ppy(t) = Pyt FHTm)t o pib (1 _ o= (RHTmo)t) (2.41)

)

PEb — Pighi cos 0 (2.42)

R+Tg
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Figure 2.4: Comparison between broadband (left) and line-narrowed (right) laser spectra. The
simulation was carried out on a spherical cell (9 cm diameter) with 20 W of laser light. The
simulation was carried out at 190C (1/7s. = 6.7hrs). Note the different Y and Z-scales.

where 6 is the angle between the pump laser and the holding field for the target cell;
great care is taken to make this angle as small as possible. Towards the entrance of
the cell, R+T' g, =~ O(10’s kHz) causing the alkali polarization to reach its equilibrium

value (Px) on a time scale of 100’s of microseconds.

2.2.7 Spatial Variation of Optical Pumping Rate

From these equations, it may appear that the alkali polarization approaches 1; how-
ever, because the photon flux decreases as the laser light passes through the cell (by
transfering its angular momentum to the alkali vapor), the optical pumping rate (see
Fig. 2.4) — and therefore the alkali polarization (see Fig. 2.5)— decreases as the light

passes through the cell [32],

199

39, = —(1 — PryPiigns cos 0)o (v)[Rb]. (2.43)

It should be noted that the attenuation is in turn dependant on the polarization of

the alkali which is dependant on the polarization of the pump laser.
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Figure 2.5: Theoretical Rb polarization for a 9cm diameter sphere at 190C. Note the sharp drop-off
in alkali polarization for the line-narrowed laser. Because all of the available laser light is used (see
Fig. 2.4), the line-narrowed laser is able to achieve a higher alkali polarization.

2.2.8 Improvements in Optical Pumping

The optical pumping rate (Eq. 2.23) can be increased by better matching the photon-
absorption cross section of the alkali metal to the spectral width of the laser light; this
can be accomplished by using line-narrowed lasers. In the past, we have used broad-
band Coherent FAP diode lasers with a FWHM of approximately 2.0 nm. Recently, we
have acquired line-narrowed Comet lasers from Spectra-Physics, each with a FWHM
of approximately 0.2nm. These two systems each provide approximately 20 W of
laser light; however, because the Comet laser spectrum is better matched to the
alkali absorption cross section, the initial optical pumping rate of the Comet is about
5 times larger than the FAP’s (see Eq. 2.23,2.24). When line-narrowed lasers are used
in our lab, 3He polarizations can increase from about 40% to about 60% in pure Rb
target cells.

The plots show in Fig. 2.4, which were generated using a simulation based on
the previous sections, show the difference in ¢(v) between line-narrowed (right) and

broadband lasers (left). The simulated plots show the evolution of the photon spectral
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flux (photons per second per area per wavelength) as a function of wavelength and
depth into a 9 cm diameter spherical cell. Although the two spectra have the same
total number of photons, the light from the line-narrowed laser is more resonant (note
the different Z-scale); consequently, all of the Comet light is absorbed, while the off-
resonance tail ends of the FAP light exit the cell unabsorbed. Since the line-narrowed

light is being used more efficiently, a higher alkali polarization can be achieved.

2.3 Spin Exchange

2.3.1 Overview

There are two ways the electron can transfer its spin. The first (and dominant mech-
anism) is a simple binary collision (see Fig. 2.1); the second occurs when the alkali
metal and the noble gas briefly form a van der Waals molecule. The second mechanism

contributes negligibly for *He SEOP [26].

2.3.2 Spin Exchange Hamiltonian

Electronic angular momentum is primarily transfered to the nucleus of 3He through
isotropic, fermi-contact hyperfine collisions, although some is transfered by anisotropic

dipolar interactions [26]. The former can be described by the following hamiltonian,
Hsp=0al-S (2.44)

where I refers to the 3He nuclear spin, S refers to the rubidium valence electron spin,

and « is the effective hyperfine coupling constant given by [33]

_ 167 ppgpN
3 [

a(R) [P (R)* (2.45)
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here, U(R) is the wavefunction of the valence electron evaluated at the nucleus of the
noble gas atom. It should be noted that in order for spin exchange to successfully
occur, the alkali metal valence electron has to “penetrate though the 3He atom’s

electron cloud to the nucleus” [34].

2.3.3 Rb-Rb Collisions

The spin-exchange rate for Rb-Rb collisions is

BB — | RO Rp). (2.46)

where k7R = 8.4(3) x 107'° ¢cm?/s is the Rb-Rb spin-exchange rate constant (see

Appendix A and Table 2.2). Under typical operating conditions (Tpye, = 190°C),

[Rb] = 6.16 x 10*cm ™, (2.47)

which gives

YR~ 500k H 2. (2.48)

Rb-Rb spin-exchange collisions are mediated by a combination of Coulomb poten-
tial and the Pauli exclusion principle. Consequently, they're very efficient and have
AB=Fb > Tr,. The Rb-Rb spin-exchange efficiency, ng,_gsy is ratio of the rate at
which polarization is successfully transferred between Rb atoms to the rate at which

polarization is lost

Rb—Rb
Yse - [RO]
B = 2.49
Trb-Fb ~E=FS[Rb] + T gy [RD]’ (249)
ka—Rb Rb
= w LRY) (2.50)

kEb=Fb[Rb] + Tgyy
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Under typical operating conditions,

Nrv—ry ~ 99.9%. (2.51)

2.3.4 Rb-*He Spin Exchange Rate

The spin exchange rate, the rate at which spin is transfered from Rb to 3He, is

Yse = < 05U > [Rb] (2.52)

= Fy|RY (2.53)

where [Rb] is the rubidium number density and ks, = < 04,0 > is the tempera-
ture independent, velocity-averaged spin-exchange cross section (also called the spin-
exchange rate constant) [35]. A summary of measured values for kg, is presented in

Appendix A.2.1; for Rb,
ke = 6.74(025) x 10" cm? /s. (2.54)
Under typical operating conditions (Tpye, = 190°C),
[Rb] = 6.16 x 10**cm ™2, (2.55)

which gives

1/7se & 6.7hrs (2.56)

for a single-chambered cell.
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2.3.5 Spin Exchange Efficiency

The spin exchange efficiency, ngp_p. is the ratio of the rate at which angular mo-
mentum is successfully transfered to *He to the rate at which rubidium loses angular
momentum [36]. In the absence of undesirable electronic relaxation, the efficiency

would be 100%.

Vse [SHe]

He = 2.57
b=t fyse[gHe] + FRb[Rb] ( )
kse[*He]

= 2;
_ (1 e )T (2.59)

B kse[*Hel '

Under typical operating conditions (Eqns. 2.31, 2.32, 2.33, 2.40),

NRo—He = .018; (2.60)

thus, for these conditions it takes roughly 55 polarized rubidium atoms to polarize

one 3He nucleus.

2.4 Spin Exchange with (other) Alkali Metals

Historically, particularly in recent years, SEOP of *He has employed Rb to transfer
laser polarization to *He. There are several other alkali candidates that outperform
Rb in spin-exchange. However, as will be explained in Ch. 2.7, these other candidates

are not as desirable for optical pumping.
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Figure 2.6: Number Density Curves
2.4.1 Vapor Pressure Curves

A liquid (or solid) in a closed system will have a small number of atoms (or molecules)

evaporate. The equilibrium vapor pressure is often expressed in Pascals as

P = 105.006+O¢+§’ (261)

where o and 8 depend on the phase of the element under consideration (see Table

2.1) [2]. The corresponding number density is given by the ideal gas law,

Table 2.1: Alkali Molten Temperature Coefficients [2]

Sodium Potassium Rubidium Cesium
4.704 4.402 4.312 4.165
-5377 -4453 -4040 -3830

R

[A] = N/V = P/kgT (2.62)
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[A] = 1 105-006+a-+ 5

2.
— , (263)

where A refers to the alkali species under consideration. This number density depends
on the temperature of the oven, which is in turn determined by the available lower

power.

2.4.2 Alkali-X Spin Destruction and Spin-Exchange Rates

Analogous to Ch. 2.2.5, the A-X spin-destruction rate is given by
FA:FA7A+FA—3H6+FA7N27 (264)

where

Tax = ki *[X]. (2.65)

A summary of measurements of these constants can be found in Appendix A and

Table 2.2. The temperature dependence of the spin-destruction rates are as follows:

A—-3H A—-3H T 581012)
kKZ7o0(T) = kit ——— 2.
sd ( ) sd473 (47315 K) ( 66)
A—N2 A—N2 T 2009
k27T = ki, e —— 2.67
sd ( ) sd473 (47315 F() ( )

The spin-exchange rate (see Ch. 2.3.4) for an alkali species, A is given by

Yo = KALA] (2.68)

A summary of measurements of these constants (see Appendix A), is summarized in
Table 2.2. The spin-exchange rate for different alkali metals are plotted (at compared

to Rb) in Fig. 2.7.

Heavier metals tend to have higher spin-exchange and spin-destruction rates (see
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Spin Destruction Spin Exchange

kigode  Err. | ki,h? B | k27 B [ kAAe B | k24 Err

Na 0.15  33% 522 8% | 474 10% | 9.4 0.5%
K 4.7 6.4% | 150  30% | 9.16 10% | 5.15 3.3% | 11.3 4%
Rb 55.9  1.6% | 290  10% | 48.1 10% | 6.74 25% | 84 4%
Cs 530  5.7% | 2100 9.5% | 808 10% | 11.1  10% | 7.2 4%
units Hz/amg Hz/amg 107" em3/s | 107 ecm?/s | 10719 cm?/s

Table 2.2: Spin-Destruction (at 473.15 K) and Spin-Exchange Rates from sources discussed in
Appendix A. Note that all rates increase for heavier elements (except for A-A, which are all roughly
the same), but spin-destruction rates increase more than spin-exchange rates.

Spin-Relaxation Rates (Hz) | Spin-Exchange Efficiencies
Element | 'y 3ge Ta-no Ta—a | Urotar | MaA—me L/Na—me
Na 2.4 207 45 67 | 0.117 8.5
K 44 14 74 132 0.0684 15
Rb 365 22 293 680 | 0.0182 54
Cs 2791 141 3012 | 5944 | 0.00350 286

Table 2.3: Spin-Relaxation Rates and Spin-Exchange Efficiencies for 75, = 1/(6.7hrs). The last
column, 1/74 is the number of collisions before a successful spin exchange occurs between an alkali
atom and a *He atom. Used &2, V2.

Table 2.2); however, whereas the spin-exchange rates are all approximately the same,
the spin-destruction rates vary by orders of magnitude. It is for this reason that

lighter alkali metals make for more desireable spin-exchange partners.

2.4.3 Spin-Exchange Efficiency

The spin-exchange efficiency (see Ch. 2.3.5) between an alkali metal A and a *He
atom is defined as

F —1
—ké[;ﬂe]) . (2.69)

TNA—He = (]- +
If the cells are designed to give the same operating *He and N, densities (Eq. 2.31,2.32),
the spin-exchange efficiency for different alkali metals can be compared for a given

spin-exchange rate (which is itself determined by the available laser power). Spin-

exchange efficiencies for several alkali metals are listed in Table 2.3.
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Figure 2.7: Alkali-He Spin-Exchange Rates. The red lines show a Rb-®He spin-exchange rate
of 1/6.7hrs at 190C. The gray lines show that the same spin-exchange rate occurs at different
temperatures for different alkali metals.

2.5 SHe Spinup and Relaxation

3He polarization accumulation (spinup) is analogous to alkali polarization accumula-

tion (see Eqn. 2.41, 2.42)

Pre(t) = Pylee= 0ot plIe (1 — e=Ooet D) (2.70)

where
pHe — prv_Te 2.71
~ =P (2.71)

and 7, is the spin-exchange rate (Eqn. 2.53) and T is the net 3He relaxation rate.
There are many ways *He polarization can relax, including through collisions with
other *He atoms [37], magnetic field inhomogeneities [38-40], and through cell wall

collisions [38,41,42]. The net helium relaxation rate is given by the sum of these
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mechanisms:

I'= Fdipolar + I‘field + Fwall- (272)

In the presence of an electron beam, there is an additional relaxation rate, I'peqm.-

2.5.1 Dipolar Relaxation

When two *He atoms collide, nuclear spin (polarization) is coupled to oribital angular
momentum by the magnetic dipole interaction; this coupling creates an intrinsic He
relaxation rate that is density dependant [37]. The room temperature dipolar bulk

relaxation rate is given by
[*He]

Caipolar = mhrsfl‘ (2.73)

We typically fill cells to a uniform-temperature [He| of ~ 8 amg, giving
Fdipolar ~ 1/(93hrs) (274)

The cell-averaged (Eq. 5.72) dipolar relaxation rate is approximately the same under

operating conditions (hot PC).

2.5.2 Relaxation Due To Magnetic Field Inhomogeneities

To a randomly moving 3He atom, magnetic field inhomogeneities appear as a changing
magnetic field. This time-dependant magnetic field can couple to the nuclear spin of
the 3He atom and induce relaxation [38-40],

VBi|* + VB, [*
Bj

T fia = D (2.75)

where D is the *He self-diffusion coefficient, VB, and V B, are the transverse magnetic

field gradients, and By is the main holding field, oriented along the z-axis. The self-
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diffusion coefficent of *He has been measured at 300K [43]

~ 1440(80)torr
B P

D em?/s. (2.76)

Under typical operating conditions, P ~ 12.5 atm = 9500 torr,

D = .15 cm?/s. (2.77)

Our main holding field is established by a large (~1.5m diameter) helmholtz pair,
which we run at 13 Gauss. The transverse magnetic field gradients intrinsic to the

coils are S 10 mG/cm [44]. This gives a negligible *He relaxation rate of

T fia & 1/(3600hrs). (2.78)

2.5.3 Wall Relaxation

The target cells studied in this thesis were constructed out of reblown GE-180 (an
aluminosilicate glass with low permeability [45]). Because aluminosilicate glasses
are expensive, difficult to work with and are composed of atoms with heavier nuclei
(unfavorable in electron scatter experiments), some groups use permeable borosilicate
cells (Pyrex) that have a thin aluminosilicate (sol-gel) coating [46].

The surface physics behind 3He wall relaxation is not well understood. At present,
3He wall relaxation is believed to be caused by several mechanisms, including param-
agnetic impurities in the glass, *He atoms becoming trapped in microfissures in the
glass surface, and ferromagnetic impurities associated with the alkali metal [1, 34, 42].
It was found that reblowing the glass and following with a strong acid rinse minimized
the first two mechanisms, while degaussing the cells minimizes the last one [34, 42].

Although cells have been made at the dipolar relaxation rate limit [37], our cells are

typically limited by wall relaxation. We use Adiabatic Fast Passage (AFP) NMR (see
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Cell Parameters Lifetime (hrs)
Cell Name | Fill Density (amg) | Dipolar Wall | Total
Tigger 7.81 95.3 14.5 | 12.6
Samantha 7.85 94.8 28.7 22
Alex 7.93 93.8 52.6 | 33.7
Brady 7.87 94.5 58.1 36
Moss 7.81 95.3 71.1 | 40.7
Stephanie 8.02 92.8 99.5 48
Astral Weeks 8.08 92.1  104.7 | 49
Sosa 7.97 93.4 489.5 | 78.4

Table 2.4: Typical Target Cell Lifetimes

Ch. 3.1) to measure the room-temperature relaxation rate. Typical values for target
cell relaxation rates (I') range from 1/(10 hrs) to 1/(80 hrs). The wall contribution
can be extracted using Eq. 2.72 (see Table 2.4).

Finally, we note that although wall relaxation is not well understood, it is believed

to scale with the surface-to-volume ratio of the cell [26]:

Fwall X S/V (279)

2.6 The X Factor

Until recently, it was assumed that if an infinite amount of resonant laser light was
used to optically pump a very dense alkali vapor (v, > I'), a near-unity 3He polar-
ization could be achieved (see Eq. 2.71). However, Babcock et al. recently suggested
that there exists an additional surface-relaxation mechanism that appears to scale
with the alkali metal density and the surface to volume ratio of the cell [47]. This
cell-instrinsic relaxation rate limits the achievable *He polarization, even in the pres-
ence of infinite optical-pumping power. The equilibrium *He polarization (2.71) is

now given by

PHe — PRb Vse

2.80
o0 756(1+X)+F7 ( )
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where X appears to increase with S/V. We note that in the high spin-exchange rate
limit v, > T,

PHe — PRb 1

e 2.81
14+ X ( )

Measurement techniques and results for our cells will be presented in Ch. 5.3.

2.7 Hybrid Spin Exchange

Rb-3He spin exchange is a relatively inefficient process [36]: under the conditions
described in Ch. 2.3.5, it takes approximately 55 polarized Rb atoms to polarize one
3He atom. Spin exchange with a lighter alkali metal is more efficent: under similar
conditions, it takes roughly 15 polarized potassium (K) atoms or 8 polarized sodium
(Na) atoms to polarize one *He atom (see Table 2.3). This greater efficiency is because
although the spin-exchange rate constants are about the same for the alkali metals,
the spin-destruction rate constants are much higher for heavier alkali metals (see
Ch. 2.4.2 and Tab. 2.2).

Unfortunately, optical pumping of lighter alkali metals is more difficult. Moreover,
less is know about optical pumping alkali metals other than Rb. To optically pump
alkali metals other than Rb, new lasers must be purchased. Such lasers currently are
not as powerful and inexpensive as those for Rb optical pumping. Aside from the
need to invest in new laser systems, lighter alkali metals have lower vapor pressure
curves and therefore must be heated to higher temperatures to achieve a sufficiently
dense vapor for spin exchange (such high temperatures are experimentally difficult).
Additionally, whereas the D1-D2 fine structure splitting for Rb is 15nm, for K it’s
3.4nm, and for Na it’s 0.6nm (see Table 2.7). The work of Singh’s Thesis [6] suggests
that such small splittings lead to inefficient optical pumping even with line-narrowed
lasers. The hybrid technique attempts to solve these problems [48].

The hybrid technique employs a mixture of Rb and K; the lasers optically pump
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the former and it shares its polarization with the latter with minimal losses. Both

atoms spin exchange with *He (see Fig. 2.8); however, for a fixed amount of laser

light, a lower (laser-absorbing) Rb density can be used which allows the laser light

to penetrate deeper into the cell. In order to compensate for the lower Rb density,

the K density is increased and therefore, K carries out the majority of spin exchange.

The laser polarized Rb indirectly transfers its spin more efficiently, and higher 3He

polarizations (= 55%) can be attained at comparable spin-exchange rates.

’ ‘ D2 (nm) D1 (nm) A (nm) ‘ Toner (C) Thou (C) ‘ M(g/mol) ‘
Lithium 670.776  670.791 0.015 180.54 1342 6.941
Sodium 588.9950 589.5924 5974 97.81 882.9 22.98977

Potassium | 766.49 769.896 3.4 63.25 760 39.0983

Rubidium | 780.0268 794.7603 14.7335 38.89 686 85.4678
Cesium 852.113  894.347  42.234 28.40 669.3 132.90545
Francium | 717.9866 816.9418 88.9552 27 677 223

Table 2.5: Alkali Metal Transistion Line [3], Phase Transition and Molar Mass [4] Data



Chapter 2. Spin-Exchange Optical Pumping

35

Element | k%% Err. | k-4 Eur.
Na 175 9% 79  1.4%
K 21.8  10% | 10.1 4%
Rb 48.1 10% | 8.4 4%
Cs 199.5 10% | 9.8 4%
Units | 107"em?/s | 107%m?/s

Table 2.6: Rb-Alkali Spin-Exchange Rate Constants (compiled from data in Appendix A). Note
that the spin-exchange rate constants are all about the same, but the spin-destruction rate constants

increase for heavier alkali metals.

2.7.1 Rb-A Rate Constants

Through collisions with polarized Rb, the second alkali metal (usually K) becomes

polarized. The spin-exchange rate for such a collision is given by

where

Rb—A
k:se

= <0

Rb—A
se

Yoo =kl A

v >

U = +/URpUA,
O = +/ORpOA.

(2.82)

(2.83)
(2.84)

(2.85)

Such collisions can also lead to spin-destruction and have analogous equations. A

summary of Rb-alkali spin-exchange (destruction) rate constants is presented in Ap-

pendix A, which is distilled in Table 2.6; it should be noted that k=4 > EEb-4

Alkali-Alkali collisions are very fast and efficient (7,

99.9%, see Ch. 2.3.3).

Rb—A

~ 500kHz and ngy_4 ~
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2.7.2 Hybrid Alkali->He Spin-Exchange Rate

In a hybrid cell, both alkali metals spin exchange with *He (see Fig. 2.8). The spin-

exchange rate for such cells is given by the sum of the two rates,

Yoo = k&TIIRY] + kL TTO[A] (2.86)
Rb—H ke
= k. [Rb] (1 + Dkf;bef) , (2.87)
where
D = [A]/[Rb] (2.88)

is the temperature-dependant hybrid number density ratio. This temperature depen-
dance is due to the two metals having different vapor pressure curves (see Ch. 2.4.1).
In the absence of a second alkali metal (D = 0), this Eq. 2.87 reduces to Eq. 2.53.
We have made cells with operating-temperature D’s ranging from 2 to 20.

The same *He spin-exchange rate from a D = 0 (a pure Rb cell, (Eq. 2.56)) can
be achieved in a hybrid cell at a lower Rb density by increasing D. The benefit to
lowering the Rb density is that the same amount of laser light can penetrate deeper
into the cell. A spin-exchange rate of 1/6.7 hrs (see Eqn. 2.56) with a Rb density
of 1.10 x 10em ™3 (5.6 times lower than the pure Rb density (see Eq. 2.33)) can be
attained in a D = 6 hybrid K/Rb cell. Such a cell would need to be operated at 237.2C
to maintain an adequate alkali density. Density ratios and operating temperatures

for other rubidium-alkali mixtures are summarized in Table 2.7.

2.7.3 Hybrid Alkali->He Spin-Relaxation Rate

The effective rubidium-relaxation rate, as defined by Babcock, is [36, 49]

I =Dy + D (D + 2k A[RY)) . (2.89)
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Mix D (Toven) Toven (C) be FA F/Rb 1/7] 1/77pm"e mRb(mg)
Na/Rb 6.52 328.8  0.00227 | 60T 16017 | 24 8 8.4590
K/Rb 6.0 237.2 0.0308 | 119 1585 | 23 14 69.4675
Cs/Rb 2.78 169.5 0.433 | 5409 16700 | 236 278 491.0939

Table 2.7: Hybrid Density Ratios and Operating Temperatures. The value for D was determined

using a spin-exchange rate of 1/79s = 6.7hrs with [Rb] = 1.103 x 104cm =2 (see Eqn. 2.87). The

last column gives the mass of Rb needed per gram of A. TSince no value for kﬁfﬁN % was available,

kig_N 2 was used instead. This substitution probably overestimates I'yqo; however, a lower bound of
I'nve = 40Hz can be established if nitrogen relaxation is ignored. This gives I, = 1471Hz and 1/n
= 22.

We choose to use this notation as it facilitates direct comparision with pure-Rb cells.
For a hybrid cell operating at the same spin-exchange rate as a pure-Rb cell, effective

Rb-relaxation rate increases. For D = 6 and 1/, = 6.7hrs,

L A 545+ 6 x (133 +48) Hz (2.90)

Q

1630H z, (2.91)

much higher than 680 Hz (see Eq. 2.40).
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2.7.4 Hybrid Spin-Exchange Efficiency

The spin-exchange efficiency (see Ch. 2.3.5) for hybrid mixtures is given by

vse[*He]
= 2.92
hybrid Yee[SHe] + T, [RD] (2.92)
k?efHe

KR He[ Ry (1 + Dkg;b—He> PHe]

(2.93)

A—He
kJSS

k=1 [R0] (1+ D ) [He] + Ty [R0)

-1

(1 D) FEF g

-1

.t (2.94)

e /T ro gy
—He Rb—He

~ ~~ - PureRb
<1

= |1+

(2.95)

Although I'y, is larger for a hybrid cell (than a pure Rb cell), the efficiency is higher
because the Rb density is lower.

For a D = 6 K/Rb hybrid cell operating at 237.2C,

Nhybria ~= 0.0427. (2.96)

This efficiency is in-between that of a pure-Rb or pure-K cell (see Table 2.3). The effi-
ciency can be increased up to the pure-K limit (by increasing D). Table 2.7 lists 1/n for
several hybrid mixtures. Interestingly, for 1/v,. = 6.7hrs and [Rb] = 1.10x10*cm =3,
a K/Rb mixture performs about as well as a Na/Rb mixture (a pure Na cell would
outperform a pure K cell). This is because the Rb relaxation grows very large at the
high temperature necessary for Na.

Fig. 2.9 models hybrid alkali performance for different spin-exchange rates. Qual-
itatively, hybrid-alkali mixtures stretch out the polarization roll-off curve (a lower Rb

density allows for deeper laser penetration). Line-narrowed lasers change the shape



Chapter 2. Spin-Exchange Optical Pumping 39

to a sharper roll-off (the more resonant laser light is absorbed quicker). When used in
conjunction, a larger cell can be more highly polarized. It should be noted however,
that all four methods perform the same when either the laser power is insufficient
and is thus all absorbed (bottom graph in Fig. 2.9). When the laser power is over-
whelming (and is mostly transmitted), the line-narrowed methods perform the best;
however, for similar laser conditions, a pure-Rb cell will actually outperform its hy-
brid counterpart. The size of the pumping chamber and alkali density are critical in

ensuring optimal performance.

