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Abstract
Nuclear-polarized 3He 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 3He 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 3He 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 3He 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 3He 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 Gn
E at High Q2” [16] as well as

several experiments investigating single-spin asymmetries such as E06-010, E06-014,

and E05-015. Other important applications of polarized 3He 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 3He 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 3He 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.



Chapter 1. Introduction 3

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.

Target Chamber (TC)

3.5”

1.2 cm

40 cm

3.5”

0.75”

Pumping
Chamber

(PC)

Transfer 
Tube (TT)

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 3He 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 3He 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 3He 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 3He 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 Gn
E-II.

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 Gn
E 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 3He Polarization Squared) for Some
Important Electron-Scattering Experiments.

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

of off polarized 3He atoms), the measured asymmetry can be written as

Ameasured = PePHeAphysical (1.1)

where Pe is the electron-beam polarization, PHe is the polarization of the 3He gas, and

Aphysical is the asymmetry that characterizes the physics of interest. The fractional

error in the physical uncertainty is given by Poisson statistics,

δAphysical
Aphysical

=
1√

NPePHe
(1.2)

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

the experiment duration, t,

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

L =
Ibeam
e

[He]l (1.4)

where Ibean is the electron beam current, e is the charge of the electron, [He] is the

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

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

(
δAphysical
Aphysical

)2

∝ 1

LP 2
He

(1.5)

The quantity LP 2
He 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 A1n to Gn
E was due to hybrid-alkali SEOP. The increase from Gn

E

to the Transversity experiments was due to the combination of hybrid-alkali SEOP

and spectrally-narrowed lasers. The last entry, for Gn
E-II, 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 3He.

The isotope 3He 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, 3He has important

medical applications. In fact, 3He 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 3He 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 3He polarizer that is currently in use at UVa and utilizes these techniques. This

new polarizer produces double the volume of 3He 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 3He or 129Xe[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 3He, 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. 3He) is defined by the asym-

metry between the two states,

P =
∆N

ΣN
=
N+ −N−

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

dt
= −P (γ + Γ) + γ, (2.2)

where γ is the polarization rate and Γ is the the depolarization rate due to all other

processes. The solution to this differential equation is

P (t) = Ce−(γ+Γ)t +
γ

γ + Γ
. (2.3)

Note that in the limit t→∞, the polarization is limited

P∞ =
γ

γ + Γ
. (2.4)

If we label the polarization at t = 0 P0, this becomes

P (t) = P0e
−(γ+Γ)t + P∞

(
1− e−(γ+Γ)t

)
. (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 =
∑
s

e−Es/kBT (2.6)

where Es is the energy of a spin in state s, kB = 1.38× 10−23J/K is the Boltzmann

constant, and T is the temperature (in Kelvin) of the system. The average energy of

an ensemble of spins is

〈E〉 =
∑
s

Ese
−Es/kBT

Z
(2.7)
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Specifically, for spins in a magnetic field where Es = µ ·B,

〈E〉 = −µB tanh
µB

kBT
(2.8)

The thermal polarization relates the average energy of the ensemble to the energy of

the upper state (the state with µ antiparallel to the applied field), 〈E〉 = PE. This

yields for the thermal polarization,

Pthermal = − tanh
µB

kBT
; (2.9)

under typical operating conditions,

P
3He
thermal ≈ 10−9 (2.10)

PRb
thermal ≈ 10−5. (2.11)

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 1
2

orbital in the opposite spin state. Through

collisions with other Rb atoms 5P 1
2

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 N2 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 5S 1
2

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

PRb(t =∞, ~r) =
Rop(~r)

Rop(~r) + ΓRb(~r)
Plight(~r) cos θ, (2.12)

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 · I− geµBSzBz − gNµNIzBz, (2.13)

where A is the isotropic magnetic-dipole coupling coefficient [28]; µB = 9.274 ×

10−24J/T and µN = 5.051 × 10−27J/T are the bohr and nuclear magnetons; ge ≈ 2

and gN ≈ 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 3He 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 (µB � µN).

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 =

∫
Φ(ν, ~r)σ(ν)dν, (2.14)

where Φ(ν, ~r) is the photon spectral flux density and σ(ν) is the photon absorption

cross section. It can be shown that [29]

∫
σ(ν)dν = πfrec, (2.15)
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where re is the classical electron radius and f is the oscillator strength of the transition

under consideration (f ≈ 1
3

for the D1 transition [30]). From this result, we can

assume

σ(ν) = πfrecF (ν, ν0), (2.16)

where F (ν, ν0) contains all the frequency dependance of σ. It might be desirable for

F (ν, ν0) = δ(v − v0). (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 3He atoms. Under the high pressure conditions we operate under, this

last effect dominates the lineshape.