2.8 Creating Hybrid Mixtures

2.8.1 Hybrid Chemistry

Given a spin-exchange rate, v, and a number-density ratio, D, the appropriate room-
temperature masses of a hybrid alkali mixture can be calculated. Raoult’s Law states
that the partial vapor pressure of a component, X in a system is proportional to the
vapor pressure of the pure component by mole fraction, f, of that component (see for
example [50])

Px = fh. (2.97)

The mole fraction of a component, X is defined to be

mx/MX

fX = szl/Mz’

(2.98)
where M is a molar mass. Applying the ideal gas law to Eq. 2.97,

[A] = fa[Ao (2.99)
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Figure 2.9: Simulation for a 3.5” K/Rb spherical cell with D = 6 (similar to Fig. 2.5). Different
spin-exchange rates are plotted. In each plot, the y-axis refers to the polarization along the axis
of the cell; the polarization quoted in the legend is volume-averaged. Note that for low and high
spin-exchange rates, all 4 curves given roughly the same polarization. Line-narrowed lasers and
hybrid cells only outperform their counterparts under certain conditions.
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where A refers to the alkali metal under consideration. The temperature dependance

of the number density ratio (Eqn. 2.88) can be separated

_ Ja[Alo _ fa
D(T) = L4 = 4 Do(T), (2.100)
where
Dy(T) = % — 10(@a—ary+(Ba—Bry)/T) (2.101)

The coefficients a and /5 can be found in Table 2.1. For a K/Rb mixture at 237.2C,
Dy = 0.191.

Since we are dealing with a two state system,

fa+ fre=1 (2.102)
Plugging into Eq. (2.100),
1—
D(T) = fro Dy (T). (2.103)
fry

For a Rb-A hybrid mixture Eq. 2.98 can be written as

M —1
ma Rb) . (2.104)

mRbMA

Jry = (1+

Values for M are summarized in Table 2.7. Finally, Eqn. 2.103 can be simplified using

Eqn. 2.104.
_ maMpy

D(T) Do(T). (2.105)

mrpyMa
We typically work with mixtures that have 1.0g of K (or other alkali metal) and a
small amount of Rb (see Table 2.7). Note that such mixtures will only have the right

D at the chosen operating temperature (see Fig. 2.10).
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Figure 2.10: Temperature Dependance of 1/7v,. = 6.7hrs Alkali Mixtures (see Table 2.7)

2.8.2 Mixing Alkali Metals

All alkali metals react violently with oxygen and water. Consequently, to prepare a
hybrid mixture, an inert atmosphere is necessary. Our laboratory employs a glove-
box, which is filled with the boil-off of a liquid nitrogen dewar; although nitrogen is
not totally inert, it is economical and convenient. Because it is impossible to avoid
trace amounts of oxygen and water, the gas inside the glovebox is passed continously
through a regenerable purifier. The levels of moisture and oxygen can be measured
with a “lightbulb test,” in which the lifetime of an exposed incandescent filament
is monitored. A duration of greater than 6 hours without the filament burning out
corresponds to contamenant levels less than 5 ppm [51]. Alkali metal mixtures were
only considered pure enough if the lightbulb lasted more than 6 hours; often, the test
would suceed for several days.

Alkali-hybrid alloys are prepared by adding an appropriate amount(see Table. 2.7)
of Rb to A. Approximately 1g of molten A (usually K) is poured into a prescored

ampoule with a narrow neck. The K is then allowed to cool. Once cooled, mg is
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A (usually K)

Pasteur Pipette

Glass Rod

Special Cork with Argon Tube

MAPP Torch

Figure 2.11: Glovebox Procedure: 1. Molten alkali (K,Na, or Cs) is forced out of its ampoule with a
syringe (filled with glovebox air). The Pasteur pipette is necessary as the molten alkali forms beads
wider than the neck of the ampoule (these beads would become stuck in the neck if gas from the
bottom of the ampoule couldn’t escape). 2. Solid Rb is lowered into the ampoule. 3. Once the
desired mass ratio has been reached, the mixture is corked, heated, and swirled. 4. The ampoule is
permanently sealed under argon. 5. The prescored ampoule can now be heated and agitated more
thoroughly before being used in a target cell.
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measured using an analytic balance. Small amounts of solid Rb (which is sticky)
are lowered on the end of a glass rod into the prescored ampoule, while mg + mpg,
is monitored. Once the desired mass ratio has been achieved (see Eq. 2.105), the
prescored ampoule is heated until the mixture melts. The molten alloy is then mixed
by swirling the prescored ampoule. Finally, the mixture is corked, cooled, and re-
moved from the glovebox. Once outside, the prescored ampoule is placed inside of an
open box which has been filled with argon. The cork is removed and replaced with a
special cork. The special cork has a hole drilled axially through it and is connected to
tubing, which is filled with argon. The tubing is then removed from the argon bottle
so there is no positive pressure inside it. Finally, the prescored ampoule is sealed
along the narrow neck using a MAPP (methylacetylene-propadiene propane) torch.
The sealed ampoule is then heated and thoroughly agitated. Fig. 2.11 summarizes

the procedure.
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3.1 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) provides a method for measuring noble gas
polarization that relies on the interaction of the magnetic dipole moment with an

external magnetic field. The Hamiltonian for this interaction is
H = —M'Bo, (31)

where j is the magnetic moment of 3He. Hence, in the presence of an external

magnetic field, the energy levels of He are split by an amount

This is known as Zeeman splitting. If an oscillating magnetic field is introduced both
perpendicular to the static holding field (By above) and at the frequency w = U/h,
resonance is achieved and transitions between the two states can occur.

For a spin-1/2 particle in a magnetic field oriented along the z-axis, Eq. (3.2)

reads
U= —/LZB(), (33)
where
Qe
pe = 95 (3.4)

here, g is the Lande g-factor which has a value of 2(-1.93) for a neutron and S, has

eigenvalues :I:%. The energy separating the two states is

AU = gj—ehBo — gunBo, (3.5)
m
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where py is the nuclear magneton and has the value

h = 5.051 x 1072"J/T. (3.6)

,u:qe
N 2m,,

These two states are separated in frequency by

gunBo
w =

where the gyromagnetic ratio, v/2m &~ 3.2434kHz/Gauss has been introduced. Clearly,
the resonant transition frequency depends upon the size of the holding field (and vice
versa). That is, NMR can be performed at either a fixed RF frequency while the
holding field is swept, or a fixed holding field with the RF frequency swept. We
measure the *He magnetization using a fixed RF frequency; however we use the other

technique when performing an EPR calibration measurement (see Ch. 3.2).

3.1.1 Adiabatic Fast Passage

When we perform an NMR measurement, we sweep our holding field (By) from be-
low to above resonance. Specifically, we perform an Adiabatic Fast Passage (AFP)
sweep [52]. The sweep is considered adiabatic if the effective field the nuclear spins
feel is changed slowly enough that they can track the effective holding field (the

eigenvectors of the system don’t change).

_. < w (3.8)
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Under our typical operating conditions, we had

B ~ 9G/6s (3.9)
B, =~ 100mG (3.10)
w = 56.6kHz (3.11)

The sweep is considered fast if the time the spins are exposed to highly relaxing
magnetic field inhomogeneities is minimized. In the rotating frame, the relaxation

rate is given by [53]

1 VB, [2?
=D 3.12
Tlr Bl ( )
Consequently, we require
IVB.> B
D — 3.13
32 < B (3.13)
Under typical operating conditions,
D = 0.15cm?/s (3.14)
IVB.|? 10mG >
2 3.15
B? lem (3.15)
Combining the above equations and evaluating using typical values,
plVELE b < (3.16)
B? B O =~ '
N .~~~  56.6kHz
1.5mHz 15Hz

The left-most term in the above equation gives the relaxation rate of the *He atoms
during a measurement. This term can be quite large along the target chamber of the
cell, whose long ends sit outside of the most uniform region of the helmholtz pair.
However, because the measurements are made relatively quickly, the losses are kept

to approximately 1% per measurement.
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3.1.2 The Co-Rotating Frame of Reference

This section follows the work presented by A. Abragam [52]. A Nuclear spin has
an angular momentum, I and an associated magnetic dipole moment m = ~vI. In
the presence of an external magnetic field, By, the magnetic moment will experience
a torque, N = m x Bg. This torque will in turn cause a change in the angular

momentum of the spin,

d1
d
d—r;‘ — ~ym x By (3.18)

In the context of NMR, the most convenient frame of reference is one rotating clock-
wise (w = w(—2)) about the external holding field. This restricts the motion of
the magnetic dipole to a plane. The coordinate transformation to a frame rotating

clockwise is a simple one:

X' = coswtX — sinwty (3.19)
y/ = sinwtX + coswty (3.20)
conversely,
X = coswtX + sinwty’ (3.21)
y = —sinwtX + coswty’ (3.22)

The appropriate vector transformation is given by

dx B dx

dt stationary dt rotating

+ w X X, (3.23)
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where w is the frequency at which the frame rotates. Thus,

dm dm
at - — 3.24
dt rotating dt stationary @zxm ( )
= ~ym x By + w(Z x m) (3.25)
Y
= ’ym X Beﬂ‘. (327)

As the above equation suggests, in the rotating frame, the magnetic dipole experiences

an effective field, Beg = (Bg — £2). In practice, the external field is comprised of two

¥
mutually perpendicular fields — a stationary holding field (oriented along the axis of

the pump laser) and a perpendicular oscillatory RF field,

Beg = (By — %)z + By (3.28)

3.1.3 Formula for Polarization in Terms of Magnetization

NMR of 3He produces a measurable EMF created by the interaction of the lone
neutron’s spin with the oscillating RF field. This EMF can be related to the magne-
tization of the gas, which in turn can be related to the spin polarization of the 3He.

The magnetization M of the gas is
M = PHelu = y[*He]lL. (3.29)

The polarization, P is

I
P=-. 3.30

Combining the above two equations and plugging in [ = g for I, we get

M = 7/2%%[3H6]P. (3.31)
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The *He number density, [*He] is measured during a cell fill. Often, a more precise
value for [*He] is obtained from measurements of the pressure-broadened widths of
the D1 and D2 transitions. All that remains is to measure the magnetization of the

3He ensemble.

3.1.4 Measuring the Field Created by the *He Magnetization

Faraday’s law of induction states that a change in magnetic flux will induce an EMF
in a closed loop,
d d

g dt dt (3:32)

In the lab frame, the EMF is supplied by the changing magnetic field the *He spins
supply during an NMR measurement (their collective magnetic moment changes di-
rection); however, in the rotating frame it is the pickup coils that are changing their
orientation with respect to the 3He spins resulting in an EMF. Evaluating Eq. 3.32
is more convenient in a rotating reference frame — instead of keeping track of the
direction of the nuclear magnetization, we keep track of a pickup coil that’s rotating
predictably. In the lab frame, the area vector of the pickup coils (that is, the one

pointing along the vector normal to their two dimensional plane) is given by
A = Ax. (3.33)
In the rotating frame, it is given by
A, otating = A(cos wtX' + sinwty’). (3.34)

Note that there is no explicit time dependence in the magnitude, only in the direction.
Furthermore, if the pickup coils are sufficiently small (small enough that the magnetic

field provided by the spins can be considered uniform over them), we can simplify
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Eqn. (3.32)
d dB dA
— ‘B A= A_B. 2 '
where
dA
e Aw(—sinwtx’ + coswty’) (3.36)

and B has yet to be determined.

3.1.5 The Magnetic Field of a Uniformly Magnetized Sphere

The pumping chambers of the cells we work with are approximately spherical. To
determine the approximate magnetic field the 3He spins inside it create, it is sufficient
to calculate the field of a uniformly magnetized sphere. The calculation is long,
tedious, and involves even more coordinate transformations. Fortunately, it is mostly
worked out in Griffith’s E&M textbook [54]. The field inside a uniformly magnetized
sphere is also uniform,

2

The field outside of a uniformly magnetized sphere is equivalent to that of a magnetic

dipole whose magnetic dipole moment happens to be m = 4%]%31\/1,

Ho A\ a

Bsphere = = (3(11’1 : I‘)I‘ - m) (338)
fro R Ao

= 3.3 (B(M - 1)t — M). (3.39)

The direction of ¥ is a little bit tricky. Clearly, we want to evaluate the magnetic
field at the location of the pickup coils (this will be in the 2’ and ¢’ direction — see

Eq. 3.34). However, since our EMF is sensitive to the parallel components of B and
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A, we only care about the ¢’ component.

M = M,y + M,z (3.40)

= M(sinay’ + cosaz) (3.41)

Combining the appropriate equations,

dA 20 R3 ,
BSphere'% = 23“3 AMw sin « cos wt (3.42)
aB Sphere - 2H0R3 do i
— A = 2,3 AME cos o sin wt. (3.43)

It is convenient to use the following relation

dsina  da
= g S (3.44)

Finally, to convert this result to a measurable EMF, we need to introduce a geometeric
fudge factor, U. This factor compensates for any imperfections in our apparatus (in-
cluding a non-spherical distribution of magnetization). Since we ultimately calibrate

our signal using EPR, this fudge factor is only introduced for the sake of rigor.

2u0R3
3r3

£=-0

dsi
AM (w sin « cos wt + Sclirtl& sin wt) . (3.45)

3.1.6 Measuring The *He Polarization

Regardless of the strength of field created by the *He spins, if the NMR measurement
is performed adiabatically, the nuclear spins will track the direction of the effective

external fields (since they define its eigenvectors). Since these spins track the external
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field, we can use Eqn. 3.28 to evaluate the terms dependent on «,

By
sina = (3.46)

\/B (Bo — £)?

(B% + (Bo — %)2>§

Combining this result with Eq. 3.31, we finally arrive at a formula for the nuclear

polarization,

G,qu’th g Byw 2(Bo — f)BoB1

He] cos wt — = sinwt | P.

5_
VB (Bo— 52 B+ (B - 2]’

(3.48)
Note that the two terms are 90 degrees out of phase and that the second is proportional
to the derivative of the first. Provided that the NMR measurement is swept slowly
enough relative to the transition frequency (w > Bo), the second term will contribute

negligibly.

3.1.7 Experimental Methods

A schematic of our experimental setup is shown in Fig. 3.1, with items used for NMR
measurements shown in orange. A function generator (F.G.) supplies 56.6kHZ RF
frequency, which when amplified provides a B; field of approximately 100mG. The
main holding field, By is swept through resonance and pickup coils located near the
pumping chamber (pc) and on target chamber (tc) measure the NMR signal. This
signal is amplified using Stanford Research Systems (SRS) model 550 preamplifiers.
Because the pc coils are relatively far from the pc (they’re located outside the oven),
they pickup a relatively smaller signal than the coils located on the tc (the tc coils

touch the tc). Although both coils pickup background RF from the RF coils, making
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Figure 3.1: NMR (Orange) and EPR (Blue) Experimental Setup. For NMR, a 56.6kHz Function
Generator (F.G.) provides the RF signal which is passed through an amplifier (not shown). Coils,
oriented perpendicular to the drive coils, pickup the NMR signal, which is passed through a Stanford
Research Systems (SRS)550 preamplifier. This signal provides the A’ input for an SRS830 lockin
amplifier. The raw (unamplified) signal for the F.G. is tee-d before amplification, with one branch
going to the RF amplifier while the other goes through an A-¢ box. The signal in the A-¢ box
is adjusted in the absence of an NMR signal such that its amplitude and phase match the signal
measured by the pickup coils. This signal provides the 'B’ input for the SRS830 lockin amplifier.
The output of the amplifier is measured by a data acquisition computer. For EPR, a F.G. with
voltage-controlled oscillation (VCO) is used to drive EPR coils. The VCO input of the F.G. is
driven by a separate modulation F.G., whose output can be controlled by a proportional-integral
(PI) feedback circuit (see Ch. 3.2.7). D2 Fluorescence is monitored by a photodiode. This signal
is passed through an amplifier and measured by a lockin amplifier, locked to the modulation F.G.
frequency. The output of this signal can by passed through the previously mentioned PI box, or can
be sent directly to the data acquisition computer.
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a sensitive measurement on the pc is much more difficult, owing to the smaller He
signal. To compensate, we use an A-¢ box to cancel the background signal picked
up by the pc coils (see Fig. 3.2). The signal from the 56.6kHZ F.G. is T-ed off; one
branch goes to the RF amplifier and one branch goes to the A-¢ box. The A-¢ box
can be used to adjust this signal until it matches the off-resonance signal picked up by
the pc coils. Finally, an SR830 lockin amplifier (locked to the coswt term in Eq. 3.48)
subtracts this A-¢ signal from the pc NMR signal and a precise measurement can be
made (the amplified tc coil signal is sent directly to the tc lockin).

During a typical measurement, which takes about 45 seconds, the following oper-

ations are performed:

(A) Initialize Electronics

(B) Ramp RF Coils from 0 to 100mG (5 seconds)
(C) Allow RF Coils to Warm Up (5 seconds)

(D) Sweep Main Holding Field from 13 to 21 Gauss (6 seconds) and back down to
13 Gauss (6 seconds)

(E) Download Data from Memory Buffer (16 seconds)
(F) Ramp RF Coils from 100mG to 0 (5 seconds)

Fig. 3.3 shows the time-dependence of By, By, and £ during such a measurement.

3.2 Electron Paramagnetic Resonance

Electron Paramagnetic Resonance (EPR, also Electron Spin Resonance, ESR) is a
technique for probing magnetic-dipole Zeeman transitions (we typically study Potassium-
39, see Fig. (3.4) or Rubidium-87 (see Fig. 2.2)). In the presence of an external mag-

netic field, the hyperfine structure of an alkali metal will be split into the Zeeman
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Figure 3.3: A Typical NMR Measurement (Real Data). Top: Main holding field. Middle: RF field.
Bottom: NMR signal as measured by lockin amplifier

levels (see Fig. 3.4). In the low-field limit (where the hyperfine splitting is much
greater than the Zeeman splitting), the Zeeman splitting is proportional to size of
the external field. In addition to the main holding field (=~ 13 G, see Ch. 3.1) and
the Earth’s field (= 0.5 G), alkali atoms in our cells are influenced by the effective
magnetic field created by the Polarized 3He gas (=~ 12mG). Although a small portion
(roughly 1/6 for K) of this field comes from the bulk magnetization of the *He gas (see
Eqn. 3.29), most of the field arises from A->He spin-exchange, fermi-contact collisions
when the alkali electron and *He nucleus overlap [55, 56].

The strength of effective field created by the *He gas will depend on its polarization
and density (and thus, so will the Zeeman splitting). If the 3He magnetic field is
isolated from all external fields and the density of the gas is well understood, a
measurement of the Zeeman splitting can be used to calibrate the NMR measurement
(see Ch. 3.1.5). We can isolate the field due to the noble gas by performing a frequency
sweep AFP spin flip (keeping the holding field, By constant). As the *He spins (and the

magnetic field associated with them) change direction, the frequency of the Zeeman
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transition will change. We can use this frequency difference coupled with a knowledge
of the pumping chamber *He density to extract an absolute noble gas polarization.

When combined with an AFP measurement, this yields an NMR calibration.

3.2.1 The Breit-Rabi Equation and EPR Transitions

The Breit-Rabi equation, which describes the Zeeman energy levels, is

Engs
2[1]

E(F,m) = — (3.49)

where =+ refers to the F' = I &+ J hyperfine manifold, Ej,ys/h is the frequency of the
hyperfine splitting, T is the nuclear spin, [I] = 2141, m is the azimuthal quantum

number, and

B
x = (grpn — gS,UB)E - (3.50)
hfs
The EPR transition frequency between adjacent Zeeman levels is given by
E(F —FE(F,m—1
Vm—sm—-1 = ( 7m> ( M ) (351>

h
91w B | By S P Glt)
h + oh <\/1+ ma:—kx 1+ 7 x + 22 (3.52)

In the above equations, m refers to the higher state. Under our typical operating

conditions, the second term in Eqn. 3.52 is much greater than the first term. As
such, its sign will determine the sign of v, ,,,_1. I will therefore choose to make the

transition frequency positive,

_ _gipnB | Epgs 4m 9 4(m —1) 2
vy =Fp + o <\/1+mx+x 1+ i x+a?|, (3.53)

where =+ still refers to the /' = I & J hyperfine manifold.
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3.2.2 EPR Frequency Shift Due to a Small Magnetic Field

The Taylor expansion for a function is given by

Fa) =3 Zgﬁ ( - ) (3.54)
For small deviations (x — a < 1),
F(z) ~ F(a)+ dﬁ;if‘) (x — a) (3.55)
F(z)— Fla) = dgi@ (z —a) (3.56)
AF = dFdiCL)Aa; (3.57)

Therefore, in the presence of a small external magnetic field perturbation, AB, an

EPR transition frequency will be shifted by

dv
= —ARB .
Av OB (3.58)

where AB is the additional field produced by *He. As was discussed in Ch. 3.1.5,
the long-range magnetic field produced by polarized *He in the pumping chamber is
equivalent to the field produced by a uniformly magnetized sphere (see Eqns. 3.37,
3.31):

AB = MP[H@]. (3.59)

There is an additional field (due to the spin-exchange interaction) that further shifts
the EPR frequency. This field is traditionally treated as an enhancement to the 3He
magnetization [57],

AB = MHOP[HG], (3.60)
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where kg is the spin-exchange enhancement factor. The values for ky and its temper-

ature dependence have been measured by Romalis et al. [57]

kgt e = 4.52 +0.00934 [T(°C)] (3.61)

and more recently by Babcock et al. [55],

koM = 4.8440.00914 [T — 200°C] (3.62)
ko e = 5.99 4 0.0086 [T — 200°C] (3.63)
rgt~He = 6.39 +0.00914 [T — 200°C] (3.64)

Provided the ®He density is known, a measurement of AB can be used to solve for
the *He polarization. We choose to measure EPR frequency shift (instead of the EPR
field shift).

9.56
9.54 _“M

9.52 B
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9.48 1
9.46

- Transition Frequency (MHz)

!
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>~ 942 | 9.4349 MHz i
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Figure 3.5: Brady 235C, 3 Comet Lasers, Low-Energy State EPR Measurement 8.15.08

When performing EPR polarimetry, we measure vy for end transitions (where an

end transition is a transition involving m = 4m,,.,). We're able to isolate the 3He
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magnetic field by using frequency-sweep AFP NMR. During the frequency sweep,
the 3He spins reverse direction when resonance occurs. This change in direction will
cause the magnetic field they produce to change direction as well. The alkali Zeeman
transition frequencies will consequently change. The difference of those two frequency

measurements is Av (see Fig. 3.5).

3.2.3 Expansion of EPR Transition Frequency

It is useful to write 3.53 as

vy = ngthB + ”hszA, (3.65)
where
A = Vitu—VIi+tu+d (3.66)
u = %x + 2, (3.67)
5 = —%x. (3.68)

We use the EPR frequency shift to measure the *He polarization. When Eqn. 3.65
is plugged into Eqn. 3.58, the equation for frequency shift becomes transcendental
(in terms of total field, B). It is therefore customary to expand the quadratic terms

using

1 1 1-3 1-3-5
Vitu=1+-u~— u® + 3

_—4 .« s .
T Y Ty a6 T2 168 T (3.69)

The quadratic involving the lower-energy state has an additional term,

1.3 , 1.3.5
26T "5 168

1 1
\/1+u+5:1+§(u+6)——(u+5)2+

4 . .
W (u+06)"+

(3.70)



Chapter 3. 3He Polarimetry 64

The difference between these quadratics is

A = Vitu—Vi+tu+$ (3.71)

= —%5+ %(2u5+(52) - %(3u25+3u52 +0°%) 4 - (3.72)

We note here that the first-order Taylor expansion performed in Eq. 3.80 is valid for
small perturbing fields (such as the effective field created by the polarized 3He gas).
The higher-order binomial expansion performed for Eq. 3.72 is an expansion of the
unperturbed system in the absence of polarized *He. To calculate the EPR frequency

shift Av, it is necessary to plug these expansions into Eqn. 3.58,

Vhfs dA
Av = — | AB .
V= |Fgihn + 5 4B (3.73)
Using

dx T
- -2 74
75 B (3.74)
du 4dm T
i 42 = 3.75
iB " x) B’ (3.75)
do 4
B = —HE, (3.76)
da 2 o S e (1o smaam— LY | e
dB I 1] 4 ) [I>2 ‘

1st E),rder 2nd?§rder

Under typical operating conditions, B = 13G and Eqn. 3.77 only needs to be expanded
to second order to agree to < 0.1% for all alkali isotopes present (see Table 3.1).

Eqn. 3.77 has been expanded to 5th order by Singh [5]. Finally, if we make the
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39K 41K 85Rb 87Rb
Natural Abundance 93.26% 6.73% 72.17% 27.83 %
I 3/2 3/2 5/2 3/2
Vnfs (MHz) 461.71972 | 254.01387 | 3035.73200 | 6834.68260
Oth Ord. Pct. Err. (13G/40G) | 12.6/43.3 | 23.9/89.4 | 2.02/6.31 0.80/2.49
1st Ord. Pct. Err. (13G/40G) | 0.78/8.91 | 2.77/36.0 | 0.02/0.24 3E-3/0.03
2nd Ord. Pct. Err. (13G/40G) | 0.01/0.60 | 0.09/5.50 | 2E-4/5E-3 3E-6/9E-5
3rd Ord. Pct. Err. (13G/40G) | 2E-3/0.22 | 0.03/2.44 | 2E-7/2E-5 SE-8/4E-6
4th Ord. Pct. Err. (13G/40G) | 2E-4/0.07 | 5E-3/1.78 | 2E-8/5E-6 | 3E-10/8E-8
5th Ord. Pct. Err. (13G/40G) | 5E-6/6E-3 | 2E-4/0.35 | 3E-10/2E-7 | 3E-13/3E-10

Table 3.1: Alkali Data and Comparison of Expansion of Eqn. 3.77 with Actual Value. For com-
parison, m was chosen to be the largest value (m = [I]/2). Expansions higher than 2nd order are
calculated using Singh [5]. 13G is our nominal operating field; 40G is the highest field we can create

in our lab.

approximation

gspp > Grun,

_ YskB

B
v hl/hfs
and combine Eqn. 3.73 and Eqn. 3.60,
gshppo(y/2m) gskpB
A PlHe| |1 —2(1—-2
v 3[[] Ro [ 6] : ( m) thfs [[]1
1st6§der

+6(1—3m+3m2—

N

4

gspupB

E) (h’/hfsm

2
)+...

2nd Order

(3.78)

(3.79)

(3.80)
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3.2.4 Low-Field Frequency Inversion

The unknowns for a given transition are B and P (see Eqn. 3.80); however a value

for B can be calculated from vy by solving Eqn. 3.65,

B L/ 1.1 1
yizngl“hN +“’;f (—§5+§(2u5+52)—1_6(3U25+3u52+53)+"‘) (3.81)

Such an inversion is easiest when a low-field approximation is used. Dropping the

first term (recall pup > uy) and keeping only terms to second order in x,

Ve ~ %(_%H%(zuﬁ(s?)) (3.82)
2
~ _Unfs T —om) 2
0~ - +m+(1 2m)m2. (3.83)

Solving the quadratic formula for x gives

xQL<_1+\/1+4(1—2m) "’i), (3.84)

2(1—2m) Unts

where I've chosen the root that gives physical result. Finally, with Eqn. 3.79,

B~ g 1] ) (—1—|—\/1+4(1—2m) e ) (3.85)

_2g5u3(1 —2m Un s

This approximation agrees to < 0.3% for K transitions at 13G.

When performing an EPR measurement (see Fig. 3.5), two frequencies are mea-
sured — the frequency when the 3He spins are aligned with the external field, and the
frequency when the 3He spins are anti-aligned with the external field. Each of these
frequencies can be inverted for a B. The value for B that is plugged into Eqn. 3.80

is calculated by taking the average of these two B’s.
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3.2.5 3He Density Measurement (Temperature Test)

The EPR frequency shift depends on the 3He density (see Eq. (3.80)). Consequently,
an accurate interpretation of the frequency shift requires an accurate measurement of
the *He density in the alkali metal region (that is, in the pumping chamber). We're
able to make measurements of the density by comparing successive NMR measure-
ments. In a multichambered cell, an understanding of the *He density is analogous
to an understanding of the *He temperature by the ideal gas law. If the temperature
is known everywhere in the cell, then so is the density. RTDs are attached on the
pumping chamber (which in turn control the temperature of the oven) and on the tar-
get chamber. Things are further complicated in the presence of a pump laser, which
heats the gas inside the pumping chamber to a temperature higher than the glass
exterior where the RTD is located. The temperature inside the pumping chamber
must be extracted before the density can be understood.

Assuming the gas is at the same pressure everywhere in the cell, the ideal gas law

provides,
[3He] TC
[*He]pc

Tre = Tre (3.86)

where PC and TC refer to the pumping and target chambers, respectively. It is
assumed that the gas in the target chamber is always in equilibrium with the glass
cell (and therefore, that the RTD reading is representative of the gas); however, in
the pumping chamber, this assumption is only made when the lasers are off.

The number of *He atoms in the cell is the same independent of the temperature
of the cell,

Npc + Nre = Niotal (3.87)
[PHe]pcVec + [PHelre Ve = [PHe]unitorm (Ve + Vrc) (3.88)

where the uniform temperature *He density is measured when the cell is being filled
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and again using the pressure broadening of the alkali absorption lines.

Finally, the density can be related to an NMR signal by Eq. (3.48),

PHe] = /@% (3.89)

where S is the signal from the lockin, P is the 3He polarization and x contains the
constants from Eq. (3.48).

Combining Eq. (3.86) and Eq. (3.88),

o TTC’ [3H€] uniform

Tpo = Voe | PHelp (Ve + Vre) — Ve (3.90)
and using Eq. (3.89),
Tpe = 5;2 PHG]Z;JCOWP(VPC + Vre) — TTC% (3.91)
which can be written as
JYZZ [3H6]um'f07“m (Vpe + VTCZ = % (TTC% + TPC) (3.92)
Constants \DependOnL;;rC’onditions
Finally,
% (TTC% + T}%V> = % <TT0% + ngF> (3.93)
and thus,
Tpe = % <TT0% + ngF) - %TTC (3.94)

Once AFP losses have been accounted for (see Ch. 3.1.1), TS can be calculated.
Fig. 3.6 shows a typical temperature-test measurement. Values for SOV and SOFF
are calculated by taking the average of their respective individual measurements.

Typical corrections are between 20 and 40°C, depending on the laser power used. A
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Figure 3.6: Brady 235C, 3 Comet Lasers, Pumping Chamber Coils Temperature Test. TSLT =
235°C, TSY = (269.2 £12.1)°C
value for the temperature in the pumping chamber can also be obtained by monitoring

the NMR signal in the target chamber coils,

1
TN = VeeTre (3.95)
% <<VPC’TT_C - 1) + VTOT) —Vrr — Vre

Tpc

here, S and P refer to the signal and polarization in the target chamber.

3.2.6 Locating Transition Frequencies (FM Sweep)

We perform all EPR measurements by monitoring the amount of D2 flouresence from
the pumping chamber (see Fig. 3.1). During optical pumping (see Ch. 2), a Rb
atom can become excited to the 5Pg oribital through collisions with other Rb atoms.
Although the majority of these atoms decay non-radiatively, a small fraction will
relax by emitting a D2 photon. This fluorescence occurs more strongly when the
alkali polarization is low. We can lower the alkali polarization by inducing Zeeman

transitions. Consequently, by monitoring the D2 fluorescence, we can probe Zeeman
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Figure 3.7: Brady 235C, 2 Comet Lasers, Low-Energy State, fresonance = 9.556 M H z

transitions.

Under operating conditions the alkali is highly polarized (typically > 80%); we
induce the my = 2 — my = 1 (or my = =2 = my = —1) ¥K edge transition,

which depolarizes the potassium. Since the alkali-alkali spin exchange rate is so high
(vE-4 ~ 500kHz, see Ch. 2.7.1), the rubidium is also depolarized. The newly depo-
larized rubidium is quickly repumped to the 5P, excited state (see Fig. (2.1)), where
it collides with other alkali metal atoms. These collisions can result in further exci-
tations (to the SP% level); some of those highly excited electrons will spontaneously
decay emitting D2 (780 nm) light. Although these highly-excited D2 emissions are
always occuring, they occur more strongly when the alkali metal is being depolarized.
Hence, we observe more rubidium D2 fluorescence while inducing potassium Zeeman
transitions.

The lineshape of this fluorescence is a lorentzian (see Fig. 3.7). To locate the res-
onance, we perform a frequency-modulated (FM) sweep; the fluorescence under such
a sweep will have the lineshape of the derivative of a lorentzian; the zero-crossing of

this curve corresponds to the resonance frequency of the transition [58,59]. Once this
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transition has been located, we lock to it using a proportional-integral (PI) feedback
circuit. In fact, we use the same circuit used by Romalis [1]; however, we note that
the diagram included in his thesis probably contains an ommission which has been

included in Fig 3.8.

1K
K 100 K
Absolute zain
001 uF
k]
A1
Op. Amps: 741
Power +15V
Relative gain
. A A
A A
Proportional-Integral Feedback Mizer

Figure 3.8: PI-Feedback Circuit from Romalis [1] with Correction in Red

3.2.7 Experimental Methods

Once the resonance has been found (and locked to), it is possible to make an EPR
calibration measurement. For a diagram of the experimental setup, refer to Fig. 3.1;
the components used during an EPR measurement are in blue. A Fluke 80 function
generator (FG) with a voltage controlled ocillator (VCO) input is used to directly
drive a pair of RF coils (no amplification). We'll refer to this FG as the main FG.
Under typical operating conditions (12.6 Gauss), the main FG operates between 5
and 10 MHz (depending on which alkali isotope is being probed). The reference signal
of the main FG is sent to an HP5334B universal counter to accurately monitor the

frequency. The VCO of the main FG is driven by the output of the PI box. The
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PI box serves to keep the frequency of the main FG locked to the Zeeman transition
under consideration. Additionally, the PI box modulates the main FG signal by
using a second FG which operates at 200 Hz. We’ll refer to this second FG as the
modulation FG. The location of the Zeeman transition is monitored by observing the
intensity of D2 fluorescence as detected by a photodiode located above the oven. This
intensity is monitored by a lockin amplifier which is locked to the modulation FG.
When the *He spins are flipped during an EPR calibration measurement, the PI box
stays locked to the appropriate Zeeman transition (corresponding to a zero signal on
the lockin amplifier) by changing the VCO input of the main FG.

During a typical measurement, the following operations are performed:

A Locate resonance frequency by aquiring FM sweep spectrum (see Fig. 3.7). Note,
the FM sweep is naturally performed without feedback; however, the modula-

tion input on the PI box is used.
B Turn off EPR RF
C Perform NMR measurement (see Ch. 3.1.7)

D Turn on EPR RF and lock to transition. At this point, V75 on the PI box is used;

additionally, the integration is turned on.
E Begin data aquisition by monitoring the frequency of the counter
F Turn on NMR RF

G Sweep NMR RF from 56.6KHz to 30.0KHz. This will flip the *He spins, which

will cause the Zeeman frequency to change.
H Turn off NMR RF

I Turn on NMR RF
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J Sweep NMR RF from 30.0KHz to 56.6KHz.
K Turn off NMR RF

L Turn off EPR RF

M Perform NMR measurment.

Items E to K are plotted in Fig. 3.5; the effective field created by the *He spins
in this measurement resulted in a 54.4KHz shift in the Zeeman frequency. When
this information is combined with Eqgs. 3.80, 3.85, information gathered from the
temperature test (see Fig. 3.6), and information about the cell dimensions and uniform
density, we find the external field to be 12.77G (in good agreement with our knowledge
of the main holding field) and a 3He polarization of 69% is attained. This polarization
can be combined with the results of the two NMR measurements (items C and M)

to attain an NMR calibration constant. In this case, the calibration constant was

03.97%/mV.
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Faraday Rotation
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In equilibrium, one of the factors limiting the 3He polarization is the alkali po-
larization; which is in turn limited by the available laser power. Consequently, for a
given laser power, an appropriate alkali density must be found that is sufficiently high
such that s > I', but appropriately low so that P4 remains high (see Eq. 2.71).

A number of the quantities presented in Ch. 2.7 depend on the in situ hybrid alkali
density ratio, D(T) (see Eqn. 2.105). The nominal operating number density ratio,
D(T,yen) (which is calculated from the masses measured in the glovebox) has a relative
error of about 0.6% for a D = 5 mixture and about 2.5% for a D = 20 mixture;
however, due to complications that arise during cell preparation (specifically, that
rubidium has a lower boiling point), proportionally more rubidium than potassium is
chased into the actual cell. To appropriately fully characterize a given target cell, in
situ measurements of D(T") must be made.

Several techniques exist for determining the actual number density ratio of a com-
pleted cell. One of these techniques, which we shall refer to as “pressure broadening,”
monitors the passage of a tunable, weak (< 50mW) “probe” beam in the absence of
“pump” lasers (pump lasers are the powerful lasers we use to optically pump our
alkali vapor) [31]. In our lab, the entire cell (not just the pumping chamber) is placed
in a special pressure-broadening oven. In such an oven, and in the absence of pump
lasers, the temperature of the cell is very precisely known. Measurements of the rel-
ative transmission associated with the two alkali species are used to extrapolate a
value for D. Although the pressure-broadening technique provides a measurement of
the temperature independent molar fraction (which can be used to predict D(T)),
it cannot do so under actual operating conditions. This is because at significantly
high temperatures (those that approach operating temperatures), too much vapor is
present and the probe beam is entirely absorbed. In our lab, we make measurements
at temperatures as high as 140°C. Unfortunately, the vapor pressure curves for al-

kali metals are not known well enough to extrapolate D(T) as measured by pressure
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broadening to operating temperatures (typically 235°C for a hybrid cell)

Another technique for measuring D(T"), which we shall refer to as “Faraday Ro-
tation”, utilizes the Faraday Effect which describes how a weak (= 1mW), linearly-
polarized probe beam “rotates” in the presence of a polarized alkali vapor [60]. The
amount of this rotation (the Faraday Rotation) depends on the alkali polarization
as well as the amount of alkali vapor through which the probe beam passes. This
“amount of alkali vapor” is the product of the alkali density with the distance that
the probe beam travels through the pumping chamber (we shall refer to this distance
as the “path length” of the cell). We use an apparatus based on Farady Rotation to

make in situ measurements of the alkali polarization and density.

4.1 Faraday Rotation in Terms of Atomic Polariz-
ability

4.1.1 The Effect of Alkali Vapor on a Polarized Probe Beam

Op,
4 Left Left
& Right ®Q§
3 d]| el

Figure 4.1: Progression of Probe Beam through a Polarized Alkali Vapor. (a) A linearly polarized
beam (b) appears as the superposition of left and right circularly polarized light (c) in an alkali
vapor’s frame. (d) The resonant portion will be absorbed and retarded. (e) In the lab frame,
eliptically polarized light will exit. (f) This roughly linearly polarized light will have rotated by an
angle ¢,..

Fig. (4.1) shows the propagation of initially horizontally polarized light through
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a hybrid alkali mixture. In Fig (4.1.a), the incident light, E = Ege’™ Y% can be

expressed as Eqe'™“Y|X), where

Similarly,

When projected onto the atomic basis in Fig (4.1.b), the electric field can be written

as
Ey
V2

where the point immediately before entering the alkali vapor has been defined as the

B =L (R)+ L)), (4.1)

origin (t =0 and z = 0).

The Faraday Effect relies upon two basic principles: Circular Dichroism and Circu-
lar Birefringence. Circular Birefringence occurs when a medium has different indices
of refraction for the two different circular polarizations of light. Different indices
of refraction will cause the two circular polarizations to travel at different speeds,
resulting in a measureable phase difference (the Faraday Rotation Angle). Circular
Dichroism causes different amounts of absorption for the two different circular polar-
izations. The net results of these two effects is that the electric field evolves differently

for the two different circular polarizations. After traveling through the alkali vapor

Fig (4.1.c), the fields will be

. efwt

E:Eo\/§

(eif“Rl|R> + e“”%l|c>) , (4.2)

where [ is the distance the probe beam travels through the vapor and k is a complex
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number of the form

k=k+ ik (4.3)
Eqn. (4.2) can be factored as follows,

—wt

- e = o7
E = BE,S ¢l (|R>+e“”fl|c>) (4.4)
V2
e_jwt 7 Skl .Skl -5kl
- Eowe’wel? (e‘ZT\R)—i—eZTM)), (4.5)

with

0k = kp — kg. (4.6)

The real part of 6kl corresponds to the faraday rotation angle ¢,, while the imaginary
part of i0kl yields the attenuation difference. From the form of Eqn. (4.4), it should be
clear that not only is the left circular component out of phase with the right circular
component, but also less of it penetrates the vapor.

When projected back onto the lab frame (the |X), |Y) basis, Fig.( 4.1.d)), the
field is

where

- 5kl

E' = Ege ™lethrlei®s (4.9)

Using Eqn.( 4.3),

E = £ <cos (M) | X) — isin (M) |Y>) (4.10)

= E,|X) —iE,|Y), (4.11)
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where
E, = F (cos ¢, cosh 3, — isin ¢, sinh (3,.) (4.12)
E, = FE'(sin¢, cosh B, + icos ¢, sinh 3,) (4.13)
and
4 = % (4.14)
Okl
8, = 7’“’” (4.15)

The quantity %l is defined to be the faraday attenuation, (,, while % is defined to be

the faraday rotation angle, ¢,.. Provided that the attenuation is small (8, < 1), the

light will be only slightly eliptical (approximately linear), Fig.( 4.1.e).

4.1.2 Relationship Between Wave Number and Atomic Po-

larizability

For linear and isotropic media, D = ¢E = ¢gE + P and P = [A]p = [4]aE. Here, [A]

is the alkali density, P is the electric-dipole moment per unit volume, and « is the

atomic polarizability. These can be combined:

B-e(1+ ) E
(1+5)®

€0

and

The index of refraction (which can be a complex number) is defined as

e
n=,/—

)
€olto

(4.16)

(4.17)

(4.18)
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For the targets studied in this thesis, u ~ o and a[A]/¢y < 1. Finally, since k = “n,

LN (1 + O‘[A]) (4.19)

c €0 c 2€0

Since «, the atomic polarizability, can be complex,
~ A
=2 (1 + M) , (4.20)

which implies,

5k = %%5&, (4.21)
with
§& = ay, — ag. (4.22)
Finally,
o — “Wpeisa) (4.23)
Ce€o

The important result is that the faraday rotation angle ¢, = % can be expressed as
a function of the laser frequency, path length, alkali number density, and the atomic

polarizability.

4.2 Atomic Polarizability in Terms of Electric Dipole
Interaction

In the presence of an external electric field the electron cloud surrounding an atomic

nucleus will shift. This shift gives the dipole moment of the atom,

p=a-E. (4.24)
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here, a is the atomic polarizability. In our case, the probe beam provides the elec-
tric field which polarizes the atomic alkali vapor (via the dipole interaction). Since
the probe beam is weak (that is, the pump beam is principally responsible for the
alkali polarization and hence the states of the system), it can be treated as a small
perturbation.

Much of this section follows the work of Singh [6] and Wu [60].

4.2.1 Time Dependent Perturbation Theory

The time dependent Schroedinger Equation is
() = A9 (), (4.25)

where the Hamiltonian has an unperturbed component as well as an electromagnetic
interaction term, H = Hy+Hpas. The Expansion Postulate states that a wavefunction

can be expressed as a sum over its orthogonal fourier components,

Z ¢i(t)e EtM ), (4.26)

Inserting the expansion postulate wavefunction into the Schroedinger equation,

zhz (—

E|U) +ih Y e Py = (4.28)

E . A A .
c +c‘i> e PNy = HolU) + Hpy Y cie”HPi). (4.27)
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Using Ho|¥) = E|¥) and taking the inner product with a final state (f|,

ihy e P fli) = Zc-eiEit/h(f|ﬁEM|i> (4.29)
ihéy = Zc, (Br=BOUR | Hpsgli) (4.30)
= Zcieww | Hgarli) (4.31)

i
Here, wy; is the transition frequency between the two states. This formalism works
well when considering a simple two level system; however, when considering a bifur-

cated two level system (such as an alkali atom in a magnetic field), it is more natural

to express the wavefunction as

(W) =D a,(t)e s +Zb t)e Eet/h p), (4.32)

s

where s and p refer to the orbital angular momentum of an alkali atom. Explicitly,
there will be only two terms in the s-sum, whereas the p-sum will have six terms (two

for Py, and four for P3/5). Proceding as above,

ihis = Y aee™ " (s|Hpylo) + Y bye™ ! (s|Hpup) (4.33)
o p

ihb, = Z st (p|Hgarls) + Z bt (p| Hi|p). (4.34)
s P

Since we're only inducing transitions between p and s states (the D1 and D2 lines),

the equations simplify

ihi, = Y bye™ ' (s|Hppy|p) (4.35)

p

ihb, = Zaseiwpst<p]ﬁEM|s>. (4.36)
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Finally, a phenomenological dampening term is conventionally introduced to reflect

the lifetime of the excited p states [60],

ihi, = Y bye™ " (s|Hpp) (4.37)
P

31 iwps 4 gl

ihb, = Zase t<p|HEM|S>—Zﬁ§bp (4.38)

S

4.2.2 The Dipole Interaction

The probe beam interacts with the alkali metal via the electric dipole interaction,

Hpy = —p- Re[E] (4.39)

Hgy = er- Re[E], (4.40)

where r is the position operator and the real part of E is the physical field (the probe

beam). The real part of any complex number, E can be expressed as

E+ E*
RelE] = z . (4.41)
Using these results with Eqn.( 4.38),
by + %bp = %i ; ase™?t [e7“Hp|r - Els) + e (p|r - E*|s)] (4.42)

where w is the frequency of the probe laser. The solution to this first-order, linear

differential equation [61] is

y_ © [Taae el Bls) | T, aien D ple - Bls) (4.43)
P 2in T i(wps — w) Tt i(wps + w) ' '
2 bs 2 bs
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If the probe beam is tuned near to a transition frequency (wps —w ~ 0), the second

term can be ignored; this is the Rotating Wave Approximation.

e [Saen et plr - Bls)
2R W — Wps + 13

b, (4.44)

Eqn.( 4.32) can now be expressed in terms of the probability coefficients, P; of just
the S}/, states. That is, since las|?* = P,, we can now start to talk about the alkali

polarization. The alkali polarization, P is defined as

P=P, —P.. (4.45)

Because the P, coefficients are normalized, there is no need to divide by their sum,

1=P, +P.. (4.46)

Linear combinations of these two equations are useful

1+ P
ﬂ::%%- (4.47)

P::%#. (4.48)

4.2.3 Atomic Polarizability, Revisited

The atomic polarizability, o, was introduced in section 4.1.2, but can be defined more

generally as

p = a - Re[E]. (4.49)
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To solve for the atomic polarizability, we need to evaluate the expectation value of

the dipole moment

(p) = (Y[—erly)

= —e Zageiw”t<al +preiwpt(p]] |r| [Z age st
o p s

s) + Z bye Pt |p)
p

where o and p refer to the initial variables (analogous to s and p states). Electric

dipole transitions must conserve parity. This means that

(olr]s) = (plrlp) =0 (4.50)
With the aid of Eqn.( 4.44),
e? ata ei(wUp""wps—w)t
=9 — "Els) + C.C. 4.51
<p> 2haps |: W—Wps+i’y?p <0|r|p><p|r |8> T ( )

where C.C. refers to the complex conjugate of the first term. By orthonormality,

aas = g 5. (4.52)
This means that

e? : (s|r|p) (p|r - Els)
= —— P,eilwsptwps—w)t C.C. 4.53
2 2h ps [ c W — Wy + 12 * (453)

2 ] -E
— 6_ Psefuut <S|I‘|p> <p|I‘ -7|S> + CC (454>
2h Wps — W + 13
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Finally, with the aid of Eqn.( 4.49) and Eqn.( 4.41),

. s|r|p)(p|r|s)
“ T ZPT—H (4.55)
(s|r|p)|?
- hz T—i—z (4.56)

The matrix elements in the sum can be evaluated using the Wigner-Eckart Theorem

(see Appendix B)
2 lamslle P

[(slrlp)[* = [(s]|r]lp) 5 (4.57)

where ¢ refers to the azimuthal state of r. The relevant terms are

11,1 1 1, 1 @Ginn -0 1.1, 1
B T [ [ [tk Ak A 1A WTEST P
G5~ 5Ll = Sllrliz)P (459
(5~ 5 RIEDE = ZUG AP (4.60)
(5RIS — )P = 1—12!<§\|r\|§>12 (4.61)
1 131
(5 3LEDP = 12|<2|| rlI)P (4.62)
GG5lo P = Sl P (4.6

where R and L refer to the different atomic polarizabilities, ap and ay,.

4.2.4 Formula for Faraday Rotation Angle

The Faraday Rotation Angle, Eq. 4.23, is

lw[A]
— — 4.64
(br 4060 Re[ arg, aR ( 6 )
where
e? Wps — W
i) = — Y Pi|(s[r|p)[? = : (4.65)
R %s: Wps — W)Q + ZT%
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Using the results of Ch. 4.2.2 and Ch. 4.2.3, we can write

P g_;[(up) [(311r113)17 +(1_P)W} (466)

2 Apy +i152 Apy + 315t
2+ P 1 1-P 1
S s | | (4.67)
6 wp2 Apy +i152 wpr App + i1t
e2 [2—P 1 1+ P 1
iy = — 4.68
on 6 [ wp2 App+i%2  wpr Apy + ﬂ%} (4.68)
Pe? [ 1 1 1 1
o6 = — 4.69
“ 7 3m Lm Aps +122  wpi Api + z%} (4.69)
Pe? | 1 A 1 A
Relda] = ——° D2 D1 (4.70)
O e I T
where
AD =W — Wp (471)

is the detuning of the probe laser from a particular transition, D. The faraday rotation

for a single alkali metal angle is therefore

2 1 A 1 A
= (g ) PlAT D2 _ o1 (472)
12meeq wWp2 A%z + 74& wp1 A%)l + %
In a hybrid cell,
protet = ¢ 4 o (4.73)
4.2.5 Formula Faraday Attenuation
The faraday attenuation is the imaginary counterpart of the faraday rotation.
lw[A] -
By = Im[oa]. (4.74)
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From the form of Eq. 4.56, it follows that

e? X
Im[a] = — > P[(s|r|p)|? 2 > (4.75)
A p.s (wps — W>2 + %

The derivation of the previous chapter is sufficient to derive the faraday attenutation,

under the substitution (w,s —w) — 2 for terms in the numerator. Hence,

2 1 1
B, = (246 ) P[Alw 2 T 2 )
meco WD AL, + 2 WDLAL 4+ R
If the laser is tuned close to one particular resonance,
Y
By ~ bp- (4.77)

C2A

Typically, we don’t study f,; however, we try to minimize Eq. 4.77 so the attenuation

in small.

4.3 Alkali Polarimetry

The faraday rotation angle, ¢, (Eq. 4.72) and the saturation *He polarization, PZ¢
(Eq. 2.71) both depend on the alkali polarization, P4. To fully understand either,
measurements of P4, must be made.

Alkali polarization measurements can be made by probing Zeeman-transition pop-
ulations [62]. Under our operating conditions, the populations of these sublevels are
well modeled by the spin-temperature distribution [63]. We make in situ measure-
ments of the alkali polarization by monitoring the faraday rotation angle while Zeeman
transitions are induced [64]. Such transitions depolarize the alkali metal and conse-
quently decrease the faraday rotation angle. During a measurement (see Fig. 4.2) at

18.2MHz, the main holding field is swept through the different Zeeman transitions
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and a spectrum of Lorentzian resonances is produced (see Fig. 4.6). A value for the
alkali polarization is extracted by comparing the areas of successive peaks.