F (ν, ν0) =
1

π

(
ΓA
2

(ν − ν0)2 +
(

ΓA
2

)2

)
(2.18)

whose FWHM is given by ΓA (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:

σ(ν) =
πrec

3

1

π

(
ΓA
2

(ν − ν0)2 +
(

ΓA
2

)2

)
. (2.19)

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],

Φ(ν, ~r) = Φ0(~r)G(ν) (2.20)

Φ0(~r) =
P

hν

2

w2π
e−2r2/w2

(2.21)

G(ν) =
1√

2πσl
e−(ν−νl)2/2σ2

l , (2.22)
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where νl is the central laser frequency; σl is Gaussian width of the laser, related to

the FWHM by ωl = γl/2
√

ln 4; P is the power of the laser; and w is the beam waist.

The absorption line width, ΓA ≈ .04nm/amg · [3He] 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)

R0 =

∫
φ(ν) · σ(ν)dν ≈ 20 kHz per 20 W/31 cm2/2.0 nm (broadband), (2.23)

R0 =

∫
φ(ν) · σ(ν)dν ≈ 87 kHz per 20 W/31 cm2/0.2 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
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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 N2 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× 1014cm3. (2.25)
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2.2.5 Rb-X Spin Destruction Rate

Through collisions with Rb, 3He, and N2, the polarized rubidium atoms relax. The

Rb spin destruction rate is given by

ΓRb = ΓRb−Rb + ΓRb−3He + ΓRb−N2 , (2.26)

where

ΓRb−X = kRb−Xsd [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,

kRb−3He
sd (T ) = 55.9(9)

(
T

473.15K

)3.31(12)

Hz/amg (2.28)

kRb−N2
sd (T ) = 290(30)

(
T

473.15K

)2.0(25)

Hz/amg (2.29)

kRb−Rbsd (T ) = 4.813(48)× 10−13cm3/s. (2.30)

Under typical operating conditions (Toven = 190◦C), the pumping chamber densities

are given by

[3He] ≈ 7.0 amg (2.31)

[N2] ≈ 0.08 amg (2.32)

[Rb] = 6.16× 1014cm−3; (2.33)
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the target chamber densities are

[3He] ≈ 11.6 amg (2.34)

[N2] ≈ 0.13 amg (2.35)

[Rb] ≈ 0 cm−3. (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:

ΓRb−3He ≈ 365Hz (2.37)

ΓRb−N2 ≈ 22Hz (2.38)

ΓRb−Rb ≈ 293Hz (2.39)

∴ ΓRb ≈ 680Hz (2.40)

2.2.6 Alkali Polarization

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

PRb(t) = PRb
0 e−(R+ΓRb)t + PRb

∞
(
1− e−(R+ΓRb)t

)
, (2.41)

PRb
∞ = Plight cos θ

R

R + ΓRb
(2.42)
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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/γse = 6.7hrs). Note the different Y and Z-scales.

where θ 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+ΓRb ≈ O(10’s kHz) causing the alkali polarization to reach its equilibrium

value (P∞) 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],

1

Φ

∂Φ

∂z
= −(1− PRbPlight cos θ)σ(ν)[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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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 0.2 nm. 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 φ(ν) 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 3He 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,

HSE = αI · S (2.44)

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

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

α(R) =
16π

3

µBgµN
[I]

|Ψ(R)|2; (2.45)
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here, Ψ(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

γRb−Rbse = kRb−Rbse [Rb]. (2.46)

where kRb−Rbse = 8.4(3) × 10−10 cm3/s is the Rb-Rb spin-exchange rate constant (see

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

[Rb] = 6.16× 1014cm−3, (2.47)

which gives

γRb−Rbse ≈ 500kHz. (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

γRb−Rbse � ΓRb. The Rb-Rb spin-exchange efficiency, ηRb−Rb is ratio of the rate at

which polarization is successfully transferred between Rb atoms to the rate at which

polarization is lost

ηRb−Rb =
γRb−Rbse [Rb]

γRb−Rbse [Rb] + ΓRb[Rb]
, (2.49)

=
kRb−Rbse [Rb]

kRb−Rbse [Rb] + ΓRb
. (2.50)
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Under typical operating conditions,

ηRb−Rb ≈ 99.9%. (2.51)

2.3.4 Rb-3He Spin Exchange Rate

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

γse = < σsev > [Rb] (2.52)

= kse[Rb] (2.53)

where [Rb] is the rubidium number density and kse = < σsev > 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 kse is presented in

Appendix A.2.1; for Rb,

kse = 6.74(025)× 10−20cm3/s. (2.54)

Under typical operating conditions (Toven = 190◦C),

[Rb] = 6.16× 1014cm−3, (2.55)

which gives

1/γse ≈ 6.7hrs (2.56)

for a single-chambered cell.
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2.3.5 Spin Exchange Efficiency

The spin exchange efficiency, ηRb−He is the ratio of the rate at which angular mo-

mentum is successfully transfered to 3He to the rate at which rubidium loses angular

momentum [36]. In the absence of undesirable electronic relaxation, the efficiency

would be 100%.

ηRb−He =
γse[

3He]

γse[3He] + ΓRb[Rb]
(2.57)

=
kse[

3He]

kse[3He] + ΓRb
(2.58)

=

(
1 +

ΓRb
kse[3He]

)−1

(2.59)

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

ηRb−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 3He has employed Rb to transfer

laser polarization to 3He. 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+α+ β
T , (2.61)

where α and β 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
α 4.704 4.402 4.312 4.165
β -5377 -4453 -4040 -3830

[A] = N/V = P/kBT (2.62)
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[A] =
1

kBT
105.006+α+ β

T , (2.63)

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

ΓA = ΓA−A + ΓA−3He + ΓA−N2 , (2.64)

where

ΓA−X = kA−Xsd [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:

kA−3He
sd (T ) = kA−3He

sd473

(
T

473.15K

)3.31(12)

(2.66)

kA−N2
sd (T ) = kA−N2

sd473

(
T

473.15K

)2.0(25)

(2.67)

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

γse = kAse[A]. (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

kA−3He
sd473 Err. kA−N2

sd473 Err. kA−Asd473 Err. kA−Hese Err. kA−Ase Err.
Na 0.15 33% 5.22 8% 4.74 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 2.5% 8.4 4%
Cs 530 5.7% 2100 9.5% 808 10% 11.1 10% 7.2 4%

units Hz/amg Hz/amg 10−14 cm3/s 10−20 cm3/s 10−10 cm3/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 ΓA−3He ΓA−N2 ΓA−A ΓTotal ηA−He 1/ηA−He

Na 2.4 20† 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 γse = 1/(6.7hrs). The last
column, 1/ηA is the number of collisions before a successful spin exchange occurs between an alkali
atom and a 3He atom. †Used kA−N2

sd .

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 3He

atom is defined as

ηA−He =

(
1 +

ΓA
kAse[

3He]

)−1

. (2.69)

If the cells are designed to give the same operating 3He and N2 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-3He Spin-Exchange Rates. The red lines show a Rb-3He spin-exchange rate
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2.5 3He Spinup and Relaxation

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

tion (see Eqn. 2.41, 2.42)

PHe(t) = PHe
0 e−(γse+Γ)t + PHe

∞
(
1− e−(γse+Γ)t

)
, (2.70)

where

PHe
∞ = PRb

∞
γse

γse + Γ
, (2.71)

and γse is the spin-exchange rate (Eqn. 2.53) and Γ is the net 3He relaxation rate.

There are many ways 3He polarization can relax, including through collisions with

other 3He 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:

Γ = Γdipolar + Γfield + Γwall. (2.72)

In the presence of an electron beam, there is an additional relaxation rate, Γbeam.

2.5.1 Dipolar Relaxation

When two 3He atoms collide, nuclear spin (polarization) is coupled to oribital angular

momentum by the magnetic dipole interaction; this coupling creates an intrinsic 3He

relaxation rate that is density dependant [37]. The room temperature dipolar bulk

relaxation rate is given by

Γdipolar =
[3He]

744
hrs−1. (2.73)

We typically fill cells to a uniform-temperature [He] of ≈ 8 amg, giving

Γdipolar ≈ 1/(93hrs). (2.74)

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],

Γfield = D
|OBx|2 + |OBy|2

B2
0

(2.75)

where D is the 3He self-diffusion coefficient, OBx and OBy are the transverse magnetic

field gradients, and B0 is the main holding field, oriented along the z-axis. The self-
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diffusion coefficent of 3He has been measured at 300K [43]

D =
1440(80)torr

P
cm2/s. (2.76)

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

D ≈ .15 cm2/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 / 10 mG/cm [44]. This gives a negligible 3He relaxation rate of

Γfield ≈ 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, 3He 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 (Γ̄) 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]:

Γwall ∝ S/V (2.79)

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 (γse � Γ), 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 3He polarization, even in the pres-

ence of infinite optical-pumping power. The equilibrium 3He polarization (2.71) is

now given by

PHe
∞ = PRb

∞
γse

γse(1 +X) + Γ
, (2.80)
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where X appears to increase with S/V. We note that in the high spin-exchange rate

limit γse � Γ,

PHe
∞ = PRb

∞
1

1 +X
. (2.81)

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 3He 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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Figure 2.8: Hybrid Spin-Exchange

the former and it shares its polarization with the latter with minimal losses. Both

atoms spin exchange with 3He (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) ∆ (nm) Tmelt (C) Tboil (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
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Element kRb−Asd Err. kRb−Ase Err.
Na 17.5 9% 7.9 1.4%
K 21.8 10% 10.1 4%
Rb 48.1 10% 8.4 4%
Cs 199.5 10% 9.8 4%

Units 10−14cm3/s 10−10cm3/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

γRb−Ase = kRb−Ase [A] (2.82)

where

kRb−Ase = < σRb−Ase v > (2.83)

v =
√
vRbvA, (2.84)

σ =
√
σRbσA. (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 kRb−Ase � kRb−Ase .