The area under a particular peak is given by

A(F,mp) = Ay (F(F +1) — mp(mp — 1)) ™ (1 — ™) (4.78)

where F' is the total quantum number, mp is the azimuthal component, Ag is a
proportionality constant that is independant of F,mpg, and [, and S is the spin

temperature, given by
1+ Py
1— Py

f=1In (4.79)

Under our operating conditions, transitions in the same F' manifold are well resolved;
however, transitions involving the same mpg are unresolved between the F' and F' — 1

manifolds. Such transitions are called twin transitions.

mp Transition | P (I =5/2) | P (I = 3/2)
322 R-3/7
2—1 R+3/7
21 R-7/9 R—1/2
10 Ri7/9 Ri1/2
10 R-1 BE-1
0—-—1 R+1 R+
0——1 R-9/7 R-2
152 R+9/7 R+2
—15-2 R-T7/3
—2—-3 R+7/3

Table 4.1: Equations for alkali polarization using the ratio of areas of adjacent Zeeman transitions

To extract a value for P4, we compare adjacent areas,

A(F, mp_l) + A(F - 1,mp_1)

R= (4.80)

Note that because we can’t resolve the twin transitions, we add their areas together.
Finally, a value for P4 can attained by combining Eqs. 4.78-4.80. Table 4.3 gives

values of P, for different transitions.
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4.4 Experimental Methods

FORCED-AIR OVEN fLMHOLTZ COoIL

ROTATABLE HWP

o<
E EPR RF COILS FOCUSING LENS
i [ ———
a <

7/
7‘- 437)

A{HOTODIODE

w
o
-]
(&)
O
=
N
o
<
8 O,
»
1F — O ........ A
.y H

: -
PHOTODIODE I;. : -
18.2 MHz F.G. 'PHOTOELASTIC MODULATOR

QUARTERWAVE PLATE
AXIS-DEFINING POLARIZER
REF POWER-VARYING POLARIZER

JL A
LOCKIN AMP :
COMPUTER
PRE AMP

Figure 4.2: Experimental Setup (Top View). The pump laser has been drawn at an angle relative
to the helmholtz field. This was only done to make the graphic more readable. In reality, the pump
beam is nearly parallel to the helmholtz field.

PROBE LASER

A schematic of the experimental setup is shown in Fig. 4.2. The probe beam first
passes through two polarizing cubes; the first is used to control its power (typically
1 mW), the second to define the linear axis of the beam. The linearly-polarized
beam then passes through a quarter wave plate (QWP) and a 50 kHz photoelastic
modulator (PEM) — the QWP and PEM are used in conjunction with a lock-in
amplifier to isolate relatively weak signals. After the probe beam exits the cell,
it passes through a neutral density (ND) filter, a rotatable halfwave plate (HWP),
and a polarizing beam-splitting cube before being detected in two photodiodes. The
ND filter is used to block out room light and minimize background from the pump
laser. A polarizing cube is used to separate the linear polarization into its horizontal
and vertical components. The photodiode signals are amplified before being added

and subtracted from each other. A detailed discussion of experimental techniques is
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presented in the following sections.

4.4.1 Measuring Angles with a Polarizing Beam Splitting

Cube

The faraday rotation angle can be measured by using a polarizing beam splitting
cube. The cube will pass (reflect) the horizontal (vertical) linear components of the
probe beam (hence, it will separate the light into its |X) and |Y") components). The
light, once separated, can then be detected by photodiodes. Since the photodiodes

make a power measurement, we calculate |E,|?> and |E,|? using Eqs. 4.12 and 4.13,

|E.[* = E'(cos” ¢, cosh® , + sin” ¢, sinh® ;) (4.81)

E,> = FE (sin® ¢, cosh® B, + cos® ¢, sinh* 3,) . (4.82)

To eliminate common factors that depend on absolute laser power (E'), a ratio of the

difference to the sum of the components can be made:

A B - B2

ST BP IR e
B (cosh? B, — sinh® B,) (cos® ¢, — sin® ¢,) L84
B (cosh? B, + sinh? B,) (cos? ¢, + sin® ¢, (4.84)
~ cos(2¢,)
~ cosh(28,) (4.85)

It is important to note that the angle measured by the photodiodes is twice the actual

rotation angle.

4.4.2 Using a Half-Wave Plate to Cancel Unwanted Rotation

Every optic along the path of the probe beam distorts the beam by a small amount.

This distortion can both change the degree of linear/circular polarization and add
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a small amount of rotation. We label the sum of this miscellaneous rotation ¢,,;se.
Consequently, even in the absence of an alkali vapor, an initially horizontally-polarized
probe beam will have a small vertical component when it arrives at the detector cube.
To compensate for this additional rotation, a rotatable half-wave plate is introduced
immediately before the polarizing beam splitting cube (see Appendix C.2). With
the addition of a HWP, Eq. 4.85 becomes

A cos 2P
S cosh(28,) (4.86)
where
o = 2¢h - Qbmisc - (br- (487>

and ¢y, is the angle the fast axis of the HWP makes with respect to the linear polar-
ization of the probe beam. The HWP can be used to “null” the difference signal in
the absence of polarized alkali vapor (¢, = 0). To ensure A = 0 (® = 45°), the fast

axis of the HWP must be set to

(45° + Pmisc) - (4.88)

N| —

Pn =

At this angle,

A cos(90° —2¢,)
R cosh (2,) (4.89)
sin (2¢,,)
~ cosh (26,) (4.90)

4.4.3 Using a Photoelastic Modulator

Although great care is taken to minimize the amount of background leaked into the
detector, measured signals tend to be rather noisy. To manage this unfavorable signal-

to-noise, we use a Photoelastic Modulator (PEM, see Appendix C.3) to modulate the
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polarization of the probe beam. When used in conjunction with a lockin amplifier,
very sensitive measurements can be made.

After passing through two linear polarizers (Fig. 4.2), the horizontally-polarized
probe beam travels through a quarter-wave plate (see Appendix C.1), which is ori-
ented at 45° with respect to the polarizing cube. This setup typically yields circular
polarizations in excess of 99% (even after passing through the rest of the optics and
the cell, the polarization is still greater than 95%). Next the circularly polarized light
travels through a PEM, which has its fast axis horizontal (and hence at 45° to the
QWP’s fast axis). The evolution of the probe beam through these additional optics
is described in detail in Appendix C.3.

With the addition of a PEM, Eq. 4.88 becomes

A PsinT'(t) cos2® (4.91)
Y cosh2B + cos'(t)sinh 283" '

where I'(¢) is the retardance of the PEM (see Appendix C.1) and P, the degree of
circular polarization immediately before the PEM has been introduced. Note that for
['= -7 (A QWP at —45°), this reduces to Eq. 4.85. Using I'(t) = ['ysin(vt), where
for us I'y is in the range of .013(27) to .65(27), the PEM terms can be expanded in

terms of bessel functions (.J;),

sin(Tgsin(yt)) = 2[J1(Ty)sin(vt) + J3(Lo) sin(3vt) + ... (4.92)

cos(Tosin(yt)) = Jo(To) + 2 [Jo(Tg) cos(2t) + Ju4(To) cos(4yt) + ...] (4.93)

where, v is the modulation frequency of the PEM (50kHz for us).

A lockin amplifier can be used to select different frequency terms in the bessel
function expansion. For the difference signal, if the lockin is referenced at 50 kHz,
only the first term in Eq. 4.92 needs to be considered. For the sum signal, the 100

kHz and higher terms in Eq. 4.93 can simply be ignored if a 1ms lowpass filter is



Chapter 4. Faraday Rotation 94

employed (V,,; ~ .001V},). Eq. 4.91 now reads:

A 2P J1(Ty) cos 2® (4.94)
Y cosh2B + Jy(Iy) sinh 23 '

Note that the term isolated by the lockin amplified, sin ¢ has been removed from the
numerator. To maximize the detected signal for Eq. 4.94, we choose I'y = 0.3 x 2,

which is very close to the maximum value of J;.

4.4.4 The Normalization

Under typical operating conditions (corresponding to sufficiently detuned light), 8 ~
0 and the denominator in Eq. 4.94 can be set to 1 (see Eq. 4.77). However, instead

of ignoring the denominator, we rewrite Eq. 4.94 as
A
¥ = N x cos29. (4.95)

where we have introduced the normalization, N(5,Tg). The normalization can be
measured (using a lockin amplifier) by simply rotating the HWP (recall 2 = 4¢;, —
20mise — 2¢,). Such measurements also yield important information about ¢,. As an
example, consider Fig. 4.3.

The data in Fig. 4.3 is atypical (often, the second sin-wave is not visible). The
double-sin form of the data is due to the fact that our achromatic HWP is neither fully
achromatic nor fully half-wave. The retardance of our HWP is actually closer to 0.47
waves, but varies depending on the wavelength of the probe beam. To compensate

for this imperfaction, instead of fitting normalizations to Eq. 4.95, we fit to

% = N X cos(4¢y — 2¢) + M x cos(2¢y +a) + b (4.96)

where ¢ is the angle measured on the HWP relative to its mount (note, this is not
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Figure 4.3: Normalization Measurement for Target Cell Alex. A = 772.028nm, Typen, = 235°C,
Lasers OFF

necessarily relative to the HWP fast axis) and

gb = ¢misc + Qbr + 2¢offset, (497)

where @ rser is the angle between the fast-axis of the HWP and the angle correspond-

ing to 0 on the mount. We note that, ¢,,;sc has a wavelength dependance.

4.4.5 Measuring Faraday Rotation Angles

We measure Faraday Rotation angles using the setup illustrated in Fig. 4.2. To start,
we heat our cell to a desired set temperature (usually 235°C for a hybrid cell) and
allow the oven temperature to stabilize with the pump lasers off. A normalization
measurement is performed at a particular probe wavelength as described in Ch. 4.4.4.
This gives a measurement of the phase, which we shall refer to as @jgsers off- The
detected difference signal, A is then zeroed by rotating the HWP (see Ch. 4.4.2).

At this point, we note that although we’re interested in ¢,, what we actually
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measure is sin of the rotation angle (Eq. 4.96 when properly nulled). Consequently,
for ¢, > 45°, care must be taken to ensure the domain is well understood. To
understand the domain, we perform a “rampup,” in which we slowly turn on the
pump lasers while monitoring the difference (A) and sum (X) signals. As the laser
power increases, so does the alkali polarization and consequently the faraday rotation
angle. By monitoring the zero-crossings (when A = 0) and the maxima of A, the
domain can be understood. A typical rampup is shown in Fig. 4.4.

An undesirable consequence of the increased laser power is that the alkali den-
sity will also increase, corresponding to an increase in temperature of about 5°C in
equilibrium (for a discussion on pumping chamber temperatures, see Ch. 2.2.4. It is
interesting to note that at the same time, the temperature of the 3He gas in the pump-
ing chamber was measured to be 269°C (see Fig. 3.6)). Because the lasers are now
heating the cell, it will take some time for the feedback circuit controlling the oven
to stabilize again. While the oven is stabilizing, the alkali density and polarization
will change (as the density increases, the polarization often drops as the pump laser
becomes attenuated). An added consequence of the increased alkali density is that
the probe laser attenuation will increase, causing a decrease in the normalization, N
of the measurement. This explains why the third flip in Fig. 4.4 occurs at a lower
A/¥ than the first flip.

From rampup measurements like the one in Fig. 4.4, rough estimates of the faraday
rotation angle can be made. After stabilizing, this particular measurement appears
to have 2¢, < —540° (corresponding to the third zero-crossing); however, it’s not
clear if this measurement had a fourth flip (which would give 2¢, < —630°). This
difficulty arises because extracting ¢, from a measurement of A/ requires us to take

the arcsin of A/
114
N X

2¢, ~ —sin (4.98)

here, we have ignored the full double-sin form of the normalization (see Ch. 4.4.4).
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Figure 4.4: Laser Rampup Scan for Target Cell Brady. A = 782.5nm, T}, = 235°C. Three lasers
are slowly ramped up producing 3 distinct flips and 3 zero crossings, giving 2¢, > 540°C. The
irregular shape is created because the lasers heat up the cell, whose temperature is controlled by a
feedback circuit.

The domain of sin~! is only 180°, implying that ¢, has a 90° domain (corresponding
to the space between a maximum and minimum). A better way to determine the
domain and rotation angle is to compare normalization measurements

Reliable measurements of 2¢, can be made by comparing normalization with and
without the pump lasers. Once the oven has stabilized with the pump lasers on, a
second normalization measured is made. The normalization technique described in
Ch. 4.4.4 gives a direct measurement of 2¢, that doesn’t require sin™! to be calculated.
Rather, a normalization measurement gives a value for 2¢ in the phase of the sin-wave
(see Eq. 4.96; also, note that ¢, not ¢, is being measured, see Eq. 4.97). The domain
of a sin-wave is 360°, implying that ¢ has a 180° domain (this elimates ambiguity
around extrema like the one in Fig. 4.4).

Before a value for ¢, can be extracted from the normalization technique, a rough
guess for the rotation angle is needed. Fortunately, rampups like the one in Fig. 4.4

provide this. For example, in this measurement, the rotation angle is somewhere



Chapter 4. Faraday Rotation 98

between —720° < 2¢ < —360°. Thus, we need to adjust our 2¢ value from the
normalization fit by 360°. The normalization measured before the lasers were ramped
on had a phase of 2¢,;; = 313.8°. The normalization measured after the lasers were

ramped on had a phase of 2¢,, = 79.9°; this number needs to be adjusted by 360° to

account for the new domain attained: 2¢,, o4 = —280.1°. Finally,
¢r = ¢on - ¢off (499)
= —270.0° (4.100)

4.4.6 Extracting Number Density Ratios

The equation for the faraday rotation angle of a single alkali species (Eq.4.72) can be

written as
62
=— PIA - 4101
= = (gmmes ) Pl 11 £ (4.101)
where
fo= L Bp (4.102)
“p2 AD, + R
1
fo = A1 (4.103)

W 2 7
b1 A%, + 2

For a Rb/K hybrid mixture, Eq. 4.101 becomes

@:—<€2)meMftéﬂ+mUﬁﬁﬂ) (4.104)

12mcey

which we chose to write as

6=~ (o ) PURT ([ = 2] /D -+ [1F - 5)) (4.105)

12mceg
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where D = [K]/[Rb] is the K/Rb number density ratio (Eq. 2.88). To extract a
value for [D] and P4[K]l, we perform several faraday rotation angle measurements
(see Ch. 4.4.5) and fit the resulting angles to Eq. 4.105. Typically, we introduce a

third fit parameter, 0\ to account for any offset between our wavemeter and the NIST

resonances (see Tab. 2.7).

400 ' '
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—200 -
—-300 -

_400 T T T T
765 770 775 780 785 790 795
Wavelength (nm)

Figure 4.5: Faraday Rotation measurement of Brady at 235C with 3 Comets. D=2.60(19)

Fig. 4.5 shows a typical measurement. For this particular measurement, target
cell Brady was pumped at an oven set temperature of 235C with three line-narrowed
Comet lasers. The resulting fit gave D = 2.60(19), P4l[K] = (48.6 £ 2.8)cm/cm?,
and 60X = (14+43) x 10*nm. The quoted errors have been rescaled to give a reduced

chi-squared of 1.

4.4.7 Measuring Alkali Polarizations

We note that the alkali polarization measurement (see Ch. 4.3) introduces an ad-

ditional alkali-relaxation mechanism; in equilibrium, the alkali polarization is given
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by
R

PyT,) = — 4.106
A(T'ry) R+T,4+T,; ( )

where R is the optical pumping rate, I, ¢ is the EPR RI depolarization rate, and I'4

is the total alkali relaxation rate in the absence of EPR RF. Eq. 4.106 can be rewriten

as
1 1 Ty
— == 4.107
P, PR (4.107)
where
R
P, = 4.108
0 R+T,4 ( )
L.y o Bl o I? (4.109)

here, B,s is the magnetic field of the RF and [ is the current in the EPR RF coils.
Finally, we write
1 1

- == I? 4.110
2 P0+m ( )

where m is a slope that is inversely proportional to the optical pumping rate.

We extrapolate to Fy, the alkali polarization corresponding to I',; = 0, by per-
forming several sweeps with different RF field amplitudes. Fig. 4.6 shows the result
of a typical alkali polarization scan, which we performed at an off-resonance probe
wavelength of 785nm with 1 comet laser on target cell Brady. Under these condi-
tions, 4 peaks are clearly visible: 2 corresponding to 3K, the most abundant isotope
present, and 1 each for 'K and 8" Rb. However, whereas the potassium peaks corre-
spond to single transitions (or the twin transition for the higher field 3K peak), the
8TRb peak contains all the transitions of that isotope. The field separation between
zeeman sublevels (see Eq. 3.85) is much smaller for rubidium because V,?;’s > V}[Lgcs
(see Tab. 3.1).

To extrapolate to Fy, each polarization scan in Fig. 4.6 is fit to a lorentzian.
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Figure 4.6: Alkali Polarization Scan for Target Cell Brady at Probe Wavelength 785nm with 1 Comet
Laser.

The ratio of the two 3K peaks is calculated. The polarization of each scan can be
extracted from the ratio by using Tab. 4.3. The inverse of these polarizations are
plotted as a function of I* (here, I refers to the current of the EPR RF coil) and fit
to Eq. 4.110; we refer to these plots as F, plots.

Fig. 4.7 shows two Py plots. The top line (red) shows the same data that were
plotted in Fig. 4.6; the bottom line (blue) shows data that were taken with two line-
narrowed comet lasers. In both cases, the errorbars were attained by forcing the
reduced chi-squared to equal 1. In addition to a higher P, being attained with more
laser power (994 1% vs. 95+1%), we note that the slope, m is smaller. The decrease
in the slope is because m is inversely proportional to the optical pumping rate, k. We
note here that we also attempted to perform alkali polarization measurements with
3 line-narrowed comet lasers. However, the alkali polarization and optical pumping
rate were so high under those conditions that we were unable to see a second *K
peak.

Using the data from Ch. 4.4.6, which were performed using all 3 line-narrowed

comet lasers, and combining with a conservative alkali polarization of 99 + 1%, we
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find [K]l = (49.1 £ 2.9) x 10"cm/cm?.

1.15 % =(1.44+0.2) x 107°1* + 0.95i0.01

1 Comet
1.1 -
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Figure 4.7: Py Plot for Target Cell Brady at Probe Wavelength 785nm. Several alkali polarization
measurements are made at different EPR RF amplitudes. The alkali polarization in the absence of
any RF can be extrapolated by fitting the data to Eq. 4.110

4.4.8 Path Length Determination

The path length of the probe laser inside the cell can be very difficult to measure.
Although measurements of the outer diameter of the pumping chamber are trivial
to obtain, our cells are hand blown and consequently have large variations in the
thickness of the glass. We measure the inner diameter of the glass spheres by taking
calibrated images with a CCD camera (see Fig. 4.8, left). The calibration is performed
by calculating the ratio of actual size (cm) to image size (pixels) of an object at various

distances from the camera (ranging from about 15 cm to just over a meter),

¢; = a(d; +d) (4.111)

where ¢; is the calibration constant for measurement 7, d; is the distance from the

front of the camera to the plane of the measurement, « is geometric proportionality
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constant, and d is an unknown offset that corresponds to the distance between the
front of the camera and the CCD sensor. Several measurements of ¢; are fit to a
line, which yields values for d and «. Finally, a value for ¢, the calibration constant
at the location of the probe beam can be attained. The path length image (see
Fig. 4.8, right), which is attained at modest alkali densities (and in the absense of
the pump laser), is acquired using a D2 filter with the probe laser tuned slightly
off the D2 resonance. The path length of the probe beam for target cell Brady
was found to be 6.59 + 0.25cm. Using the information from Sec. 4.4.5, 4.3, this gives
[K] = (7.4540.52) x 10'4ecm™3. This density can be used to calculate the temperature
of the inside of the glass pumping chamber, which is in equilibrium with the alkali
metal puddle (see Ch. 2.2.4).

Because we have a two-component system, the density measured by faraday rota-
tion cannot be directly compared to the vapor pressure curves presented in Ch. 2.4.1
without also knowing fgs, or equivalently, D. However, this density can be combined
with D to extract a temperature for the pool of molten alkali metal. To do this, we

rewrite Eq. 2.103 as
Do(T)
Do(T) + D(T)

fro = (4.112)

where Dy is the ratio of densities given by pure vapor pressure curves. Because
fro+ fx =1,
frk = (4.113)

Using Eq. 2.99, this gives

(K = bt (4.114)
_ (1+%(<TT>>)[K]MW (4.115)

This equation is transcendental for (T) and must be solved numerically. When this
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is done, we find [K]pue = (8.00 £ 0.56) x 10"cm™ corresponding to a temperature

of 241.4°C. This temperature is very close to the oven set temperature of 235°C.

CAMERA
d:

ADJUSTABLE RULER d,

OVEN >

\J

%” TAPE | | TARGET CELL

Figure 4.8: Path Length Measurement. (Left) Schematic showing calibration procedure. (Right)
CCD image showing path length of probe laser.

4.5 Comparison Between Faraday Rotation and Pres-
sure Broadening Data

In addition to measuring D using Faraday Rotation, measurements of the molar
fractions fgry, and fx are made using the pressure-broadening technique, described
at the beginning of Ch. 4. Such measurements can be extrapolated to operating
conditions using Eq. 2.100. A comparison showing good agreement between the two

techniques is presented in Table 4.2.
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Cell T;Cet Dfr pr
Alex 235 | 1.37(08) | 1.19(07)
Stephanie | 235 | 1.39(11) | 1.50(10)
Brady 235 | 2.60(02) | 2.36(24)
Samantha | 235 | 4.37(10) | 4.34(23)
Astral Weeks | 235 | 7.09(55) | 6.21(56)

Table 4.2: Comarison between Faraday-Rotation and Pressure-Broadening Data. Pressure-
broadening ratios, D, were attained at a temperature 5°C above the temperature measured in
the oven (for more on oven temperatures, see Ch. 2.2.4).
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In this Chapter, we present results showing the dramatic performance that can
be achieved when line-narrowed lasers are used to pump hybrid cells. Additionally,
we show how recently-implemented alkali polarimetry has allowed us to better char-
acterize and understand these results. The improvements in *He polarization have
resulted in much higher effective luminosities in recent electron-scattering experi-
ments (see Fig. 1.2 and Ch. 1.1). Such improvements in effective luminosity have
made experiments in new energy ranges possible. Additionally, the time it takes for
an experiment to achieve a desired level of uncertainty has decreased.

In this chapter, we first present a theory explaining the dynamics of SEOP in a
two-chambered target cell. We then present results showing the dramatic improve-
ment in *He polarization. Finally, we present a discussion about how to extract X

factors from these cells.

5.1 Diffusion in a Two-Chambered Target Cell

So far, this thesis has only alluded to the difficulties of working with two-chambered
target cells. In this section, we’ll present a theory of diffusion in a two-chambered

target cell.

5.1.1 The Single-Chambered Cell

It is straightforward to describe both the buildup and decay of polarization in a target
cell such as that shown in Fig. 1.1 in terms of various parameters, many of which
are easily measured and understood. We begin by considering the simpler example
of a single-chambered cell, where the equation describing the time evolution of the
polarization is given by:

P = ’y‘sePA - (,}/86 + P)Pa (51)



Chapter 5. Hybrid Results 108

where P is the 3He polarization, Py is the polarization of the alkali vapor, 7, is the
rate at which the *He is polarized due to spin exchange, and I is the spin-relaxation

rate of the *He due to all other processes. The solution to Eq. 5.1 is given by

P(t) = Pye”0setDt 4 PA%“ — e ettt (5.2)

where Py is the 3He polarization at ¢ = 0.

5.1.2 The Double-Chambered Cell

In electron-scattering experiments, target cells have been employed that have two
chambers: a pumping chamber (pc), where SEOP occurs, and a target chamber
(tc), through which the electron beam passes (see Fig. 1.1). This design has several
practical advantages, including the fact that ionization due to the electron beam does
not affect the polarization of the alkali vapor. The two chambers are connected by a
short, narrow transfer tube (tt). Polarized gas from the pc diffuses into the tc where
it interacts with the electron beam. The polarization build up in such a cell can be

described by the coupled differential equations

Ppc = ’Y(PA - Ppc) - chPpc - de<Ppc - PtC) (5'3>

Ptc = _Ftcf)tc + dtc(Ppc - Ptc) (54)

where dp. (dy.) is the diffusion rate out of the pumping (target) chamber [65]. The
diffusion rates are related by fycdpe = fiedic where foo(fic) is the fraction of atoms in
the pe(tc) and f,. + fic = 1. Using the ideal gas law, PV = NkgT and assuming the

pc and tc are at the same pressure, we can write

T T,
fpcv_p = ftc%, (55)
pe c
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which can be rewritten as
Vie/Vie
fpc = b / ! (56)
‘/pc/‘/tc + Tpc/nc
It is convenient to write the rate equations as
P, = aP,+0bP.+ B (5.7)
P. = cPy.+dP, (5.8)
where
a = —(Yse + Tpe + dpe) (5.9)
b = dpy (5.10)
¢ = d (5.11)
d — _(Ptc + dtc) <512)
B = ~.Py (5.13)

The easiest way to solve these coupled differential equations is to decouple them:

Py = aPp.+bP.+ B
ppc = appc—i-bptc—i-B

P, = aPy+b(cP,. +dP,)
We can eliminate P,. by solving Eq. 5.14 for P,
bP,. = P,. —aP,. — B

This gives

P, = aPpc + bcP,. + dec —adP,. — Bd

(5.14)
(5.15)

(5.16)

(5.17)

(5.18)
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Finally,

P,. — (a+ d)P,. — (bc — ad)P,. = —Bd (5.19)

The solution to Eq. 5.19 is given by
Pye(t) = PS.(t) + Ph.(t) (5.20)

where P9,(t) is the general solution and PZ () is the particular solution. The general

solution is found by solving

P,. — (a+d)P,. — (bc — ad)P,. = 0. (5.21)

The general solution is

Pa(t) = chert + e (5.22)

where the eigenvalues, A\* are given by

AE = [(a +d) £ /(a+d)?+ 4(be— ad)} (5.23)

4(bc — ad)

These eigenvalues correspond to physical rates according to the following relationship

N~ N

(a+d)

I, = —A (5.25)

I, = —A* (5.26)
where s refers to slow and f refers to fast.