Alkali-Alkali collisions are very fast and efficient (γRb−Ase ≈ 500kHz and ηRb−A ≈

99.9%, see Ch. 2.3.3).
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2.7.2 Hybrid Alkali-3He Spin-Exchange Rate

In a hybrid cell, both alkali metals spin exchange with 3He (see Fig. 2.8). The spin-

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

γse = kRb−Hese [Rb] + kA−Hese [A], (2.86)

= kRb−Hese [Rb]

(
1 +D

kA−Hese

kRb−Hese

)
, (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 3He 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× 1014cm−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-3He Spin-Relaxation Rate

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

Γ′Rb = ΓRb +D
(
ΓK + 2kRb−Asd [Rb]

)
. (2.89)
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Mix D(Toven) Toven(C) fRb ΓA Γ′Rb 1/η 1/ηpure mRb(mg)
Na/Rb 6.52 328.8 0.00227 60† 1601† 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/γse = 6.7hrs with [Rb] = 1.103 × 1014cm−3 (see Eqn. 2.87). The
last column gives the mass of Rb needed per gram of A. †Since no value for kNa−N2

sd was available,

kK−N2
sd was used instead. This substitution probably overestimates ΓNa; however, a lower bound of

ΓNa = 40Hz can be established if nitrogen relaxation is ignored. This gives Γ′Rb = 1471Hz and 1/η
= 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/γse = 6.7hrs,

Γ′Rb ≈ 545 + 6× (133 + 48)Hz (2.90)

≈ 1630Hz, (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

ηhybrid =
γse[

3He]

γse[3He] + Γ′Rb[Rb]
(2.92)

=
kRb−Hese [Rb]

(
1 +D kA−Hese

kRb−Hese

)
[3He]

kRb−Hese [Rb]
(

1 +D kA−Hese

kRb−Hese

)
[3He] + Γ′Rb[Rb]

(2.93)

=

1 +
1(

1 +D kA−Hese

kRb−Hese

) Γ′Rb
kRb−Hese [3He]

−1

(2.94)

=

1 +
Γ′Rb/ΓRb(

1 +D kA−Hese

kRb−Hese

)
︸ ︷︷ ︸

<1

ΓRb
kRb−Hese [3He]︸ ︷︷ ︸

PureRb


−1

. (2.95)

Although Γ′Rb 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,

ηhybrid ≈ 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/η for

several hybrid mixtures. Interestingly, for 1/γse = 6.7hrs and [Rb] = 1.10×1014cm−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, γse, 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 = fP0. (2.97)

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

fX ≡
mX/MX∑
imi/Mi

, (2.98)

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

[A] = fA[A]0 (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

D(T ) =
fA[A]0
fRb[Rb]0

=
fA
fRb

D0(T ), (2.100)

where

D0(T ) =
[A]0
[Rb]0

= 10(αA−αRb+(βA−βRb)/T ). (2.101)

The coefficients α and β can be found in Table 2.1. For a K/Rb mixture at 237.2C,

D0 = 0.191.

Since we are dealing with a two state system,

fA + fRb = 1. (2.102)

Plugging into Eq. (2.100),

D(T ) =
1− fRb
fRb

D0(T ). (2.103)

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

fRb =

(
1 +

mAMRb

mRbMA

)−1

. (2.104)

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

Eqn. 2.104.

D(T ) =
mAMRb

mRbMA

D0(T ). (2.105)

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/γse = 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, mK is
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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 mK + mRb

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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Chapter 3

3He Polarimetry
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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 = −µ ·B0, (3.1)

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

magnetic field, the energy levels of 3He are split by an amount

U = −µ ·B0. (3.2)

This is known as Zeeman splitting. If an oscillating magnetic field is introduced both

perpendicular to the static holding field (B0 above) and at the frequency ω = U/~,

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 = −µzB0, (3.3)

where

µz = g
qe
2m

Sz, (3.4)

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

eigenvalues ±~
2
. The energy separating the two states is

∆U = g
qe
2m

~B0 = gµNB0, (3.5)
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where µN is the nuclear magneton and has the value

µN =
qe

2mn

~ ≈ 5.051× 10−27J/T. (3.6)

These two states are separated in frequency by

ω =
gµNB0

~
= γB0, (3.7)

where the gyromagnetic ratio, γ/2π ≈ 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 3He 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 (B0) 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).