The particular solution is easy to guess:

Bd
p f—
PpC(t) be — ad

(5.27)
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The solution to Eq. 5.19 is therefore
Bd
Tyt | — It
Po(t) =cle T+ e '+ r— (5.28)
This can be simplified by defining some constraints
Pp(t=00) = B (5.29)
P(t=0) = P, (5.30)
Eq. 5.30 is the particular solution,
Bd
o _ 5.31
Pe be —ad (5:31)
Eq. 5.30 gives
Cpe=cl. =P —PX—c, (5.32)
Finally,
Ppe(t) = Cpee ' + (P, — Py — Cpe)e ! + P2 (5.33)

The target chamber solution is found similarly (and has the same characteristic rates,

I's and I'y),

PtC(t) = the_rft + (Ptoc - Ptoco - CtC)e_FSt + Ptoco

where

Be c
Poo — _ — __Poo
te be — ad d ¥°

Finally, C). can be obtained by using Eq. 5.33 to solve Eq. 5.14 at ¢ =0

Che + (P;z?c — B — Cpe) + P30 = @P;?c +bP)+ B

(5.34)

(5.35)

(5.36)
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Dy(P — PY) —aP) — bP) — B
r;—T,

Cpe = (5.37)

Similary,
Ly (P — P2) —cP® —dP?
Cho = & = pe < 5.38
: e (5.38)

It is useful to introduce the quantity 61" and to express the slow time constant as

Iy = (Yse) +(I') = 6T (5.39)

where (7se) = fpeYse is the spin-exchange rate averaged throughout the double-
chambered cell (since the spin exchange rate is zero in the target chamber, and s
in the pumping chamber), and (I') = f,.['yc + ficl't is the spin-relaxation rate av-
eraged throughout the cell. Comparing Eq. 5.39 with Eq. 5.2, we see that 0T is the
difference between I'; and the rate (7, + I') that governs the time evolution of a

single-chambered cell. Given Eq. 5.39, we find that

- dpc + dtc
2

o7 [\/1 “oubf + w2 —1+udf (5.40)

where 0 f = f,. — fic and
_ Vse + ch _ Ftc
dpc + dtc

(5.41)

For most of the situations we have considered, the quantity « is fairly small. This is
due to two things. First, the spin-exchange rate v, is usually fairly slow compared
to the sum of the two diffusion rates d,. and d;.. Also, the spin-relaxation rates in
the pumping and target chambers, I'). and I',., are generally of the same order as
one another, ensuring that their difference is fairly small. Also, if they are unequal,

it is usually the case that I';. is larger than I',.. It is thus reasonable to expand JI"
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in terms of v finding that

6T = frefie(dpe + die)u® (5.42)

We also note that as u — 0, as will be the case if the diffusion rates are extremely
fast, I's = (7vse) + (I'), which is equivalent to the form that appears in Eq. 5.2.
Lastly, we consider the fast root of Eq. 5.24 and its corresponding rate. To start,

we take a difference between the rates:

Iy—T, = —(At—A") (5.43)
= —(a+d) (5.44)
= (dpc + dtc)’Yse + ch + Ptc (545)

solving for I'y and using the result of Eq. 5.39, we find

Iy = (dpe + dic) + (Yse = (Vse)) + (Tpe + Tee — (I')) + 0T . (5.46)

In the fast-diffusion limit, I'y — oo; under these conditions, Eqs. 5.33 and 5.34 reduce
to the form of Eq. 5.2.

A plot of the polarization as a function of time in a target cell is often referred
to as a “spinup curve”. In Fig. 5.1a, we show data illustrating a spinup for both
the pumping chamber and the target chamber for the target cell, ”Brady”, a typical
target cell of the geometry shown in Fig. 1.1. NMR measurements were made using
the technique of adiabatic fast passage (AFP) [52] every three minutes. Also shown
on Fig. 5.1, but obscured beneath the many data points, is a fit to the data using
double-exponential functions of the form given in Eqs. 5.33 and 5.34. The fit clearly

describes the data well.



Chapter 5. Hybrid Results 114

5.1.3 Initial Polarization Evolution

Some of the parameters discussed earlier can be readily determined by studying spinup
curves of the sort shown in Fig. 5.1. To extract values for the diffusion rates d,. and
dy, it is particularly valuable to examine the spinup curves during the initial time
period during which the polarization is growing. For small values of the time ¢, it
is readily apparent from Fig. 5.1 that the nature of the time evolution in the two
chambers is quite different. Under the assumption that the time ¢ < 1/T'y, we can

expand Eqgs. 5.33 and 5.34 in a Taylor series to second order obtaining

1

Ppe(t) = Potmpet + el (5.47)
1

Pe(t) = P+ muct + Squet’ (5.48)

where

Mpe = YsePa+ de(Pt% - Ppoc) - P;?c(’Yse + ch)
M = dtC<P;?c - Pt(i) - Pt?:Ftc
Qpc = FSFF(PpOcO - Pg?c) - (FF + FS) [dPC(PtOc - Pg?c) - P]E)CFPC + WSE(PA - P]?c)]

G = TsTe(P — Pb) = (T +Ts) [du(PL — P) — AT, ] (5.49)

If the cell starts with P, = P_, = 0, then

1

Pu(t) = 'YsePAt—é’ysePA(ﬁ/se—f—ch-i-dpc)tQ (5.50)
1

P.(t) = ?ySGPAdtCtQ. (5.51)

Looking again at Fig. 5.1, the initial shape of spinup curve appears to be linear in the

pumping chamber and quadratic in the target chamber, in agreement with Eqgs. 5.50
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Figure 5.1: Top: A diffusion-style spinup for the target cell Brady. The lasers are turned on immedi-
ately before data taking. AFP measurements are made rapidly (every 3 minutes). Bottom: During
a typical spinup, the target chamber polarization lags behind the pumping chamber polarization.
The target-chamber polarization was calibrated using an estimate based on cell dimensions.



Chapter 5. Hybrid Results 116

and 5.51.

Measurements of the early time behavior of the polarization buildup can pro-
vide valuable information that translates into a better understanding of the dif-
ference in polarization between the pumping and target chambers under operat-
ing conditions. The slope of the polarization buildup in the pumping chamber is
Mpe = Pavyse; measured values for my,. in several target cells are presented in Ta-
ble E in Appendix E. Given sufficient diagnostics, P4 is relatively straightforward
to measure (see Ch. 4.4.7). For the data shown in Figs. 5.1,5.2, Py = 0.99(01). Us-
ing this value and the slope of the polarization buildup in the pumping chamber,
we find that v, = (0.25 &+ 0.025)hrs™'. With this number in hand, we can fit the
coefficient of the quadratic buildup of polarization in the target chamber, finding
die = (0.72 4 0.10)hrs™*. As will be discussed in the next subsection, a value for
di. can also be computed from first principles given the dimensions of the cell. The
comparison of this value with that resulting from the fits described above provides
insight into the degree to which we understand the diffusion process taking place in

our cells.

5.1.4 The Diffusion Rates

Using gas kinetic theory, the dimensions of the target cell, the fill density of He when
the cell was constructed, the average temperatures of the pumping and target cells
and the assumption that the temperature gradient along the transfer tube is linear,
it possible to compute d,,. and d;. from first principles.

In the absence of spin exchange and spin relaxation, Eqs. 5.3,5.4 simplify

P = —dp(Py— Pi) (5.52)

P. = —di(Py— Py) (5.53)
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The diffusion rates can be solved for using the diffusion flux. To start, we consider one-
dimensional diffusion of a single-component gas exposed to a temperature gradient,

given by Fick’s first law,
ac

J=-D(T)==

(5.54)
where J is the diffusion flux, D(T) is the diffusion coefficient, and C(z) is the con-
centration. The temperature dependence of the diffusion coefficient is given by [1, 6]

D(T) = DO% (%)m_l (5.55)

where n is the density of the gas and ng, Dy, and Tj are empirically measured. The
flux of atoms traveling in the transfer tube from the target chamber to the pumping
chamber is given by [6]

Jy=Jy —J_ (5.56)

where J (J_) refers to the flux of spin-up (spin-down) particles. The concentration

of spin-up (spin-down) particles is given by [65]

1+ P
where P is the polarization. Combining the above equations and simplifying,
T()\" " dP
Jy=—D — 5.58
tt 0" ( T, ) dz ( )

If we further assume that the polarization gradient is linear [1, 6, 65], we can solve the
above differential equation,

2—m Tpc_ﬂc Ppc_Ptc

Ji = —Dong
m—1 2 2—m
TO Tpc = irtc Ltt

(5.59)

Eq. 5.59 gives the total rate per area per time. The rate per atom is given by
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multiplying Eq. 5.59 by the cross-sectional area of the transfer tube and dividing by
the product of the target chamber volume and density. Comparing Eqs. 5.52,5.53

with Eq. 5.59, we can extract the diffusion rates

Att Un 2—m Tpc — th

pc D 0 m—1 2 2—m
%CLtt Tpe TO Tpc_m - 71tc

Att 7’LQ 2 —m Tpc - iI‘tc

dy. = Dy— 5.61
' VieLus  Mige 5t Tom — e (561

(5.60)

where Ay and Ly are the cross-sectional area and length of the transfer tube. Values

for Dy, To, ng, and m are given by [66, 67]:

Dy = 2.789 cm?/s (5.62)
To = 353.14 K (5.63)
ny = 0.7733 amg (5.64)
m = 1.705 (5.65)

Using this, it is convenient to write Eq. 5.61 in terms of typical dimensions,

Ay 6cm 90 cm® 10amg Y
0.5 cm? Ly Vie Nie 4/3

dye = 0.80 hrs™ ' - (5.66)

where
2—m Tpc - Ec

T (Tye; Tie) = 273.15m- 1 2m — T

(5.67)

Putting in the dimensions for Brady which are A; = 0.667cm?, L;; = 9.07cm,
Vie = 74.6cm?) ny. = 10.5 amg, and ¥ = 1.34 (with T}, = 24C and T,. = 270C),
we find, for the conditions shown in Fig. 2, that d;, = 0.82hrs™!, within 13% of the

values found from fitting the polarization buildup curves.
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Figure 5.2: Early-Time Behavior of Brady Spinup

5.1.5 Polarization Gradients

As discussed in the introduction, and as is clear from the preceding discussion in
section 5.1.2, there is generally a difference in polarization between the pumping and
target chambers. Given the values for the equilibrium polarizations P;7 and Pg°

determined earlier, we find that their ratio is given by

P c 1
C == 5.68
B d 14T /d ( )
We define the polarization gradient as
P 1
A=1 e — (5.69)

P2 1+dy /T

The gradient approaches 0 for cells with long lifetimes and fast diffusion. In the
absence of beam depolarization, it is not unreasonable to assume that I';. is of the
same order as I',. (later, however, we’ll assume that because the two chambers have

different surface-to-volume ratios, they have different relaxation rates). Assuming
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that Ty, = 1/30 hrs™!, a relaxation rate fairly typical for a target cell, and dy. =
0.80 hrs—!, we would thus have

A=0.04 , (5.70)

or a 4% relative difference in polarization between the pumping and target chambers.
The gradient becomes worse in the presence of an electron beam. In this case I[';. =
['% +Theam, where T'Yis the relaxation rate without beam depolarization. For example,
with a target cell typical of those used recently at JLab and a beam current of
10p A, we would have a beam-induced relaxation rate of ~1/40hrs™! resulting in a
polarization gradient

A =0.068 . (5.71)

A relative difference, under operating conditions, of 6-7% in the polarization be-
tween the pumping and target chambers is certainly significant. Since the running
time required to reach a given statistical accuracy is inversely proportional to the
polarization squared, a polarization gradient of this size increases running time by
something like 12-14%. Depending on the precise means of calibration for polarimetry,
such a polarization gradient also contributes to normalization errors. The negative
impacts of polarization gradients become even worse as the beam current is increased.
If instead of 10 uA of beam current, we had 100 zA, the same cell that previously
yielded A = 0.07 would have a gradient A ~ 0.26. Clearly, diffusion is not a satis-
factory mechanism for transferring polarized gas from the pumping chamber to the
target chamber at significantly higher luminosities. It is thus necessary to establish a
faster transfer mechanism, and such a mechanism, based on convection, is presented

next in section 6.1.
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5.1.6 Rates in a Two-Chambered Cell

Under operating conditions, the pumping chamber in a two-chambered cell is heated
to form a dense alkali vapor. The target chamber, however, is cooled to room tem-
perature to minimize the amount of alkali vapor present. These two distinct tem-
perature regions will have correspondingly different densities. Consequently, when
discussing relaxation and spin-exchange rates, we must consider cell-averaged rates.

The volume-averaged relaxation rate of a two-chambered cell is given by

(0) = fpelpe + frelte, (5.72)

where f,. is the fraction of atoms in the pumping chamber (see Eq. 5.6) and I',.
and Ty, are the total 3He relaxation rates in the pumping and target chambers. The

volume-averaged spin-exchange rate is

<786> = fpc’ypc + ftcfytc (573)

SpeVpe (5.74)

since the alkali density in the target chamber is essentially zero.

We typically measure the room-temperature relaxation rate (the inverse, 1/T is
often called the “lifetime” of the cell) by performing a “spindown.” At the beginning
of such a measurement, 5 NMR measurements are made rapidly (every 3 minutes).
Provided the lifetime of the cell is much longer than 3 minutes, we can fit the 5
measurements to a line and extract a value for the loss-per-measurement (see Fig. 5.3).
After these loss measurements have been made, we increase the NMR interval to 3
hours and monitor the decay of *He polarization (see Fig. 5.4). Provided the lifetime

of the cell is much longer than the diffusion time scale, the *He polarization evolution
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Figure 5.3: NMR Loss Measurement for Target Cell Brady. These data have a loss of a = 0.0101

in the absence of optical pumping is given by

P(t) = Pye /7" (5.75)

where 77%%

is the raw lifetime of the cell. For the data shown in Fig. 5.4, 77" =
30.1 hours. The lifetime of the cell in the absence of NMR measurements can be
attained by correcting the data for losses. We correct the data point-by-point using
the following equation

yraw

V;cor - m (576)

where V" is the loss-corrected NMR amplitude for measurement ¢, V;"*" is the ith

raw NMR amplitude, and « is the NMR loss-per-measurement. When corrected for

NMR losses, the data shown in Fig 5.4 has a corrected lifetime of 7¢" = 33.5hours.
Provided the interval between NMR measurements is regular, the effective loss

lifetime for a given spindown can be calculated by comparing the raw lifetime, 77"
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Figure 5.4: Spindown for Target Cell Brady. These data give a raw lifetime of 30.1 hours. When
corrected for NMR losses, the lifetime increase so 33.5 hours.

with the loss-corrected lifetime, 7¢°7:

1/7_7‘aw _ 1/7_007’ + 1/7_loss (577)

For the data in Fig. 5.4, 7% ~ 297 hours.

During a typical spinup, NMR measurements are made every 2 hours. Often, it is
useful to adjust the lifetime of cell as though NMR measurements during a spindown
had been made every 2 hours. This can be accomplished by increasing the NMR-loss
rate by a factor of 3/2. The effective two-hour raw lifetime for the data in Fig. 5.4 is
28.6 hours.

Finally, a subtle consequence of two-chambered cell dynamics is that the lifetime
of the cell depends on the temperature of the two chambers, even in the absence of
an alkali vapor. When the cell is hot, gas is pushed out of the pumping chamber
and into the target chamber, causing f,. to decrease (see Eq. 5.6). The target cham-
ber, which has a higher surface-to-volume ratio, may have a higher wall-relaxation

rate (see Ch. 2.5.3). Additionally, the dipolar-relaxation rate, I'ipoiar, has a density
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dependance (see Eq. 2.73). Consequently, (I') will increase when the cell is hot.

To account for these effects, we first assume that the surface of the glass in the
two chambers has the same relaxation rate; however because the surface-to-volume
ratio, S/V is higher in the target chamber, the relaxation rate in the target chamber

must be higher by the ratio of surface-to-volume ratios:

S/V
wall _ tc Fwall 5.78
tc S/\/pC pc ( )

For the cells studied for this thesis, the ratio of surface-to-volume ratios was between
2 and 4.

For the second effect, we write Eq. 2.73 as

1
(Ctirtor) = 7 s g (foel Helpe + Sl Helic) (5.79)
where
Vie + Vie
[BHe]pc = fpc[gHe]uniformg (580)
Vipe
Vie + Vie
[BHe]tc = ftc[SHe]uniform%- (581)
tc

Here, [*He|uniform 18 the uniform-temperature density in the cell in amagats. With

these results, we can write

2
<F> — F;ucall <fpc + ftc S/vtc> + [3He]uniform(v;0c + V;fc) <£ + f_t2c) (582)

S/V,. 744 Ve | Vi

If the cell dimensions are well known, Eq. 5.82 can be solved for s at a uniform
temperature (the conditions of a spindown). Using knowledge about the temperature

of the cell under operating conditions, this value for 1";”6“” can then be used in Eq. 5.82
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to find a value for (I') under operating conditions:

- (5.83)
u u S/Vtc )
o+ fn SR 744 744 Vie ' Ve

Pc+ tcS/Vtc w v : 2
ry = ot S, (1o - LY | P i) (Ji

where terms with the superscript u refer to values for uniform temperature throughout
the cell.

We note here that because we currently have no to way to test if this theory is
correct, we assign values for (I') (equivalently 1/7) by taking the average between
the value given by Eq. 5.83 and (I',) (where (I',) has been adjusted for 2 hour
intervals). The uncertainty is given by half the difference. A summary of values for

(T'Y~! computed in this fashion can be found in Table 5.1.

5.2 Cell Performance

Electron-scattering experiments using polarized *He targets have seen a more-than-
tenfold increase in effective luminosity over the past 20 years (effective luminosity is
defined here as luminosity weighted by 3He polarization-squared). This increase (see
Ch. 1.1 and Fig. 1.2) has enabled experimentalists to study new energy regimes by
dramatically decreasing the amount of time it takes to achieve a given statistical error.
We are able to increase the beam current because 7, is bigger, a direct consequence of
the improvements in laser technology and hybrid spin exchange. These improvements
have led to a dramatic increase in *He polarization (from below 40% before GEN to
nearly 70% after GEN).

Two major advances in Spin-Exchange Optical Pumping (SEOP) have enabled
the dramatic increases in performance. The combination of line-narrowed lasers with
hybrid-alkali mixtures has resulted in significantly higher 3He polarizations in large

two-chambered target cells. Hybrid-alkali mixtures are perhaps the easiest advance
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Lasers T3¢ o ;! ry-1
Cell Type I OpC Pie hrs < h>rs Pa Dy
Proteus 3F 3.8 180 0.46 27 74 - 0
Priapus 3F 3.8 180 0.44 21 56 - 0
Penelope 3F 3.8 180 0.39 18 46 - 0
Powell 3F 38 180 0.38 13 25 - 0
Prasch 3F 38 180 0.33 13 33 - 0
Edna 3F 2.4 235 | 0.56(04) 5.71(02) 23.7(1.5) - 3.63(20)
Al 25F 3.2 235 | 0.53(04) 7.86(08) 24.1(1.1) - 4.53(25)
5F 6.1 235 | 0.54(04) 6.73(21) 24.0(1.1) - 4.53(25)
Barbara 25F 1.6 235 | 0.37(03) 5.5(08) 38.1(2.3) - 4.80(25)
5F 3.1 235 | 0.57(04) 4.76(63) 38.1(2.3) - 4.80(25)
Gloria 3F 1.7 235 | 0.60(04) 6.13(06) 31.4(1.7) - 7.20(40)
Anna IF 0.6 235 | 0.33(02) 5.60(36) 9.50(71) - 9.64(57)
1.5F 1.0 235 | 0.39(02) 5.37(16) 9.50(66) - 9.50(71)
Dexter 1.5F 1.5 235 | 0.47(04) 7.58(17) 16.4(8) - 20*
5F 6.1 235 | 0.49(04) 6.63(13) 16.4(8) - 20*
Dolly 3F 1.0 235 | 0.43(03) 6.16(07) 30.0(1.8) - 20(1.3)
1C1F 14 235 | 0.62(03) 5.79(07) 29.9(1.8) - 20(1.3)
Simone 2C1F 3.8 215 | 0.32(02) 14.6(3) 18.3(7) | 0.91(05) 8.89(45)
2C1F 3.8 255 | 0.58(03) 6.05(13) 18.2(8) | 0.92(05) 10.3(52)
2C1F 1.9 160 | 0.57(03) 16.7(09) 55.7(1.8) | 1.00(03) 0
2C1F 1.9 170 | 0.61(03) 11.7(03) 55.5(2.0) | 0.98(03) 0
Sosa 2C1F 1.9 180 | 0.55(03) 8.79(09) 55.2(2.2) | 0.97(03) 0
2CIF 1.9 190 | 0.40(02) 6.39(22) 55.1(2.3) - 0
2C1F 1.9 200 | 0.26(01) 5.40(17) 55.4(2.1) | 0.83(17) 0
Boris 3F 1.8 235 | 0.42(03) 6.25(06) 21.1(1.2) ? 2.45(23)
Samantha 3F 1.8 235 | 0.50(03) 6.30(13) 20.8(1.2) - 4.34(23)
3C 2.6 235 | 0.68(03) 4.63(03) 17.1(1.1) | 0.99(03) 4.34(23)
Alex 2C1F 2.6 235 | 0.59(03) 4.81(03) 26.8(2.0) | 0.99(03) 1.19(07)
Moss 1IC1F 1.8 235 | 0.62(03) 5.35(04) 24.5(1.6) | 0.95(09) 2.40(13)
Tigger 1C1F 1.8 235 | 0.51(03) 4.89(05) 12.1(9) | 0.95(09) 5*
Astral Weeks | 2C1F 2.6 235 | 0.69(03) 6.57(12) 35.3(1.9) | 0.99(03) 6.21(56)
Stephanie 3C 2.6 235 | 0.71(04) 4.55(09) 37.0(2.3) | 0.99(03) 1.50(10)
1C 0.9 235 |0.62(03) 4.8(1.1) 26.8(1.6) | 0.95(03) 2.36(24)
Brady 2C 1.8 235 | 0.68(03) 5.52(70) 26.8(1.7) | 0.99(03) 2.36(24)
3C 2.6 235 | 0.70(03) 5.30(01) 26.9(1.7) | 0.99(03) 2.36(24)
Maureen 3C 2.6 235 | 0.66(03) 5.42(12) 23.4(1.4) | 0.97(09) 4.42(55)

Table 5.1: Cell Performance for experiments before GEN (top), GEN (middle), and after GEN
(bottom). Values for experiments before GEN were taking from Singh [6]. Within each experiment
grouping, data is sorted by type of laser used. *Indicates nominal value for D,y
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for an established lab to make as they require very little financial investment. Line-
narrowed lasers, which cost about the same as their broadband counterparts, are now
the clear choice for a lab looking to purchase new lasers for SEOP with *He (for
a discussion on using line-narrowed lasers for SEOP with both 3He and *Xe, see

Appendix D).

5.2.1 Effect of Hybrid Mixtures

The hybrid technique (see Ch. 2.7) typically employs a small amount of Rb and a
large amount of K. As with a pure-Rb cell, lasers optically pump the Rb. However,
in addition to spin exchange with *He atoms, these Rb atoms can now exchange spin
with K atoms (K-Rb spin exchange is very rapid and efficient). Potassium more
efficiently transfers its spin to *He atoms resulting in significantly lower laser-power
requirements. Thus, for a given laser power, a hybrid cell can achieve a higher 3He
polarization with a fast spin-exchange rate, vse.

To understand the impact of hybrid technology, we consider Eq. 2.80,

pHe — phRb se 5.84
o0 o0 fyse(l_i_X)_i_F? ( )

where P is given by Eq. 2.12,

R

PR = Pigni—=——r—
TR+ T,

(5.85)

here, I, is the effective rubidium relaxation rate (see Eq. 2.89), R is the optical
pumping rate, Py is the circular polarization of the pump laser, I' is the room-
temperature relaxation rate of the cell, X is the X factor of the cell, and 7, is the

spin-exchange rate, given by Eq. 2.87,

— ke[ Ry (1 L ) (5.86)
Vse = Rge k??eb_He . .



Chapter 5. Hybrid Results 128

In the above equation, k. is the spin-exchange rate constant (see Tab. 2.2), D =
[K]/[Rb] is the hybrid number density ratio, and [Rb] is the Rb number density.