Ḃ

B1

� ω (3.8)
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Under our typical operating conditions, we had

Ḃ ≈ 9G/6s (3.9)

B1 ≈ 100mG (3.10)

ω = 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

T1r

= D
|∇Bz|2
B1

2

(3.12)

Consequently, we require

D
|∇Bz|2
B2

1

� Ḃ

B1

(3.13)

Under typical operating conditions,

D ≈ 0.15cm2/s (3.14)

|∇Bz|2
B2

1

≈
(

10mG

1cm

)2

(3.15)

Combining the above equations and evaluating using typical values,

D
|∇Bz|2
B2

1︸ ︷︷ ︸
1.5mHz

� Ḃ

B1︸︷︷︸
15Hz

� ω︸︷︷︸
56.6kHz

(3.16)

The left-most term in the above equation gives the relaxation rate of the 3He 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 = γI. In

the presence of an external magnetic field, B0, the magnetic moment will experience

a torque, N = m × B0. This torque will in turn cause a change in the angular

momentum of the spin,

N =
dI

dt
= m×B0 (3.17)

dm

dt
= γm×B0 (3.18)

In the context of NMR, the most convenient frame of reference is one rotating clock-

wise (ω = ω(−ẑ)) 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:

x̂′ = cosωtx̂− sinωtŷ (3.19)

ŷ′ = sinωtx̂ + cosωtŷ (3.20)

conversely,

x̂ = cosωtx̂′ + sinωtŷ′ (3.21)

ŷ = − sinωtx̂′ + cosωtŷ′ (3.22)

The appropriate vector transformation is given by

dx

dt stationary
=
dx

dt rotating
+ ω × x, (3.23)
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where ω is the frequency at which the frame rotates. Thus,

dm

dt rotating
=

dm

dt stationary
− ω ×m (3.24)

= γm×B0 + ω(ẑ×m) (3.25)

= γm× (B0 −
ω

γ
ẑ) (3.26)

= γm×Beff . (3.27)

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

an effective field, Beff = (B0− ω
γ
ẑ). 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,

Beff = (B0 −
ω

γ
)ẑ +B1ŷ

′. (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 = [3He]µ = γ[3He]I. (3.29)

The polarization, P is

P =
I

I
. (3.30)

Combining the above two equations and plugging in I = ~
2

for I, we get

M = γ/2π
h

2
[3He]P. (3.31)
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The 3He number density, [3He] is measured during a cell fill. Often, a more precise

value for [3He] 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 3He Magnetization

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

in a closed loop,

ξ = − d

dt
Φ = − d

dt

∫
B · dA. (3.32)

In the lab frame, the EMF is supplied by the changing magnetic field the 3He 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 = Ax̂. (3.33)

In the rotating frame, it is given by

Arotating = A(cosωtx̂′ + sinωtŷ′). (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)

ξ = − d

dt
(B ·A) = −dB

dt
·A−B · dA

dt
, (3.35)

where

dA

dt
= Aω(− sinωtx̂′ + cosωtŷ′) (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,

B =
2

3
µ0M. (3.37)

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

dipole whose magnetic dipole moment happens to be m = 4π
3
R3M,

Bsphere =
µ0

4πr3
(3(m · r̂)r̂−m) (3.38)

=
µ0R

3

3r3
(3(M · r̂)r̂−M). (3.39)

The direction of r̂ 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 x̂′ and ŷ′ 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 ŷ′ component.

M = My′ŷ′ + Mzẑ (3.40)

= M(sinαŷ′ + cosαẑ) (3.41)

Combining the appropriate equations,

BSphere·
dA

dt
=

2µ0R
3

3r3
AMω sinα cosωt (3.42)

dBSphere

dt
·A =

2µ0R
3

3r3
AM

dα

dt
cosα sinωt. (3.43)

It is convenient to use the following relation

d sinα

dt
=
dα

dt
cosα. (3.44)

Finally, to convert this result to a measurable EMF, we need to introduce a geometeric

fudge factor, 0. 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.

ξ = −02µ0R
3

3r3
AM

(
ω sinα cosωt+

d sinα

dt
sinωt

)
. (3.45)

3.1.6 Measuring The 3He Polarization

Regardless of the strength of field created by the 3He 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 α,

sinα =
B1√

B2
1 + (B0 − ω

γ
)2

(3.46)

d sinα

dt
= −

2(B0 − ω
γ
)Ḃ0B1(

B2
1 + (B0 − ω

γ
)2
) 3

2

. (3.47)

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

polarization,

ξ = −0µ0Aγ~R3

3r3
[3He]

 B1ω√
B2

1 + (B0 − ω
γ
)2

cosωt−
2(B0 − ω

γ
)Ḃ0B1[

B2
1 + (B0 − ω

γ
)2
] 3

2

sinωt

P.

(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 (ω � Ḃ0), 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 B1 field of approximately 100mG. The

main holding field, B0 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-φ box. The signal in the A-φ 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 3He

signal. To compensate, we use an A-φ 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-φ box. The A-φ 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 cosωt term in Eq. 3.48)

subtracts this A-φ 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 B1, B0, and ξ 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 3.2: Circuit Diagram for A-φ Box
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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 3He gas (see

Eqn. 3.29), most of the field arises from A-3He spin-exchange, fermi-contact collisions

when the alkali electron and 3He nucleus overlap [55, 56].

The strength of effective field created by the 3He 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, B0 constant). As the 3He 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 3He 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

E(F,m) = −Ehfs
2[I]

− gIµNBm±
Ehfs

2

√
1 +

4m

[I]
x+ x2, (3.49)

where ± refers to the F = I ± J hyperfine manifold, Ehfs/h is the frequency of the

hyperfine splitting, I is the nuclear spin, [I] = 2I+1, m is the azimuthal quantum

number, and

x = (gIµN − gSµB)
B

Ehfs
. (3.50)

The EPR transition frequency between adjacent Zeeman levels is given by

νm→m−1 =
E(F,m)− E(F,m− 1)

h
(3.51)

= −gIµNB
h

± Ehfs
2h

(√
1 +

4m

[I]
x+ x2 −

√
1 +

4(m− 1)

[I]
x+ x2

)
(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 νm→m−1. I will therefore choose to make the

transition frequency positive,

ν± = ∓gIµNB
h

+
Ehfs
2h

(√
1 +

4m

[I]
x+ x2 −

√
1 +

4(m− 1)

[I]
x+ x2

)
, (3.53)

where ± still refers to the F = 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

F (x) =
n∑
i=0

diF (a)

dxi
(x− a)i

i!
. (3.54)

For small deviations (x− a� 1),

F (x) ≈ F (a) +
dF (a)

dx
(x− a) (3.55)

F (x)− F (a) =
dF (a)

dx
(x− a) (3.56)

∆F =
dF (a)

dx
∆x (3.57)

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

EPR transition frequency will be shifted by

∆ν =
dν

dB
∆B, (3.58)

where ∆B is the additional field produced by 3He. As was discussed in Ch. 3.1.5,

the long-range magnetic field produced by polarized 3He in the pumping chamber is

equivalent to the field produced by a uniformly magnetized sphere (see Eqns. 3.37,

3.31):

∆B =
µ0(γ/2π)h

3
P [He]. (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],

∆B =
µ0(γ/2π)h

3
κ0P [He], (3.60)
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where κ0 is the spin-exchange enhancement factor. The values for κ0 and its temper-

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

κRb−He0 = 4.52 + 0.00934 [T (◦C)] (3.61)

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

κNa−He0 = 4.84 + 0.00914 [T − 200◦C] (3.62)

κK−He0 = 5.99 + 0.0086 [T − 200◦C] (3.63)

κRb−He0 = 6.39 + 0.00914 [T − 200◦C] (3.64)

Provided the 3He density is known, a measurement of ∆B can be used to solve for

the 3He polarization. We choose to measure EPR frequency shift (instead of the EPR

field shift).

0 100 200 300 400 500 600 700

9.42

9.44

9.46

9.48

9.5

9.52

9.54

9.56

Counts

39
K

 ν
m

=
−

1→
 −

2 T
ra

ns
iti

on
 F

re
qu

en
cy

 (
M

H
z)

3He 3He

Bext Bext Bext

9.5437 MHz

9.4349 MHz

3He

Figure 3.5: Brady 235C, 3 Comet Lasers, Low-Energy State EPR Measurement 8.15.08

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

end transition is a transition involving m = ±mmax). 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 ∆ν (see Fig. 3.5).

3.2.3 Expansion of EPR Transition Frequency

It is useful to write 3.53 as

ν± = ∓gIµNB
h

+
vhfs

2
∆, (3.65)

where

∆ =
√

1 + u−
√

1 + u+ δ (3.66)

u =
4m

[I]
x+ x2, (3.67)

δ = − 4

[I]
x. (3.68)

We use the EPR frequency shift to measure the 3He 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 + u = 1 +
1

2
u− 1

2 · 4u
2 +

1 · 3
2 · 4 · 6u

3 − 1 · 3 · 5
2 · 4 · 6 · 8u

4 + · · · (3.69)

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

√
1 + u+ δ = 1 +

1

2
(u+ δ)− 1

2 · 4(u+ δ)2 +
1 · 3

2 · 4 · 6(u+ δ)3− 1 · 3 · 5
2 · 4 · 6 · 8(u+ δ)4 + · · ·

(3.70)
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The difference between these quadratics is