As was discussed in Ch. 2.7.2, we prepare our hybrid mixtures so that they will give
the same spin-exchange rate that a pure-Rb cell would have at 190°C (1 /7. = 6.7hrs).
We’ve found great success with a density ratio of D = 6. Such a cell would need to be
heated to 237.2°C and would have a Rb number density that is about 5.6 times lower
than a pure-Rb cell heated to 190°C. This lower light-absorbing Rb density allows
the laser light to penetrate deeper into the cell while maintaining a high intensity. To

understand this, consider Eq. 2.43 for fully-polarized, parallel laser light,

1 09(z)
O(z) 0z

= — (1 — Pr(2)) o(v)[RD]. (5.87)

In this equation, which describes the attenuation of the laser light, ® is the photon
flux, z is the depth into the cell, Pg;, is the Rb polarization at that depth, and o is
the photon-absorption cross section. By decreasing the Rb density (while maintaining
high alkali density), fewer photons are absorbed at a given depth and the laser light
is able to penetrate deeper into the cell. Consequently, the optical pumping rate at a

given depth (given Eq. 2.14) increases

R(z) = /(I)(V, 7, 2)o(v)dv. (5.88)

We note that for the conditions described, the effective-Rb relaxation rate is higher
for hybrid cells — about 2.4 times higher. We also note that for these conditions, the
attenuation of the laser light, (1 — Pgy(2)) o(v)[Rb], is lower for hybrid cells — about
5.6 times lower when the alkali polarizations are the same and even lower deep into
the cell when the hybrid performance starts to kick in (see Fig. 2.5, which shows how
the alkali polarization drops off slower in a hybrid cell). Because the hybrid cell has

a lower laser attenuation, the optical pumping rate is higher. Although the alkali
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relaxation rate is higher for hybrid cells, the total optical pumping rate is also higher
(and by a greater amount). Consequently, the alkali polarization will be higher in a

hybrid cell.
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Figure 5.5: Maximum Achieved He-3 Polarization as a Function of D for 14 Target Cells. The data
were acquired over a ten-year period using broadband lasers, with different cell geometries, available
laser power, and hybrid density ratios. For Pure Rb cells (triangles), the oven was set to 180°C; for
hybrid cells, the oven was set to 235°C. Hybrid cells outperform pure rubidium cells. The values for
D in this table were extracted from pressure-broadening data, as more cells were measured this way.

The impact of alkali-hybrid mixtures is illustrated in Fig. 5.5, which shows data
for 14 Target cells acquired over the span of a decade, all of which were pumped
using broadband laser light. In this figure, the saturation *He polarization is plotted
as a function of number density ratio, D = [K]/[Rb|, as determined by the pressure-
broadening technique (see Ch. 4). The triangles show pure-Rb cells, which naturally
have D = 0. From hybrid data (circles), it appears as though the ideal number
density ratio is somewhere between 3 and 9. Outside of this range, there is either too
much K (some of which is inefficiently pumped by off-resonance light), or there is too
little K (and thus spin-exchange is no longer dominated by K).

The main advantage of the hybrid technique is that the available laser power is

used more efficiently. For example, consider Fig. 5.6, which plots P, as a function of
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Figure 5.6: Maximum Achieved He-3 Polarization as a Function of Laser Intensity for 18 Target
Cells. The data were acquired over a ten-year period, with different hybrid density ratios. For Pure
Rb cells (triangles), the oven was set to 180°C; for hybrid cells, the oven was set to 235°C.

incident laser intensity. This plot shows that hybrid cells are able to achieve higher
3He polarizations than pure-Rb cells when pumped with comparable laser intensity.
Additionally, hybrid cells achieved comparable or higher *He polarization even when
pumped with significantly less laser intensity. As a specific example, consider the
hybrid target cell with the highest saturation polarization, Gloria. For this cell,
which had a pumping-chamber diameter of 3.5 inches, 3 broadband lasers were used
and P, = 0.60. For comparison, consider the best performing pure-Rb target cell
in Fig. 5.6, Proteus. Proteus had a 2.5-inch-diameter pumping chamber and was
also pumped with 3 broadband lasers. In spite of the fact that the laser intensity
was nearly double for Proteus, a lower saturation 3He polarization, P, = 0.46, was
measured. Moreover, Gloria achieved this significantly higher 3He polarization despite
having a room-temperature lifetime that was less than half that of Proteus (31.4 vs.

74 hrs).
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5.2.2 Impact of Narrowband Lasers
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Figure 5.7: LEFT: Actual Laser Spectra of a Broadband FAP laser and a Narrowband Comet Laser.
Also plotted is a theoretical photon-absorption cross section. The two lasers have approximately
the same total power; however, the Comet laser has a spectral width that is 1/10th that of the FAP
laser. RIGHT: Theoretical Incident Optical Pumping Rate Using Actual Spectra. The Comet laser
(24.8W) has a total incident optical-pumping rate of 189kHz; the FAP laser (22.1W) has a total
incident optical-pumping rate of 33.9kHz. When normalized for power, the Comet has an incident
optical-pumping rate that is approximately 5 times higher than FAP’s.

Using line-narrowed lasers to pump rubidium and hybrid cells has resulted in
much higher 3He polarizations in large two-chambered target cells. These lasers
(see Ch. 2.2.8) have spectral profiles that more closely match the Rb D1 absorption
line shapes in our high-pressure cells than their broadband counterparts. This more
resonant laser light results in higher optical pumping rates (see Eq. 5.88). These
higher optical pumping rates in turn lead to higher alkali polarizations and thus
higher 3He polarizations (see Eq. 5.85 and Eq. 5.84).

To illustrate the advantage of narrowband lasers, we present data acquired from
actual laser spectra in Fig. 5.7. The left portion of the figure shows two typical laser

spectra — one from a broadband FAP laser and one from a line-narrowed Comet laser.

The left figure also shows a theoretical photon-absorption cross section, o, typical for
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our high-pressure target cells. The right portion of the figure shows an inferred (at
the front end of the cell) optical-pumping rate calculated using the real spectra and
theoretical photon-absorption cross section. When normalized for power, the comet
laser has an inferred maximum optical-pumping rate that is approximately 5 times

greater than the FAP’s.
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Figure 5.8: Maximum Achieved He-3 Polarization as a Function of Inferred Maximum Optical-
Pumping Rate for 20 Target Cells. The data were acquired over a ten-year period, with different
hybrid density ratios. For Pure Rb cells (triangles), the oven was set to 180°C; for hybrid cells, the
oven was set to 235°C. This inferred plot shows the tremendous advantage of line-narrowed lasers,
particularly when used in conjunction with hybrid-alkali technology.

Finally, we present the impact of narrowband lasers in Fig. 5.8, which plots Py,
as a function of inferred maximum optical-pumping rate. This plot clearly illustrates

the tremendous improvements in Py, that can be achieved when narrowband lasers

are used to pump hybrid cells.

5.2.3 Cumulative Effects

When line-narrowed lasers are used in conjunction with hybrid technology, very high

3He polarizations can be attained in large two-chambered target cells. Moreover,
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with the implementation of the alkali-polarimetry techniques discussed in Ch. 4.4,
we are able to better understand the limitations to the saturation 3He polarization.
In particular, by measuring the alkali polarization, we’re able to adjust the alkali
density to match the available laser power. So long as the alkali polarization remains
high (near 1), we can continue to increase P¢ by increasing the spin-exchange rate
(which can be accomplished by increasing the oven temperature). By increasing the

spin-exchange rate, we are able to approach the X-factor limit,

Vse 1

pPle—p =
o A0+ X) 4T 14X

(5.89)

This substantial increase in *He polarization (accomplished by increasing the spin-
exchange rate) is only possible if the alkali polarization remains high, however. For-
tunately, by implementing alkali-hybrid mixtures and line-narrowed lasers, we're able
to keep alkali polarizations high. These high alkali polarizations finally allow us to
increase the spin-exchange rate. To study this, we present Fig. 5.9, which plots satu-
ration 3He polarization as a function of characteristic spinup time (1/T, see Eq. 5.39).

Several trends are clear in Fig. 5.9. We note that pure-Rb cells pumped with
broadband lasers tend to only achieve high *He polarizations when 1/T is slow; this
is because under these conditions, the alkali polarization is high only when the spin-
exchange rate is low. Additionally, when pure-Rb cells are pumped with narrowband
laser light, high 3He polarizations can be attained; however, these higher polarizations
are only possible at modest 1/T's. Hybrid cells, however, have excellent performance
at high spin-exchange rates, particularly when pumped with narrowband laser light.

We note that although tremendous gains in saturation *He polarization have been
made, we believe further gains in the current design are possible. The cells studied in
this thesis were tested in preparation for several Jefferson Lab experiments, including

E02-013 (GEN-I) and E05-015 (Transversity). An emphasis was placed on broadly
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Figure 5.9: Maximum Achieved He-3 Polarization as a function of 1/T's for over 20 Target Cells.
The data were acquired over a ten-year period, with different cell geometries and varying available
laser power (several cells were measured at multiple spin-exchange rates); however, several trends
are evident. Narrowband lasers outperform broadband lasers in the limit I'y — 0. Additionally,
hybrid mixtures are able to attain higher polarizations in the same limit.

characterizing as many cells as possible. Due to time constraints (and concerns about
our cells exploding), only limited effort was made in optimizing the alkali-*He spin-
exchange rate. We believe that many of our cells could have been run harder (at
higher temperatures) and still maintained Rb polarizations near 100%. However,
due to the very real risk of cells exploding at high temperatures, we refrained from
pushing these cells too hard. We believe that with enough line-narrowed lasers, a
hybrid target cell could achieve its X-factor limited polarization (higher than 80% for
many of the cells studied).

Finally, we present Fig. 5.10, which plots P¢ as a function of D (identical to
Fig. 5.5, except with narrowband data included). The data presented in Fig. 5.10
were acquired under similar spin-exchange conditions (the pure-Rb cells were pumped
at 180°C, while the hybrid cells were pumped at 235°C). As with Fig. 5.5, the data
suggest that pure Rb cells that are pumped by broadband lasers cannot do as well as

their hybrid counterparts when pumped with the same lasers; however, when narrow-
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Figure 5.10: Maximum Achieved He-3 Polarization as a Function of D for 20 Target Cells. The data
were acquired over a ten-year period, with different cell geometries, available laser power, and hybrid
density ratios. For Pure Rb cells (triangles), the oven was set to 180°C; for hybrid cells, the oven
was set to 235°C. Line-narrowed lasers outperform broadband lasers and hybrid cells outperform
pure rubidium cells. When used in conjunction very high 3He polarizations can be attained. The
values for D in this table were extracted from pressure-broadening data, as more cells were measured
this way.
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band lasers are used, the range of acceptable D’s appears to increase. Additionally,
regardless of density ratio, line-narrowed lasers outperform broadband lasers. When
used in conjunction, very high polarizations can be achieved in target cells. A sum-

mary of measured quantities can be found in Table 5.1 and Table E in Appendix E.

5.3 The X Factor, revisited

In the past, it was believed that at sufficiently high alkali densities (such that s >
(T')) and with sufficiently high laser power (such that P4 ~ 1), *He polarizations
approaching 1 could be achieved. Indeed, many of the cells measured during this
thesis came close to satisfying these conditions (see Table E); however, at best, *He
polarizations of around 0.7 were measured. This anamolous behavior is explained by
the X factor.

The X factor, which was briefly discussed in Ch. 2.6, is believed to be a surface-
relaxation mechanism that appears to scale with alkali density [47]. For a double-
chambered hybrid target cell in the fast-diffusion limit (d;. — o0), this additional

relaxation mechanism limits the maximum achievable 3He polarization to

He _ pA <’Vse>
P = T 0T @ (5:90)

In the high spin-exchange rate limit, (vs) > (I'), Eq. 5.90 becomes

1
PX =pi— 5.91
He ool + X’ ( )
which can be written as
PA
Xmax - Po%oe -1 (592)

where we’ve introduced X4, which is an upper bound on the X factor, found in the

high spin-exchange rate limit.
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Measurements of X and an understanding of the physics behind it are critical to

further increasing Ppe.

5.3.1 Measuring X

We extract values for X using four different methods. Each method requires us to

write Eqn. 5.90 as

pie — palise) (5.93)
Ls
where we approximate [y (see Eq. 5.39) as
L\ = () (14 X) + (T). (5.94)

Under this approximation, we assume o0I' ~ 0, which is true under typical operating
conditions.

The first and simplest method for measuring X, which we label as X;, requires
measurements of Py, PH¢ T and I'y (although a limit can be established if Py is
unknown). We write Eq. 5.94 as

Fs - <F>

1+X (5.95)

(Vse) =

and evalue Eq. 5.93 using this result. We then solve for Xj:

X, = Jfée (1 - gj) 1 (5.96)

We note that if a measurement of P, is not available, an upper limit on X; can be

made by setting P, = 1:

Xlg%g(a(l—(B)—l (5.97)

The second method, which we label X, requires measurements of I', T's, [Rb], and
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D. We write Eq. 5.94 as
-1 (5.98)

where (7,.) is evaluated using Eq. 2.87 and Eq. 5.74

<’7/se> = fpckibiHe[Rb] (1 +D kﬁ;He ) (599)

Rb—H
kse ©

values for k. are summarized in Tab. 2.2. Finally,

frekt=tre (0] (1+ D)

Xo —1 (5.100)
The third method, which gives X3, is very similar to the second method and
requires measurements of Py, I', I'y, and m,.. We start with Eq. 5.98, but evaluate

vse using Eq. 5.50 and Eq. 5.74:

(Yse) = frempeP5 (5.101)
This gives
T, — (I
X3 =Py——— 5.102
’ JpeMpe ( )

Again, if P4 is unknown, an upper limit can be established

Fs B <F>

X3
fpcmpc

IA

(5.103)

The fourth method, which gives X, requires measurements of Py, PZ¢ T, and

mye. We start by plugging Eq. 5.94 into Eq. 5.93 and then solving for X

_pi D)

B Polge <786>

—1 (5.104)
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Making use of Eq. 5.101,
Pt P
_ foo oo\ g 5.105
VP T o (5.105)

Again, if P4 is unknown, an upper limit can be established

1 (T)

— - —
Pooe fpcmpc

X, < (5.106)

5.3.2 Comparison Between Faraday-Rotation and Diffusion-
Spinup Slopes

In addition to extracting m,. from a spinups like those described in Ch. 5.1.3, it is

possible to extract an independant value for m,. from Faraday Rotation data using

Mpe = PA’)/se (5107)
X k,Rb 1
= Py|Klk 1+ === 1
AR (1455 ) (5.108)
_ R (14 M L 1
PR (1 e (5.109)

We choose to make a comparison between the two techniques to aid in our under-
standing of the uncertainty associated with each measurement. Although great care is
taken to fully understand the uncertainties associated with each technique, a compar-
ison between techniques can be used to check for consistency. Important quantities
and their associated uncertainties, such as the X factor (see Ch. 2.6), are calculated
using these values.

The quantity P4[K]l is a fit parameter in Eq. 4.105, as described in Ch. 4.4.6; con-
sequently, a value for m,,. can be attained without measuring the alkali polarization.
Values and uncertainties for the spin-exchange rate constants, k~#¢ and kX~-H¢ can

be found in Appendix A.

In Fig. 5.11, the ratio of the two slopes, m;fé”"mt /miP" is plotted for six different
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pairs of data (the full set for which we have data). The average was taken and the

errors on the ratio were rescaled to give x?/degree-of-freedom = 1. To rescale the

spinup

errors on the ratio, the errors on P4[K]l and [ were increased. The error on m:?

was left at 10% relative; the error on D was left unchanged as the ratio was less
sensitive to changes in it. Values for the quanties used in the plot can be found in

Table E in Appendix E.
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Figure 5.11: Ratio of m,. as Extracted from Faraday Rotation and Diffusion Spinups. The errors
on P4[K]l and [ were rescaled to give x? = 6 — 1; the error on D was left unchanged as it propagates
weakly.

5.3.3 X Factor Results

Calculations of X, as described in Ch. 5.3.1, were performed using the data presented
in Table E in Appendix E. A summary of X factors is presented is presented in
Table 5.2.

We note that many of the cells measured in Table 5.2 have X-factor limited 3He
polarizations above 0.80. With sufficient laser power, it should be possible to measure

previously unattained *He polarizations in large target cells. However, an interesting
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Cell Lasers T;Cet X1 X5 X3 X4 Xavg Xod
9CIF 160 | 0.22(07) 0.23(29) 0.48(17) 0.11(12) | 0.23(06) 1.05
2C1F 170 | 0.26(07) - ) - - ]
Sosa 2C1F 180 | 0.49(09) 0.32(28) 0.76(20) 0.44(11) | 0.49(06) 0.80
2C1F 190 - - - - - -
9C1F 200 | 1.86(59) 1.14(1.04) 2.19(73) 1.83(58) | 1.84(34) 0.23
Alex 9CIF 235 | 0.37(08) 0.46(33) 0.85(21) 0.27(11) | 0.38(06) 2.0
Stephanic 3C 235 | 0.22(07)  0.40(46) 5 - - -
3C 235 | 0.14(07)  0.32(38)  0.11(13) 0.14(09) | 0.14(05) 0.09
Brady 2C 235 | 0.17(08) - - - - -
1¢ 235 | 0.27(10) - ; ; - ;
Moss ICIF 235 | 0.19(12) 5 - - 5 -
Tigger 1C1F 235 | 0.10(13) - - - - -
Samantha 3C 235 | 0.07(07)  0.46(18) - - - -
Maureen 3C 235 | 0.13(12) - - - - -
Astral Weeks | 2CIF 235 | 0.17(07)  0.53(31)  0.23(14) 0.16(09) | 0.18(05) 0.48

Table 5.2: X-Factor Results. For Xg,4, a weighted mean was taken assuming uncorrelated errors.
X2, is the reduced x? (x? per degree-of-freedom)

behavior appears for the pure-Rb target cell, Sosa, which has an X-factor that appears

to increase with temperature. A temperature-dependence to X would disagree with

the results of Babcock et. al. [47]. It may be, however, that this is a systematic effect

that is not yet identified.

5.3.4 Understanding X-Factor Errors

To better understand the error propogation that was used to assign errors to the

various values of X, we present the following discussion. Each value of X had several

input parameters (1/(I'), for example). The error in X due to an uncertainty in an

input parameter, y, can be written as

The relative error in X due to an uncertainty in vy is

%,

dX
4y 0Y

X

(5.110)

(5.111)



Chapter 5. Hybrid Results 142

1) 1/T P:é Pojge Jpe Mpc [Rb] D kféb_He ks{g_He
X1 | 2.01 -2.01 8.21 -8.21 - - - - R _

X2 | 1.00 -5.10 - - -4.10 - -4.10 -2.72  -1.37  -2.72
X3 | 241 -122 9.83 - -9.83 -2.17 - - - -
X4 1.89 - 790 -9.79 189 1.89 - - - -

Table 5.3: Slopes for Target Cell Brady, Pumped with 3 Narrowband Comets

The relative error in X due to a relative uncertainty in y is

dx
% — %%y (5.112)
This can be written as
% = a%y (5.113)
where
a= Cﬁz_)y(% (5.114)

will be referred to here as a “slope.” This slope is important in understanding how
sensitive X is to its input uncertainties. As an example, consider Table 5.3, which
lists various slopes for the target cell Brady (pumped with 3 line-narrowed lasers).
X4 is relatively insensitive to relative uncertainties in f,. (slope of 1.89); however, X
is very sensitive to relative uncertainties in f,. (slope of -9.83). This means that a
10% uncertainty in f,. would result in a roughly 100% uncertainty in Xj.

Finally, we note that our treatment of X-factors is not yet complete. Much of the
data deserves more analysis, however, the analysis that has been presented provides

some insight into the rough size of X.
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While polarized *He targets based on SEOP have been used quite effectively in
electron-scattering studies, it is likely that the next generation of experiments will
encounter limitations unless there are changes to the basic designs employed. As has
been described earlier, such targets typically utilize a sealed glass cell with two distinct
chambers: a “pumping chamber” in which the gas is polarized, and a “target cham-
ber” through which the electron beam passes (see Fig. 1.1). The two chambers are
connected by a “transfer tube”. In this design, gas that is polarized in the pumping
chamber migrates into the target chamber largely by diffusion (see Ch. 5.1). As long
as the time scales associated with diffusion are reasonably short in comparison with
the time scales associated with the depolarization of the gas, this is a very effective
scheme. For example, in the E142 experiment at SLAC [15], the time constants with
which the gas was internally depolarized were on the order of 50 hours without beam
and around 40 hours in the presence of a 2 1A electron beam [68]. The time scale over
which diffusion caused mixing was much shorter, on the order of 0.5-1 hour. With
the time scale for the mixing of the gas being considerably faster than the other rele-
vant time scales, the polarization gradient was only 1-2% (the polarization gradient
describes the difference between pumping-chamber and target-chamber polarization,
see Ch. 5.1.5, particularly Eq. 5.69). In more recent experiments, targets have been
subjected to currents as high as 15 uA. In these cases the polarization gradient was
more like 5 — 8%. Future experiments anticipate using electron beam currents of
60-80 nA [20]; in the absence of a new approach, the polarization gradients would be
unacceptably high, as much of tens of percent absolute.

It should be noted that at the time of the work described in reference [15], re-
gardless of the time constants characterizing diffusion, it would have been impractical
to achieve high polarizations in SEOP-based 3He targets at high electron-beam cur-
rents because of limits in the rate at which the 3He nuclei could be polarized. By

incorporating line-narrowed lasers and hybrid-alkali mixtures into the target design,
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the characteristic polarization time has drastically decreased (see Ch. 5). In a single-
chambered cell, the time constant for polarizing the gas can fairly easily be of the
order of two hours, whereas in the mid 1990’s a typical number would have been 10-20
hours. With these two advances, it is reasonable to hope to achieve target polariza-
tions of 60% or more, even in the presence of an electron beam of 60 — 80 uA. This
can only be done, however, if the aforementioned problem of polarization gradients
can be addressed.

We report here on a new design for high-density targets based on SEOP for use
in electron scattering experiments. While similar in many respects to those used
in [15, 20][GEN,Transversity], the design incorporates the ability to circulate the gas
between the pumping chamber and the target chamber using convection instead of
diffusion. As will be discussed below, the convection is achieved by maintaining a tem-
perature differential between different parts of the target cell, and does not involve
pumps or other moving parts. We have built a simple prototype to demonstrate the
circulation concept, and have shown that the velocity of the gas moving through the
target chamber can be varied between 5-80 cm/min in a simple, controllable manner.
The advent of a means to circulate a polarized noble gas in a sealed vessel without the
use of pumps has great potential for high-luminosity polarized *He targets. The sim-
plicity of the approach has advantages from the perspective of reliability and reduces
concerns about spin-relaxation from the introduction of new materials. It makes it
possible to greatly increase the electron beam current without causing a polarization
gradient, and it also makes it possible to physically separate the pumping chamber

and the target chamber by much larger distances than was previously possible.
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6.1 Convection Driven Cells

6.1.1 Experimental Setup

We describe here a variant of the target cell geometry that is depicted in Fig. 1.1.
There are still two chambers, a pumping chamber and a target chamber. Unlike the
geometry of the cell in Fig. 1.1, however, the two chambers are connected by two
transfer tubes instead of one, as shown in Fig. 6.1. With this design, it is possible
to induce convection, thus causing rapid transfer of gas between the two chambers.
Furthermore, all that is required to induce convection is to maintain a temperature
differential between the vertical segments of the two transfer tubes. By controlling
the temperature differential, the speed of the convection can be adjusted. With rapid
mixing of gas between the two chambers, the aforementioned polarization gradients

can be made negligible.

Pumping
Chamber
(PC)

<+«— 3.5

N

1

5.75” Zapper

Coil
1.2cm

7y

Convection
Heater

v

J J|] 2.0” Transfer Tubes (TT)
_ TN
C 4 )
1 2 3 4 0.75”
NMR Pickup Coils T
i< 40 cm —>

Figure 6.1: All-Glass Convection Test Cell. The pumping chamber is placed inside of an optical
pumping oven. The right transfer tube is heated while the left transfer tube is cooled. The two
transfer tubes have different densities which creates a counter-clockwise convection current in the
cell. The zapper coil is used to depolarize a slug of gas. This slug is then monitored as it travels
through the pickup coils on the target chamber.

We have constructed a prototype target cell of the geometry shown in Fig. 6.1. A
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small heater was used to maintain a temperature differential. With a portion of one of
the transfer tubes at an elevated temperature, the gas contained therein had a lower
density than the corresponding gas in the other transfer tube, and thus experienced
a small buoyant force that drove convection. We were thus able to demonstrate that
it was quite straightforward to drive convection in a reproducible and well-controlled
manner.

To visualize the convection, the gas within a small section of one of the transfer
tubes was “tagged” by depolarizing it with a pulse of RF tuned to the Larmor fre-
quency of the *He nuclei. This was accomplished by sending the RF to a small coil

4

wrapped around the transfer tube (labeled in Fig. 6.1 as the “zapper coil”). NMR
signals were then detected at each of four locations along the target chamber using
“pickup coils” comprising small coils of wire wrapped around the target chamber.
NMR signals were obtained once every 2.5 seconds, and are plotted on Fig. 6.2 as a

function of time for each of the four pickup coils. Time zero in this plot corresponds

to the moment when a slug of gas was tagged.
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Figure 6.2: Raw Convection Data: Oven at 215°C, Transfer Tubes at 50°C, 24°C. This particular
measurement had a velocity of 20cm/min in the target chamber
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It is readily apparent from Fig. 6.2 that a transient dip occurs in the signal from
each pickup coil. This dip corresponds to the passage of the depolarized slug of gas.
The difference of the position (in time) of the dip for each of the four pickup coils
provides a measure of the speed with which the tagged slug of gas was moving. Given
the known spacing of the four pickup coils, the measurement illustrated in Fig. 6.2
corresponds to a gas velocity of 20 cm/minute.

Also apparent from Fig. 6.2 is the fact that each successive dip becomes wider and
more shallow. This is largely because of diffusion, but also because the gas follows
the classic parabolic Hagen-Pouiselle velocity distribution. That is, the velocity as
a function of the distance r from the middle of the tube has the functional form
v(r) = Umaz(1 — r?/R?), where R is the radius of the tube. Hence, the slug of gas,
which is initially fairly localized to the region around the “zapper coil”, becomes
increasingly spread out as it moves through the target chamber. We also note that
the NMR signal decreases as a function of time. This is largely due to the buildup of
small AFP losses intrinsic to our system, particularly for rapid frequency with which
the AFP measurements were made for this measurement (during a typical spinup
or spindown, AFP measurements are made once every two or three hours; for this
particular measurement, AFPs were performed every 2.5 seconds).

The velocity of the gas can be controlled by changing the temperature of the heater
on the hot transfer tube. The measured velocity is expected to be proportional to the
difference between the gas densities in the two transfer-tubes, and since the density

scales inversely with temperature, we should expect that the to velocity scale as

o(T) = a x <Tclold - %) (6.1)

where T is the temperature of the heated transfer tube in degrees Kelvin. In Fig. 6.3,

the velocity of the gas, measured using data such as those in Fig. 6.2, is plotted as a
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function of T'. The data are also fit to a function of the form of Eq. 6.1. The quality
of the fit is clearly quite good, and yields T,y = 24.5(3)°C and o = 7.82(04) x
10*K-cm/min. An RTD placed on the cold transfer tube read T,,q = 24°C, which is
in good agreement with value from the fit.
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Figure 6.3: Convection Data: Oven at 215C, Transfer Tubes at T, 24C

Ultimately, the value of a convection-driven target cell is measured by the degree
to which polarization gradients can be avoided between the pumping chamber and
the target chamber. It is critical that, as gas is depolarized by an electron beam,
freshly polarized gas is delivered from the pumping chamber. Ideally, one would like
the ratio of the polarizations of the two chambers to be as close to unity as possible.
In Fig. 5.1b, the ratio of the pumping chamber polarization to the target chamber
polarization is plotted as a function of time. (The pumping chamber polarizations
were calibrated using EPR (see Ch. 3.2). The target chamber polarizations were
attained by first calibrating the response of the pickup coils under different temper-
ature conditions. Next, EPR-calibrated pumping chamber data was compared with
uniform cell-temperature spindown data (during a spindown, it is believed that the

polarization gradient is minimized). Finally, these two results are combined to get a
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value for target-chamber polarization during a spinup.) The ratio begins at zero, and
gradually climbs to a value less than 1, reflecting a substantial polarization gradient.
In Fig. 6.4, we plot the same ratio for a convection-driven cell for three different
operating conditions. In all cases, the temperature of the oven was held at 215°C.
The three curves correspond to different temperatures for the transfer tube that is
outfitted with a heater. For the data shown with the open squares, the transfer-tube
set temperature was 24°C, the same as the other (unheated) transfer tube. This
case corresponds to no driven convection, and the data are similar to that shown in
Fig. 1.1b. For the data shown with the filled triangles, the set temperature was 50°C,
and for the data shown with the filled circles, the set temperature was 100°C. These
last two conditions corresponded to gas velocities of approximately 19.9 ¢cm/min and
48.5 cm/min. In both of these cases, the ratio of the polarizations of the target
chamber and the pumping chamber quickly reached a value close to 1. It is notable
that there is very little difference between these last two curves despite substantially
different gas velocities. In short, as soon as convection rather than diffusion is respon-
sible for the gas transfer between the two chambers, polarization is relatively uniform

throughout the cell.

6.2 Theory Explaining Gas Velocity

From a practical perspective, it is already quite apparent, from Fig. 6.3 that the
velocity of the gas can be well controlled by adjusting the heater on one of the
transfer tubes. It is quite useful, however, to establish that the magnitude of the
velocity is reasonably well understood from first principles. For one thing, when
designing target cells beyond our initial prototype, we would like to know in advance
the size of the temperature gradients that will be necessary to achieve gas flow of

a certain rate. In fact, at the level of roughly 20% or so, it is straightforward to
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Figure 6.4: Comparison of 3 Spinups. The polarization ratio between chambers is smallest in the
undriven spinup. Additionally, it takes longer for the polarization ratio to equilibriate. When the
cell is driven, the polarization ratio diminishes and equilibrium is achieved rapidly. We note that
the equilibrium-polarization ratio in the undriven case is very low because the transfer tubes are
much longer than in normal target cells (see Fig. 5.1.b)

understand quantitatively the behavior shown in Fig. 6.3.

6.2.1 Hagen-Pouiselle Flow

The convective motion of the gas inside the cell depicted in Fig. 6.1 can be described
as Hagen-Pouiselle flow [69, 70]. This occurs when a pressure differential between two
ends of a pipe causes the laminar flow of a viscous gas or fluid. In equilibrium, the
driving force (from the pressure differential) must equal the retarding force from the

viscosity, that is:
Fdriving = Lretarding - (62)
If the pipe is circular in cross section, and Eq. 6.2 is to be satisfied, each annular ring

of fluid of thickness dr must obey the relation

AP2rrdr = —27?77lali (r@) dr (6.3)

r dr
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where AP is the pressure differential, 7 is the viscosity of the fluid and [ is the length
of the pipe. With the boundry condition that the velocity of flow must go to zero at

the perimeter of the pipe, the solution to this differential equation is

_ 1AP(r* — R?)

v(r) 1 p (6.4)

where R is the radius of the pipe. This is sometimes referred to as the Hagen-Pouiselle

equation.

6.2.2 Viscosity and Laminar Flow

Since our temperatures are in the classical regime (T > 3K), the viscosity of *He

can be calculated from the *He viscosity, using [71].

MHe3

TIHe3 TIHe4 (6 . 5)
MHeq

= 0.8681 MHe4 (66)
We parameterize the *He viscosity in the range of 0 — 300°C' using Kestin et al. [72]
N = A+ B xT+C xT? (6.7)

where 71" has units of °C and

A = 18.82(2) pPa-s (6.8)
B = 0.0456(2) pPa-s/°C (6.9)
C = -13.8(6)pPa-s/(°C)? (6.10)

At 20°C, nges = 17.12uPa-s. The flow in a pipe is Laminar if the Reynold’s
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number is below 2320 [73]. The Reynolds number is defined as

2
Re = 2P0, (6.11)
n

where p is the density of the fluid and R is the radius of the pipe.
A pipe 1.2cm wide that is filled with 8 amagats *He at 20°C' (p ~ 1kg /m3) will

have laminar flow provided v <« 20000 cm/min.

6.2.3 Flow in the Convection Cell

The flow in the convection cell arises from a forced density difference between the
two transfer tubes — one tube is maintained at room temperature while the other is

heated (see Fig. 6.1). Eqn. 6.3 now reads

5
d dv;
Apgh2mrdr = —2m Z nili% (n—v> dr; (6.12)

where h is the vertical length of transfer tube at a different temperature (see Fig. 6.5).

We approximate the pumping chamber as a cylinder with transfer tubes entering
axially. In this configuration Fig. (6.5), there are 5 distinct regions in the cell (3
temperatures: Ty = Ty, Ty, and T3 = T5 and 3 radii: Ry = Ry = R3, Ry, and Rj).
The density of the gas and its viscosity are temperature dependant. The continuity

equation, p;A;v; = p;A;v; and some distance rescaling provide further simplification,

2
R;
ry = R—lTl (614)
d d
< B d (6.15)
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Since v; and r; have been expressed interms of v; and r1, we’ll drop their subscripts.
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Figure 6.5: Convection Cell Cylindrical Approximation

The solution to Eq. 6.12 is

. 1 Apghr?
v\r) = — ) 2 2 2
4771 (ll + 14%) + T]QZQZ;gé + 7732—; (lg% + l5§—§)

+Clnr+ D (6.16)

Applying appropriate boundary conditions (v(0) # oo & v(R;) = 0),

. Apgh (r* — RY)
v(r)=— 2 2 2 7

(6.17)

Eqn. (6.17) assumes that there are no “minor losses” in the system, where a minor
loss represents a pressure drop due to a sudden change in flow from a pipe fitting
or a pipe expansion/contraction. Our use of the term ‘minor loss” refers to a loss
that is small relative to the overall length of pipe under consideration [69,74]. In
our case, due to the relatively short length of the cell, the minor losses are actually
significant. The actual cell, Fig. (6.1) consists of four elbow bends, two tees, and four
expansions/contractions. The retarding forces these losses exert on the gas can be
approximated by considering instead an equivalent length of straight pipe.

The expansions/contractions have a relatively small loss, which is approximated
to be equivalent in magnitude to the loss that would be incurred passing through a
pipe of length [74]

2RK
Lequivalent = Ta (618)
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where R is the tube radius, f is the friction factor (f = 64/ Re for laminar flow) and K

is the fluid-independent resistance coefficient. For sudden expansions/contractions,

T mall ;
Keatp(msion - 1_s2m_a (619)

7ﬁlowge
2
1 Tgma
Kcontraction = 5 <1 - 7,,[2—”> (620)
arge

Gas flowing through the transfer tube/target chamber junction has Keontraction = 0.18,
Kezpansion =~ 0.35. At v = 60cm/min (Re ~ 10), this gives a negligibe Leguivatent =
0.1cm — gas flowing between the pumping chamber and the transfer tube will have
an even smaller Legyivaient-

The losses in the bends, however, are much greater. We model the loss coefficient

in the bends using the 3-K method of Darby [75],

K, Kq
K=3r K, (1 + W) (6.21)

where D is the diameter of the pipe (in inches) and K7, K, K4 are geometry-dependent
loss coefficients. We approximate our glass bends as flanged, welded bends with
ry/D = 2 (here, 1, is the radius of the bend); such bends have K; = 800, K; =
0.056, K4 = 3.9. For lamiar flow, the 3-K method gives

2R Kq

Lequ’i’valent - 6_4 |:K1 + ReKi (1 + m)‘| (6.22)

We treat the transfer tube/target chamber tee junctions as elbows (effectively ignoring
the dead-end branch of the tee — an open tee has an Legyivaient that is approximately
double). The system therefor has five bends in temperature-region 1 (which have a
total equivalent length of approximately 63cm) and one bend in temperature-region

2 (which has an equivalent length of approximately 13cm).
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Finally, using the ideal gas law to evaluate Ap in terms of T, we get

s Pgh (1% — R2) [4kg (Tmlldtt . _Thi“)
,U(r) = , RQ ,p1R2 T R2 R2 (623)
m (ll + l4R—%> +ly g + s <Z3R—§ + Z5R—é>
where
2R1 Kd
! 64 DY
2R K,

I, = I+ 6—42 [Kl + Rey K (1 + wﬂﬂ (6.25)

Note that the Reynold’s number is dependent on the velocity of the gas.
The pressure in Eqn. 6.23 can be calculated in terms of the pressure corresponding

to a cell, all of the parts of which are at the same temperature,

P =

+

Punifm“m ( ‘/I ‘/II + VvIII )1 (6 26)
TI %otal TI I ‘/total TI II ‘/total ‘

Tuniform

This pressure varies less than 0.5% over the temperature range we studied.

Table 6.1 lists values for R and [. Measurements of R (which is the inner diameter
of the tube) require a knowledge of the thickness of the glass tube. We measured
the thickness of the glass by observing interference patterns using a scannable single-

frequency laser.

Rl R2 R3 R4 R5 h 11 12 13 14 15
498 521 502 806 4.034 4.76 24.99 20.87 15.18 40.32 5.6

Table 6.1: Alkali-3He Best Guesses for Cell Dimensions (cm)
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6.2.4 Evolution of a Cylindrical Slug

As was described in Ch. 6.1.1, we use a ‘zapper’ coil to tag a small slug of gas. In
the absense of diffusion, this slug, which starts out at t = 0 as a cylinder, evolves
parabolically according to Hagen-Pouiselle flow. The slug can then be monitored (see
Fig. 6.2) as it passes through the pickup coils located on the target chamber (see
Fig. 6.1). In this section, we present a theory describing the signal measured by the
pickup coils in the target chamber. For this discussion, we’ll ignore diffusion and
consider a zapper coil that is located along the target chamber (instead of along the
transfer tube).
The initially-cylindrical slug will evolve under Hagen-Pouiselle flow into a paraboloid

(see the left portion of Fig. 6.6). The front and back surfaces of this slug are described

by
7"2
2(r, )™M = U (1—ﬁ>t (6.27)
2(r, )Pk = ()Tt — Z (6.28)

where Z is the length of the zapper coil. The volume between these two surfaces is

conserved and is given by

2 Umazt Umazt
V = mh </ zdz —/ (z — Z)d,z) (6.29)
Umaxt 0 0
= 7R’Z (6.30)

We’ll approximate the signal inside of the pickup coil as being proportional to
the volume of the slug that is directly inside of the pickup coil (in reality, the pickup
coils are sensitive to gas that is outside of the pickup coils as well). Under this
approximation, the first pickup coil won’t see any signal until after ¢ = Zy/vmax,

where 7 is the distance between the front edge of the zapper coil and the back end
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Figure 6.6: Progress of Parabolic Slug along Target Chamber. LEFT: Side view of the slug. RIGHT:
Volume of the slug that is inside of the pickup coil as a function of time.
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of the pickup coil. We'll refer to the region where t < Zy/vnq: as region ‘a’ (see
Fig. 6.6.a). When Zy/vnee < t < (Zy + Z)/Vmaz, the volume of gas inside of the

pickup coil is

R2 Umazt—20
Ve, = T (/ zdz) (6.31)
Umaxt 0

1 Z,
= TR st (1— 0 > (6.32)

Umaz

We'll refer to this region as region ‘b’ (see Fig. 6.6.b). Region ‘c’ begins when the
fastest part of the back end of the slug enters the pickup coil and ends when the
fastest part of the front end of the slug exits the pickup coil (see Fig. 6.6.c). This
corresponds to (Zo+ 2Z) /Umaz < t < (Zo+9)/Umaz, Where § is the length of the pickup

coil. In region ‘c,” the volume of gas inside of the pickup coil is

2 VUmazt—2Z0 VUmazt—2Zo—2Z
y, - A < / 2dz — / zdz) (6.33)
Umaxt 0 0
1 27, z
— §7TRQZ (2— 0 > (6.34)

Umaxt Uma:ct

The next region, region ‘d’ (see Fig. 6.6.d), is defined for (Zy + §)/vmer < t <

(Zo+ 6 + Z)/Umas has a volume of

R2 Umazt*ZO vmaztfz()fz
v, = = ( / zdz — / zdz) (6.35)
Uma:vt Vmazt—2Zo—0 0

1 Zy \° Zoy+6\* Zo+2\°
e SRt | (1- 2} S (1220} (1= 222 (6.36)
2 Umaxt Umaxt Umaa}t
The signal in the pickup coil reaches its maximum value in region ‘d’ at time
Zy 20Z246) 02+ 22
tmae = 1 6.37
Umaz \/ * ZO * Zg ( )

Region ‘e’ occurs when the fastest part of the back-end of the slug exits the pickup
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coil. This corresponds to < (Zy + § + Z)/Vmaes < t and has a volume of

2 VUmazxt—2Z0 VUmazt—20
y, - 8 ( / 2dz — / (Z—Z)dz> (6.38)

'Umaxt 7na,zt_ZO_(S 'mcl,a:t_ZO_(S

1
= TR 220) (6.39)

We note some differences between real data (Fig. 6.2) and the simulated data (Fig. 6.6,
Right). For the real data, a slug of negatively-polarized gas passed through a cell that
had positively-polarized gas. For the simulation, a slug of fully polarized gas passed
through an otherwise unpolarized cell. For this reason, the data in Fig. 6.2 starts out
with a high signal and then dips down (while the simulated data starts with no signal
and then increases). Another difference is that the real data had AFP losses, which
make the signal decrease long after the slug has exited. Additionally, diffusion was
present in the real data, which allowed the different streamlines to mix.

As was described in Ch. 6.1.1, we estimate the velocity of a slug of gas by mea-
suring the signal in target chamber coils (see Fig. 6.2). Specifically, we compare the
time at which extrema occur and obtain a velocity by knowing the coil separation.
However, it’s not clear from this method whether the measured velocity corresponds
to the maximum velocity of the slug, the average velocity of the slug, or some combi-
nation of the two. To better understand this, we present Fig. 6.7, which simulates the
passage of a slug through two pickup coils. Using Eq. 6.37 with v,,4, = 20cm/min,
Zy = 11.6cm, Z = 1.6cm, 6 = 3cm, and A = 10cm, we find maxima at t = 0.795min
and ¢ = 1.301min. This gives a velocity of 19.8 ¢cm/min, which agrees with v, at
the 1% level.

To better understand this, we rewrite Eq. 6.37 as

t

:ZO+6+Z\/1_( 22 (6.40)

Zo+0+ Z)?

Uma:p
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Figure 6.7: Progress of Parabolic Slug along Target Chamber. LEFT: Side view of the slug. RIGHT:
Volume of the slug that is inside of the pickup coil as a function of time.
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Provided 26Z/(Zy + § + Z)? < 1, we can approximate Eq. 6.40 to first order using

a Taylor expansion

1 0Z
t =~ Jo+0+2 — ———
Uma:r( 0o (Z0+5+Z))

The time interval between two coils a distance A apart is therefore

A~-2(11a)

Uma:p

where
0Z
(Zo+ 6+ 2)(Zo+A+0+ 2)

Under typical operating conditions, G =~ 0, which implies

A

Umaz =~ E

This implies that the velocites measured in Ch. 6.1.1 are maximum velocities.

6.2.5 Comparison between Theory and Experiment

(6.41)

(6.42)

(6.43)

(6.44)

With the results of the preceeding sections, we’re finally in a position to compare

our theory with actual experimental results. To make a comparison with Eq. 6.1, we

rewrite Eq. 6.23 as

1 1
v _ A <Tcoldtt o Th,ottt )

(6.45)
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where

Umae = v(r=0) (6.46)
mPghR?
= —0— 4
A T (6.47)
B(T) = (BAT + Bo(AT)? + B3(AT)?) v (6.48)
1
’Y = 2 2 2 2 (6-49)
il + ligd + ) + 7 (s + lsgd)
AT = T,-T (6.50)
/R% M
B = ly—5 |7 +0.8681 (B + 2C(T} — 273)) (6.51)
R2 Tl
R? [B+20(Ty — 273
By = 0.868115—% { + 2000 ) +C] (6.52)
R2 Tl
R:[C
= 0.8681ly—= | — :
B 0.8681, 7 { Tl] (6.53)

In the above equations, all temperatures are in kelvin. Also, we have chosen to ignore
the small temperature-dependence of the pressure in a.

Evaluating the above equations in terms of our best guesses for cell dimensions
and temperatures, with T.yy = 24.5°C gives A = 9.14 x 10*K-cm/min, 8, = 1.03 x
1073,3, = 1.26 x 1075, and B3 = —4.26 x 107°. When data generated using this
formalism are fit to Eq. 6.1, we find a = 7.96(03) x 10*K-cm/min and T,y =
22.0(2)°C. These values are surprisingly close to the measured values (o = 7.82(04) x
10*K-cm/min and T,yq = 24.5(3)°C).

If this simulated data is instead fit to a formalism that is first order in AT,

4 ( 1 1 )
Teotd Thot 5 5 I
max - = Y .

we find A = 9.18(01) x 10*K-cm/min, T,pq = 24.6(01), and 1 = 1.15(004) x 1073, in
excellent agreement with the input parameters of the simulation. For comparison, we

also fit the real data to Eq. 6.54; we find A = 7.47(22) x 10*K-cm/min, T,,q = 24.3(8),
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and B3; = —0.2(2) x 1073, In this case, we note that the fit appears to be worse
(including a non-physical negative value for £;). We suspect this is because the error

intrinsic to our measurements is greater in size than the effect of ;.
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Chapter 7

Conclusion
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The implementation and optimization of hybrid-alkali SEOP and line-narrowed
lasers in high-luminosity polarized-3He targets have been instrumental in the success
of several recent high-profile electron-scattering experiments at Jefferson Lab. These
enabling technologies have resulted in unprecedented *He polarizations in large, two-
chambered target cells. Moreover, the time scale characterizing *He polarization
accumulation has decreased. Despite these improvements, these technologies alone
will not be enough to meet the needs of future experiments, which will need to
run at higher beam currents. In the presence of such high beam currents, the gas
in the target chamber will become quickly depolarized. To compensate for this large
polarization gradient, we propose a convection-driven target cell, a prototype of which
was successfully tested as part of this thesis.

Prior to the work presented in this thesis, target cells were characterized by their
saturation *He polarization and room-temperature lifetime. Although these parame-
ters are important for target performance, it is very difficult to optimize cell perfor-
mance without more information. As part of this thesis, several important diagnostic
techniques were designed and implemented. These techniques have allowed a greater
understanding of 3He polarimetry and diffusion. Moreover, targets can now be char-
acterized in terms of their alkali polarization, alkali density, and X-factor. Knowledge
of these parameters can be used to optimize target performance. For example, we
know that a K/Rb density ratio of 3 <[K]/[Rb]< 9 appears to give the best perfor-
mance in hybrid cells. Additionally, Line-narrowed lasers increase alkali polarization.
There is strong evidence that a hybrid-alkali cell pumped by line-narrowed lasers
should be able to maintain a high alkali polarization at high temperatures. Under
such conditions, it should be possible to achieve the X-factor limited *He polarization,
which should be above 80% for some of the cells studied in this thesis.

Although considerable gains have been made in the current *He target design,

without further changes, the design will be inadequate to handle the next generation
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of electron-scattering experiments. These experiments, which will necessarily run at
higher beam currents, will create large polarization gradients between the pumping
chamber (where SEOP occurs) and the target chamber (where electron scattering oc-
curs). In the current design, gas mixes between the two chambers largely by diffusion.
Provided the mixing rate is much faster than the relaxation rate, this design works
well; however, this design works poorly when the relaxation rate in the target cham-
ber is very high (as will be the case in future experiments). To solve this problem,
we propose a new target design that mixes the gas by convection. We successfully

tested such a design and demonstrated an ability to control the mixing rate.
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Appendix A

Spin-Exchange & Spin Destruction

Rate Constants

This section is identical to the Tech Note by the same name [76]

A.1 Alkali-Alkali Collisions

A.1.1 Spin Exchange

The alkali-alkali spin exchange rate constants are estimated by:

~ 1 MHz ol ol 10 g/mol 10 g/mol
A% — /ca +b — se s€ Al
se VV Oge0gqe |:1015/CH]3:| \/|:100A2:| |:100A2:| [ Ma + Mb ( )

where o, is the alkali-alkali spin exchange cross section and v is the relative mean
thermal velocity of the alkali-alkali pair, and M, & M, are the molecular weights of
the two alkali atoms involved in the collision. The A-A spin exchange rate constant is
assumed to be independent of temperature just as e”-A spin exchange [77]. Therefore

the cross section must have a 1/ VT temperature dependence.
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(0se) €T, (Oexp) €xp. err. (oa/0grp)y std. dev. (5)

Na 100.7 0.5 100.7 0.5 (2) 0.568 0.104
K 1583 6.3 171.2 218(2) 0.906 0.019
Rb 1735 6.6 1735 6.6 (5) - -
Cs 186.2 80 1833 9.7 (3) 1.108 0.062

A2 A2 A2 A2

Table A.1: Alkali-Alkali Spin Exchange Cross Section in A2 at T = 200°C = 473.15K. All values
are averaged and scaled from [7] with the addition of a new measurement for Rb from [8]. The
number in parenthesis refers to the numbers of values used to calculate the each weighted average.
The uncertainties on the experimental values are those originally quoted by the authors. The final
column is the standard deviation of the ratios from theoretical calculations.

A.1.2 Spin Destruction

The alkali-alkali spin destruction rate constants are estimated by:

1 kHz ol ab 10 g/mol 10 g/mol
A _ b se se A2
sd = U/ 05q0sa = {1015/@113] \/{0‘11&2} LMAz} [ M, + M, (A.2)

where o, is the alkali-alkali spin exchange cross section and v is the relative mean

thermal velocity of the alkali-alkali pair, and M, & M, are the molecular weights of
the two alkali atoms involved in the collision. The A-A spin destruction rate constant
is assumed to be independent of temperature. All measurements have observed a
(mostly) linear increase in relaxation rate with respect to the alkali density. Therefore
the cross section must have a 1/4/T temperature dependence.

The observed alkali-alkali spin destruction rate is written as [13]

_ _ kp [A] "
kobs—ksd/S—ka“‘ (1—|—B/BD) (1015 Cmf?’ (AB)

where k, is the magnetic field independent part due to binary collisions, k;, is the field
dependent part that is due to singlet and triplet alkali dimers, Bp is the magnetic
decoupling width, n is a small next to leading order alkali power dependence, and [A]

is the alkali number density.
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k, kY Bp n [A]max (kp) s s(ka + (kp))  ref.

K 7.5E-15 8.2E-15 230 1/4 2.0 7.80E-15 6 9.18E-14 [13]

Rb  1.5E-14 2.6E-14 1150 1/4 2.5 2.62E-14 10.8 4.45E-13 [13]

Rb 1.50E-14 2.88E-14 1150 0 2.5 2.88E-14 10.8 4.74E-13 [78]

Cs 1.9E-13 1.8E-13 2900 0 0.78 1.80E-13 22 8.14E-12 [13]
em? /s em?/s  gauss 101 em™3  cm?3/s em? /s

Table A.2: Kadlecek Measurements of Alkali-Alkali Spin Destruction Magnetic Decoupling Param-
eters.