∆ =
√

1 + u−
√

1 + u+ δ (3.71)

= −1

2
δ +

1

8
(2uδ + δ2)− 1

16
(3u2δ + 3uδ2 + δ3) + · · · (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 3He. To calculate the EPR frequency

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

∆ν =

[
∓gIµN +

νhfs
2

d∆

dB

]
∆B (3.73)

Using

dx

dB
=

x

B
, (3.74)

du

dB
=

(
4m

[I]
+ 2x

)
x

B
, (3.75)

dδ

dB
= − 4

[I]

x

B
, (3.76)

d∆

dB
=

2x

[I]

1 + 2 (1− 2m)
x

[I]︸ ︷︷ ︸
1st Order

+ 6

(
1− 3m+ 3m2 − [I]2

4

)
x2

[I]2︸ ︷︷ ︸
2nd Order

+ · · ·

 (3.77)

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
νhfs (MHz) 461.71972 254.01387 3035.73200 6834.68260

0th 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 5E-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

gSµB � gIµN , (3.78)

x ≈ −gSµB
hνhfs

B (3.79)

and combine Eqn. 3.73 and Eqn. 3.60,

∆ν ≈ gSµBµ0(γ/2π)

3[I]
κ0P [He]

1− 2(1− 2m)
gSµBB

hνhfs[I]︸ ︷︷ ︸
1st Order

+ 6

(
1− 3m+ 3m2 − [I]2

4

)(
gSµBB

hνhfs[I]

)2

︸ ︷︷ ︸
2nd Order

+ · · ·

 . (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 ν± by solving Eqn. 3.65,

ν± = ∓gIµNB
h

+
vhfs

2

(
−1

2
δ +

1

8
(2uδ + δ2)− 1

16
(3u2δ + 3uδ2 + δ3) + · · ·

)
(3.81)

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

first term (recall µB � µN) and keeping only terms to second order in x,

ν± ≈
vhfs

2

(
−1

2
δ +

1

8
(2uδ + δ2)

)
(3.82)

0 ≈ −vhfs
v±

+
x

[I]
+ (1− 2m)

x2

[I]2
. (3.83)

Solving the quadratic formula for x gives

x ≈ [I]

2(1− 2m)

(
−1 +

√
1 + 4(1− 2m)

v±
vhfs

)
, (3.84)

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

B ≈ − hνhfs[I]

2gSµB(1− 2m)

(
−1 +

√
1 + 4(1− 2m)

v±
vhfs

)
. (3.85)

This approximation agrees to < 0.3% for 39K 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 3He 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 3He density is analogous

to an understanding of the 3He 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,

TPC = TTC
[3He]TC

[3He]PC

(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 3He atoms in the cell is the same independent of the temperature

of the cell,

NPC +NTC = Ntotal (3.87)

[3He]PCVPC + [3He]TCVTC = [3He]uniform(VPC + VTC) (3.88)

where the uniform temperature 3He 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),

[3He] = κ
S

P
(3.89)

where S is the signal from the lockin, P is the 3He polarization and κ contains the

constants from Eq. (3.48).

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

TPC =
TTC
VTC

[
[3He]uniform

[3He]PC
(VPC + VTC)− VPC

]
(3.90)

and using Eq. (3.89),

TPC =
TTC
VTC

[3He]uniformP

κS
(VPC + VTC)− TTC

VPC
VTC

(3.91)

which can be written as

TTC
VTC

[3He]uniform
κ

(VPC + VTC)︸ ︷︷ ︸
Constants

=
S

P

(
TTC

VPC
VTC

+ TPC

)
︸ ︷︷ ︸
DependOnLaserConditions

(3.92)

Finally,

SON

PON

(
TTC

VPC
VTC

+ TONPC

)
=
SOFF

POFF

(
TTC

VPC
VTC

+ TOFFPC

)
(3.93)

and thus,

TONPC =
PONSOFF

POFFSON

(
TTC

VPC
VTC

+ TOFFPC

)
− VPC
VTC

TTC (3.94)

Once AFP losses have been accounted for (see Ch. 3.1.1), TONPC can be calculated.

Fig. 3.6 shows a typical temperature-test measurement. Values for SON 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. TOFF
PC =

235◦C, TON
PC = (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,

TONPC = VPCTTC
1

PONSOFF

POFFSON

((
VPC

TTC
TPC
− 1
)

+ VTOT

)
− VTT − VTC

(3.95)

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 5P 3
2

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 = 9.556MHz

transitions.