For B « 230 Gauss, the spin destruction cross section is obtained by
Osd = ksd/@ = S(k,‘a + kb)/’fi (A4)
where s is the nuclear slowing down factor and v is the mean relative velocity:

where R = 8.314472 J/mol/K is the ideal gas constant, T" is the temperature in

Kelvin, and M, ) are the molecular weights in kg/mol. For k, values from [13], we
average over [A] and multiply by k% to get an effective ky:

([A]max/101 cm=3)"

k) = k9
(ko) = Ky T

A.2 Alkali-Buffer Gas Collisions

A.2.1 Spin Exchange with He-3 Nuclei

The 3He polarization evolution is given as:

Pye(t) = Pakse[A]7 (1 — exp(—t/7)) (A7)



172

Appendix A. Spin-Exchange & Spin Destruction Rate Constants

g =2 ‘1= Vd 10§ pue

e/(T+1)Iv =2 ‘0 = V4 10 "1030%] UMOpP SUIMO[S IRI[ONU 9] ST § pPUR JULIJo00 dijoudeurered o) st (Vg ‘)2 "eje( Ies[dny 2g 91dojos] e[y €'V 9[qR],

8 4 ) 12 69€.°0+ 6,50+ T/L 0T  LVPS06'CET  SDeer
8 & ) 12 CFC06'2ET SO
i 9 ¢ G IPES T+  CIGLC+ T/€  €8.8°0  ¥SI606'98  dY,q
9 ¢/se G e/ce  Q0TIPC 0+  T0ese T+ T/¢  LITL0  6SLTITI6FS ¥
ePFS IS0T SFFT 1186 8L9%°G8 9y
i 9 ¢ G CTEVT 0+  LSPITO+ T/€  0€L90°0 092819607  Myp
6 e/es 8 ¢/08 CHTe 0— 86CT— ¥ LIT000°0 LS66£96°6E Moy
i 9 ¢ G L6092°0+  OFT6S 0+ T/&  8GTE60  690L£96'8E  Mee
1007 €009  T00E  €00°S €860°6¢ M
i 9 ¢ G ceRLV' 1+ ¢GLIT T+ T/¢ 0T L69L6S6CC  ©Negg
i 9 ¢ G 0LL686'CC ©N
i 9 ¢ G 960LT°c+  ¥F9cz'e+ ¢/¢  1¥e6°0  0F00910°L T,
¢ e/11 e €/8 9607280+ 9%07z80+ I 6SL0°0  €TTIST09 Ty
ve6'¢  €I8C¢  ¥I6C  €I8T¥ 1769 14|
1=V 0=Y9 1=Y9 0=Yg AZiv Asaﬁv
2+1==+ (Vd ‘1) 16 U I pav SseN




173

Appendix A. Spin-Exchange & Spin Destruction Rate Constants

"040G S OSIe[ S 10119 0} PES[ P[IOd PUE 10} POJUNOIE J0U SeM djel Uorexeol ulds off -q3 juopuodop
omyerodwo) 93.Ie oY) OSTILII( POPN[OUL J0U ST [(T] JUSWINSLIN *[6] IO SUINI AGoIaT[) ‘posn sem AJjuopuodopul poInsesw sem A)ISuap I[eq[e o) oIoym
SjuPMIDINSRIW ATU() "%,(0T INOQR SI dN[RA [OBS I0J AJUTR)IOOUN [RUY O], WU POSIomM oY) UT Pash oIe ‘soypyr Ul 907} 9dedxo ‘sonfea [[y ‘sIofjne
oy} £q pejonb A[[eUISLI0 9507} OIE SOIUTRIINUN DAIJR[II AL, "M GT'ELY = D0 008 = L Y8 ;Y Ul U01309G ss017) uoijonuso(] utdg [ex[y-1[ef[y 'V o[qeL

LD UL 0 s/ o ur y Y Y
18] 020 91-H€0°C (IeLP)2  0080°C
let]l  otr0 eT-A(8T6T) %W Py c960'c  80°'C SO
quawaunsvawL fipsuap ou ‘(6] €170 L1991 (I€9%) 2 £9¢1°0
UoNNQLIU0D S~ 2buv] ‘[0T] L2070 e1-9¢'8 Py FILT 0
o8]  ¥0°0 eT-ATT'S PSy GLOT0
lce]  otr0 ARCRS s /Py 128070
[e1] fiq papasuadns [8)L] 010  FI-H(88°C0CT) Py SL60°0
le1]  or0 ARCICRARY o Py 61600 ¥660°0 94
Juowaunsvaw fipsuap ou ‘(] 800 ST-A¥'C (>1ee6)0  ¢6z00
[e1] fiq papasuadns ‘1] 010 ST-H00'T (3100¢) ™o 211070
€1l oro e1-A(z'8'c L) o Py 82100 8ZI0'0
6L] 800 ARGl Psy 9¢00°0 4SS00°0 ®BN
9oUdIeJol 119 ‘[ol anyea JUOUIDITISBOUT PSp (Pso)




Appendix A. Spin-Exchange & Spin Destruction Rate Constants 174

where P, is the volume average alkali polarization, kg is the spin exchange rate

1 is the total *He relaxation rate.

constant, [A] is the alkali number density, and 7~
These are related to the isotropic spin exchange ki, and anisotropic spin exchange

kan; rate constants as:

kse = kiso - kani/z (A8>

1/7 = 1/70+ ke[A](1+ X) (A.9)

where 1/7y is the 3He relaxation rate that is independent of the alkali density and X
accounts for an extra alkali density /temperature dependent relaxation mechanism. If

X was completely due to anisotropic spin exchange, then it is given by:

3kani/ (Qkiso>

X ni —
* 1-— kani/(Qkiso)

(A.10)

When the laser is turned off, the alkali polarization reaches approaches a new equi-

librium due to spin exchange with *He given by:

Palt) = Pao(t)k[PHelra /s (1 — exp(—t/4)) (A.11)

1

where [*He| is the 3He number density, 7, ' is the observed A relaxation rate, and s

is the nuclear slowing down factor. The rate constants can be obtained by:

e (dPuc/dt],_)

Krate = = = kee A12
: PA[A]7 PA[A] (A-12)
sPy 5 (dPy /dt],_,)
— — — = Al
krepol PHe [3He] - \/ [SHG] [A] PATA kse ( 3)
1= T/To B
krelax = Al kse(1 + X) (A.14)

The rate constant is been found to be temperature independent [35, 64, 79].
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kse 1/ (kse) (kse) (kexp) rel. err. (ktn) std. dev.
Na 4.74 5.86 1.27 6.10 0.10 3.76 0.13
K 5.15 5.39 1.38 5.04 0.033 6.27 0.08
Rb 6.74 4.12 1.81 6.74 0.025
Cs 11.1 2.51 2.97 13.6 0.10 9.18 0.12
102%cm?/s  hrs-10'°/cm3® Hz/amg 10729 cm3 /s 10729 cm3 /s

Table A.5: Alkali-*He Spin Exchange Rate Constant. The experimental values are the weighted
average from Tab. A.7. The theoretical values are obtained from the theoretical ratio to Rb from

Tab. (A.6) and the experimental value for Rb.

(K2, JEEDY  Gigo X 108 kigo X 1070 kigo x 102 kani/kiso  Xani Kigo X 1020

Na 0.56
K 0.93
Rb

Cs 1.36

1.2 21
2.1 35
2.1 35
2.7 44
A? cm? /s
82] (100°C)

2.3 0.100 0.158 6.7
4.9 0.037 0.057 9.0
5.6 0.030 0.046 10
8.1 0.017 0.026
cm? /s cm?® /s
[83] (190°C) [11] (200°C)

Table A.6: Alkali-*He Spin Exchange Rate Constant Parameters from Theory. The rate constants
from [11] were scaled to 473.15K by 727 using a parameterization of the temperature dependence
based on their calculations.

ko erT. method

Na 6.1 0.6 [79] repolarization

K 55 02 [49] rate/repolarization
K 6.1 04 [36] superseded by [49]
K 40 03 [84] relaxation

Rb 6.5 04 [84] relaxation

Rb 6.8 0.2 [64] rate/repolarization
Rb 6.7 0.6 [35] repolarization
Rb 6.1 02 [10] relazation

Rb 12.0 2.0 [17] relazation

Cs 13.6 1.3 [84] relaxation

1072% cm3 /s

Table A.7: Measurements of Alkali-*He Spin Exchange Rate Constant. All values, except those in
italics, are used in the weighted mean. There are three general methods for extraction the spin
exchange rate: “Repolarization” refers to measuring the alkali polarization due to spin exchange
with *He with no optical pumping; “Rate” refers to measuring the equilibrium 3He polarization, A
polarization, and 3He spin up time constant; “Relaxation” refers to measuring the >He relaxation
when the cell is hot and with the lasers off. In all cases, the A density is needed to extract the rate
constant. The first two methods measure kg, while the last method measures k(1 + X). For this
reason, older relaxation method measurements are not included in the final average.
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ka7rs  err.  quantity value temp. notes

Na 0.15 0.05

023 013 ke+ka  (8E£1)x10720cm?/s 600 [79]
0.11  0.01 KkN*/kRP 0.0020 + 0.0002 473.15 Tab. A.9
K 4.7 0.3
12 1 ksa /0 (8.0+0.8) x 1072° cm? 325 for 4He, [85]
3.5 0.3 ksa (8940.9) x 1072%cm?®/s 423  rescaled from *He, [86]
4.9 05  kX/ERP 0.088 + 0.009 473.15 Tab. A.9
Rb 559 0.9 fit to Tab. A.10
Cs 530 30
490 50 ksa/U  (2.4340.24) x 10723 cm? 288 for *He, [87]
550 50 ksa /v (2.840.3) x 10723 cm? 290 for 4He, [88]
560 60  KGs/KRP 10+1 473.15 Tab. A.9
Hz/amg

Table A.8: Alkali-3He Spin Destruction Rate Constant. For measurements made on “He, the rate
constants are rescaled by the square root of the ratio of reduced masses. All values are rescaled to
473.15 K using the Rb temperature scaling of 7331, Values from theoretical calculations are scaled
relative to the experimental value for Rb.

A.2.2 Spin Destruction Due to He Atoms

The spin destruction rate constant for A-3He collisions has a temperature dependence
given by:

T n
] _ _ Al
Fea(T) = huzs (473.15 K) (A.15)

From a fit of world data (Tab. A.10) for Rb-*He collisions, we find k473 = (55.9 &
0.9) Hz/amg and n = 3.31 £ 0.12. We'll assume that the rate constants for all other

alkali have the same temperature dependence.

A.2.3 Spin Destruction Due to Nitrogen Molecules

The spin destruction rate constant for A-N5 collisions has a temperature dependence
given by:

T n
T) = — Al
Fea(T) = huzs (473.15 K) (A.16)
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T Osd ksd (at 47315) kZS% l{?sfilb
Na 428.15 1.2 0.083 0.0020
K 459.15 65 3.6 0.088
Rb  459.15 750 41
Cs 423.15 6000 406 10
K  10710A? Hz/amg

Table A.9: Theoretical Estimate for Spin Destruction in A->He Pairs Due to the Spin-Rotation
Interaction. Calculations are from [12]. Based on the experimental data for K, Rb, and Cs, the
uncertainty is estimated to be about 10%. The rate constant is rescaled to 473.15 K using the Rb
temperature scaling of 7331,

T keq quantity value notes
305  12.40 ksa /v 3.1E-24 cm? for ‘He, [89]
363 2280 T+ e 278 Hz PHe|] = 11.3 amg, [90]
378 24.03 ksa + kse  0.96E-18 cm3/s [35]
383 28.02 Ty + L 337 Hz PHe] = 11.3 amg, [90]
383 2200 kg + ke 0.92E-18 cm?/s [35]
303 2881  ku + ke 1.14E-18 cm®/s [35]
403 3324 Ty+Ts 396 Hz [*He] = 11.3 amg, [90]
403 33.06 ke + ke 1.30E-18 cm?/s 135]
413 36.03  hw+ ke L4IE-18 cm?/s [35]
418 3653 ki + ke 1.43E-18 cm?/s [35]
423 3847 Tw+Te 455 Hz, [*He] = 11.3 amg, [90]
423 4158 ky+ ke LGLE-18 cm?/s 135]
498 4015 ke + ke L56E-18 cm?/s 135]
433 43.61 ke + ke L.69E-18 cm?/s [35]
438 44.99  ky + ke LT4E-18 cm?/s 135]
443 4881  hyq + ke 1.88E-18 cm?/s 135]
520 73.90  ky/vems  L3E-13 cm? for *He, [13]
K  Hz/amg

Table A.10: Rb-*He Spin Destruction Rate Constant vs. Temperature. Each measurement has an

uncertainty of about 10%.
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Figure A.1: Fit to Rb-3He Spin Destruction Rate Constant World Data.
From a weighted mean of the two fits of the world data (Tab. A.12) for Rb-Nj colli-

sions, we find k473 = (290 £+ 30) Hz/amg and n = 2.00 + 0.25. We’ll assume that the

rate constants for all other alkali have the same temperature dependence.
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kars err quantity value temp. notes
Na 1507 no data, set to K value
K 150 50
200 20 ksd/Vrms (7.94£0.8) x 10723 cm? 437 [14]
Rb 290 30 (n=2.00%+0.25)
266 3 (n=1.74%0.06) fit to Tab. A.12 w/o [13]
390 40 (n = 3.29 £ 2.00) fit to [13] data in Tab. A.12
Cs 2100 200
2050 110 ksq /T (5.52 & 0.55) x 10722 cm? 288 [87]
2210 110 kgq /v (6.00 £0.44) x 10722cm? 290 [88]
Hz/amg

Table A.11: Alkali-N5 Spin Destruction Rate Constant. The Rb mean values come from weighted
average of the two fits weighted by the number of distinct temperature points for each set. All
values are rescaled to 473.15 K using the Rb temperature scaling of T2. The Rb values from [13]
are significantly larger that the data. Since the K value is from [14] which is a similar measurement
of the Rb values from [13], the K value is rescaled to the mean Rb value.

T ksa quantity value notes

300 118.06 ksa /o 8.0E-23 cm? [91]

305 12341 ky/v 8.3E-23 cm? [89)

363 173.08 T 703 Hz [Ny] = 4.07 amg, [90]
363 162.31 Ty 1244 Hz [Ny] = 7.68 amg, [90]
383  185.01 | 1418 Hz [No] = 7.68 amg, [90]
393 196.47 | 798 Hz [No] = 4.07 amg, [90]
403  203.02 | 1556 Hz [N3] = 7.68 amg, [90]
423 220.60 Tug 896 Hz [Ny] = 4.07 amg, [90]
423 221.94 T 1701 Hz [Ny] = 7.68 amg, [90]
463 252.04 Esa (9.38 £0.22)E-18 cm?/s [80]

480  404.90  ksq/Uyrms 2.0E-22 cm? [13]

500  419.50 Tsa/s (21.24+0.1) Hz PN, = 760 torr, [18], superseded by [13]
520 526.80  ksd/Uyrms 2.5E-22 cm? [13]

K  Hz/amg

Table A.12: Alkali-No Spin Destruction Rate Constant. All values have a 10% uncertainty unless

otherwise noted.
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Rb-N, spin destruction rate (Hz/amg)
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Figure A.2: Fit to Rb-Ny Spin Destruction Rate Constant World Data.
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Appendix B

Wigner-Eckart Theorem

Fig. (B.1) shows the six nonvanishing matrix elements in Eqn.( 4.56). The Wigner-

P3/2 —_—
m =-3/2 m=-1/2 m=+3/2

D1
D2

s1/2

m=-1/2 m=+1/2

Figure B.1: Dipole Transitions Allowed by Selection Rules

Eckart Theorem separates the radial dependence of a matrix element from its az-

imuthal component. It can be used to evaluate the six matrix elements,

(npgpmp| T nagims) = (npjgl| Tl Inigi) =5 (B.1)
w/2jf +1

The first term (the so called double barred term) can be evaluated in terms of the

empirically measured Einstein A coefficient. The second term is a Clebsch-Gordan
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coefficient. For us, the irreducible spherical vector tensor, T} comes from Re[da] (see
Eqn.( 4.23) and Eqn.( 4.56)). Since daw = o, — g, our spherical vector will have the
form

T ~T7 =T} (B.2)

B.1 Clebsch Gordan Coefficients

The notation (jrm¢|kq, jim;) can be somewhat confusing. It can be interpreted as a
system with total angular momentum j;, azimuthal state my, which is composed of
a linear combination of angular momentum states. One of these constituent states
happens to be the state |kq, j;m;) or, as I prefer to write it, |kg)|j;m;). As an example,
consider a system which is composed of a spin one particle and a spin one half particle.

Their normalized highest state will be

If we apply the angular momentum lowering operator J_,

J-lim) = /i +1) = mim=1)ljm—1) (B4)

h\/§|g%> = h\/§|10)|%%>+h|11>|%—%> (B.5)

20 = VEmonh+ i -h (B.6)
o o

we get our first set of non-trivial Clebsch Gordon (CG) coefficients. Explicitly,

2 31 11
p— —_— ——1 — —
¢ <22| 0,33

: ). (B.7)
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Next, since states with different j’s are orthogonal ((31(31) = 0), we can find the

21} states.

23 = AN+ B - o) (B3)
(c3lsg) = 0 (B.9)

1 2
A = —V2B (B.11)

Second, we’ll normalize the coefficients.

A+ |B]> = 1 (B.12)

B = +— (B.13)

Since A is the coefficient of the state with highest azimuthal quantum number of the
highest total angular momentum (that is, since it has the state |[11)), we’ll follow the
Condon-Shortley convention and force it positive (that is, we’ll pick the negative root

for B). Finally,

—_

11 1
33! = \/110 |11>| — 5 (B.14)

C’4
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C}y is the C-G coefficient that drives the left circularly polarized (o) D1 transition.

The six relevant C-G coefficients are

dndb - o
1 1 11 2
G313 = V3 (B.16)

The top two coefficients are D1 transitions; the bottom four are D2. Other coefficients

that will be useful in evaluating the double barred matrix element are

B.2 Evaluating the Double Barred Matrix Element

The radial integral is difficult to calculate exactly for a hydrogen atom and much
harder for a heavy alkali atom. As such, it is typically inferred from empirical data
on decay rates (specifically the Einstein A coefficient).

e2 w3
A = i > mi)|?. B.25
]fa]z 37T€0h03 2]f+1 | fmf|r|]m>| ( )

my,m;
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These rates can in turn be related to the quantum mechanical oscillator strength,

2m  wy; . . 9
Jirg: = BEETTES) > 1Grmylrljima)| (B.26)
mpg,m;
2m  wyi , e
Fisis h2j, 11 > Ggmylrlgima))*. (B.27)
my,m;

(For a full derivation, see Atomic and Laser Spectroscopy by Alan Corney [92]). The
top equation gives the oscillator strength for spontaneous decay, while the bottom
equation is for optical pumping. The values for the relevant oscillator strengths are

well known [30]; within a few percent, they are

2
3 X = B.28
I (B.28)
1
- B.29
I (B.29)

If we apply the Wigner-Eckart theorem to Eqn.( B.27),

2m W e ) .
Fiods = [ )|<Jz\| il Y 1Grmelig, jimi)6(my = g+ m;)  (B.30)

3h (2j; + 1)2

mg,mi,q

where the delta function has been imposed by the dipole selection rules. With the

help of the previously calculated CG coefficients,

Qme 2 1 1
fyo= sl (2(545+3)) ®.31)
mwp
= 3711|<Sl/2HTHP1/2>|2 (B.32)
Qme 1 1 1
By = sl (2(545+5)) (B.33)
mw
= 22 [(Suyal 7] Pay2) . (B.34)

3h
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Finally, we can invert to solve for the radial matrix element

|(S1y2]|r|| Prj2) P

|[(S1y2]|r|| Psj2) |”

mwpi

2h
mwpa

(B.35)

(B.36)
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Appendix C

Optics

C.1 Waveplates

A waveplate is an object with different indices of refraction along two orthogonal
axes. Because of the two different indices, one of the perpendicular components will
travel through the waveplate slower and accumulate a phase (called the retardance).

Waveplates are described in terms of the Jones matrix, T. In particular, if a

waveplate has its fast axis oreinted horizontally,

where I is the retardance that is accumulated along the slow axis. Explicitly,

I = 5k(t)l = 2T7Tl5n. (1)

If the polarization vector of the incident light is not parallel with the fast axis of the
waveplate (see Fig. C.1), a coordinate rotation needs to be performed on the Jones

matrix. For a waveplate oriented at an angle 6 to the incident light, the following



Appendix C. Optics 188

rotation is performed,

T' = R(—6)TR(6) (C.2)
where
cos@ siné
R p—
—sin@ cosf
\ ©
\ < pl‘f‘*
i p-%
\ ) \3
\ -

1

Figure C.1: Coordinate Rotation

C.1.1 Quarter-Wave Plate

A quarter-wave plate (QWP) has a retardance of $(2m). When oreinted with its
fast axis at 45° to the incident polarization axis, a QWP can convert linear light to

circular and vice versa. The transformed Jones matrix for a QWP at 45° is
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C.1.2 Half-Wave Plate
A half-wave plate (HWP) has a retardance of £(27). When oreinted with its fast axis

at an angle 6 to the incident polarization axis, the transformed Jones matrix is

cos(2¢)  sin(2¢)
sin(2¢) — cos(29¢)

A HWP at any angle will interchange left and right circular polarizations; additionally,

it will mirror linear polarization about its fast axis (See Fig. C.2).

Figure C.2: Half-Wave Plate

C.2 Using a Half~Wave Plate to Cancel Unwanted
Rotation

A half-wave performs the following rotation on light,

E]\  (cos2¢,  sin2¢y\ (E:
(Eg) B (sin 20, — cos 2gz5h) (E;!)’ (C.3)
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where ¢y, refers to the angle the fast axis makes with the polarization vector. If the

initial light is rotated at an angle

¢’i = ¢r + (bmisca (C4)

Eqn.( C.3) reads

() - sl m)(@e) e

2 2
gl Y v
- oz
o e

where

® =20 — Pmisc — Or- (C.9)

Eq.Making the substituation ¢, — ®, Eq. 4.85 becomes
S _cos2® (C.10)

¥ cosh(28,)

C.3 Photoelastic Modulators

A Photoelastic Modulator (PEM) contains an optically transparent glass which is
vibrated longitudinally by a piezoelectric transducer. The glass is stressed and con-
sequently exhibits birefrengence via the photoelastic effect. The amount of birefren-
gence is directly proportional to the width of the glass (/) and the amplitude of the

modulation. This modulation is given by the phase difference (I') of the orthogonal
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states of polarization

['(t) = dk(t)l = 2T7Tl(5n sin(7t). (C.11)

This phase difference is the retardance; a PEM set to § retardance will act as a
half-wave plate (See see Appendix C.1). We employ a Hinds Instruments PEM-90
Model I/FS50 that oscillates at a fixed frequency of /27 = 50 kHz and can provide

a retardance over a range of .013(27) to .65(27) at 780nm. When used in conjunction

Transparent Glass Piezoelectric Transducer

Modulator Fast Azis

Figure C.3: Photoelastic Modulator

with a lock-in amplifier, a PEM is a powerful tool for isolating small signals.

C.3.1 Interaction with the Probe Beam

After passing through two linear polarizers (Fig. 4.2), the horizontally-polarized probe
beam travels through a quarter-wave plate (see Appendix C.1), which is oreinted at
45° with respect to the polarizing cube. This setup typically yields circular polariza-
tions in excess of 99%. Next the circularly polarized light travels through a PEM,
which has its fast axis horizontal (and hence at 45° to the QWP’s fast axis).

To solve for the light exiting the PEM, the following matrix operations are per-

formed (see Appendix C.1):

E; = R(—45°)TppyR(45°)R(—45°)Tow pR(45°) E; (C.12)

E; = R(—45°)TppyTowpR(45°)E;. (C.13)
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where T is the Jones matrix of the optic under consideration and R is a rotation
matrix (see Appendix C.1). For initially horizontally polarized light, matrix algebra
yields
By [ 1—ie™
Ef — 7 5
1+ e

which simplifies to

or, more conveniently,

By = et i (sin(g) - cos(y) ) o +sin() + eos(y)l)| (1)

Following the method developed in Section 4.1.1, the light must be projected onto

the coordinates of the atomic vapor,
o —iT/2 im/4 r -
E¢ =iEye e - COS(§>|R> + s1n(§)|L> . (C.15)
After the cell, the two different circular polarizations will have evolved differently,

E . ) = - I - '
Ef _ _Oe—zF/Qewr/4eszlez5kl/2 |:_ COS(§)€—16/€Z/2|R> + Sin(§)615kl/2|L>:| ) (016)

V2

J/

Vv
V2E}

Note that for I' = 0 (no PEM), only the right circular component exists. Finally,

when project back onto the lab coordinates,

Ey = Ey [Eo|z) + Eyly)], (C.17)
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where

r. _. |
E, = —COS(E)G_Z(JST(@BT+Sin(§)€Z¢T€_BT (C.18)

. _. r. .
E, = —i (cos(g)e_meﬂ’“ + sin(g)ez‘ﬁTe_BT) . (C.19)

Finally we can rewrite Eq. 4.88 as

A _ sin['(¢) cos 2? . (C.20)
¥ cosh2f8 + cosT'(t) sinh 23
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Appendix D

Tunability of Line-Narrowed Lasers

Although considerably higher optical-pumping rates can be achieved with narrowband
lasers, we note that such lasers are not ideal for SEOP with both *He and '??Xe.
In particular, the Rb D1 pressure-broadened shift for *He and 2*Xe are in opposite
directions [31]. The shift for a typical high-density He target cell is about 67GHz; for
a high-density Xe cell, the shift is about -36 GHz. This gives a difference of 103GHz,
or about 0.22nm. This can be a serious issue because line-narrowed lasers have limited
tunability (one of our line-narrowed laser has a tunability of about 0.15nm). It can

therefore be difficult to tune a line-narrowed laser to pump both *He and '*Xe.
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Appendix E

Cell Data
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Appendix E. Cell Data
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