Under operating conditions the alkali is highly polarized (typically > 80%); we

induce the mf = 2 → mf = 1 (or mf = −2 → mf = −1) 39K edge transition,

which depolarizes the potassium. Since the alkali-alkali spin exchange rate is so high

(γRb−Ase ≈ 500kHz, see Ch. 2.7.1), the rubidium is also depolarized. The newly depo-

larized rubidium is quickly repumped to the 5P 1
2

excited state (see Fig. (2.1)), where

it collides with other alkali metal atoms. These collisions can result in further exci-

tations (to the 5P 3
2

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.

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



Chapter 3. 3He Polarimetry 72

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 3He 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, VIN 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 3He 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 3He spins

in this measurement resulted in a 54.4KHz shift in the Zeeman frequency. When

this information is combined with Eqs. 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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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 γse � Γ, but appropriately low so that PA 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(Toven) (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

Rb

K
K

K

K K
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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 φr.

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, Ẽ = E0ei(kz−ωt)x̂ can be

expressed as E0ei(kz−ωt)|X〉, where

|X〉 =

 1

0


Similarly,

|Y 〉 =

 0

1

 , |R〉 =
1√
2

 1

i

 , |L〉 =
1√
2

 1

−i

 .

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

as

~E =
E0√

2
(|R〉+ |L〉) , (4.1)

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

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

~E = E0
e−iωt√

2

(
eik̃Rl|R〉+ eik̃Ll|L〉

)
, (4.2)

where l is the distance the probe beam travels through the vapor and k̃ is a complex
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number of the form

k̃ = k + iκ. (4.3)

Eqn. (4.2) can be factored as follows,

~E = E0
e−iωt√

2
eik̃Rl

(
|R〉+ eiδk̃l|L〉

)
(4.4)

= E0
e−iωt√

2
eik̃Rlei

δk̃l
2

(
e−i

δk̃l
2 |R〉+ ei

δk̃l
2 |L〉

)
, (4.5)

with

δk̃ = k̃L − k̃R. (4.6)

The real part of δk̃l corresponds to the faraday rotation angle φr, while the imaginary

part of iδk̃l 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

~E = E0
e−iωt√

2
eik̃Rlei

δk̃l
2

1√
2

((
e−i

δk̃l
2 + ei

δk̃l
2

)
|X〉+ i

(
e−i

δk̃l
2 − ei δk̃l2

)
|Y 〉
)

(4.7)

= Ẽ ′

(
cos

(
δk̃l

2

)
|X〉 − i sin

(
δk̃l

2

)
|Y 〉
)
, (4.8)

where

Ẽ ′ = E0e
−iωteik̃Rlei

δk̃l
2 . (4.9)

Using Eqn.( 4.3),

~E = Ẽ ′
(

cos

(
(δk + iδκ)l

2

)
|X〉 − i sin

(
(δk + iδκ)l

2

)
|Y 〉
)

(4.10)

= Ẽx|X〉 − iẼy|Y 〉, (4.11)



Chapter 4. Faraday Rotation 79

where

Ẽx = Ẽ ′ (cosφr cosh βr − i sinφr sinh βr) (4.12)

Ẽy = Ẽ ′ (sinφr cosh βr + i cosφr sinh βr) (4.13)

and

φr ≡
δkl

2
(4.14)

βr ≡
δκl

2
. (4.15)

The quantity κl
2

is defined to be the faraday attenuation, βr, while kl
2

is defined to be

the faraday rotation angle, φr. Provided that the attenuation is small (βr � 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 = ε~E = ε0~E + ~P and P = [A]p = [A]α~E. Here, [A]

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

atomic polarizability. These can be combined:

~D = ε0

(
1 +

α[A]

ε0

)
~E, (4.16)

and

ε

ε0
= 1 +

α[A]

ε0
. (4.17)

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

n =

√
εµ

ε0µ0

, (4.18)
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For the targets studied in this thesis, µ ≈ µ0 and α[A]/ε0 � 1. Finally, since k = ω
c
n,

k =
ω

c

√
1 +

α[A]

ε0
≈ ω

c

(
1 +

α[A]

2ε0

)
(4.19)

Since α, the atomic polarizability, can be complex,

k̃ =
ω

c

(
1 +

α̃[A]

2ε0

)
, (4.20)

which implies,

δk̃ =
ω

c

[A]

2ε0
δα̃, (4.21)

with

δα̃ = α̃L − α̃R. (4.22)

Finally,

φr =
lω[A]

4cε0
Re [δα̃] (4.23)

The important result is that the faraday rotation angle φr = kl
2

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 = α · E. (4.24)
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here, α 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

i~|Ψ̇(t)〉 = Ĥ|Ψ(t)〉, (4.25)

where the Hamiltonian has an unperturbed component as well as an electromagnetic

interaction term, Ĥ = H0+HEM . The Expansion Postulate states that a wavefunction

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

|Ψ(t)〉 =
∑
i

ci(t)e
−iEit/~|i〉. (4.26)

Inserting the expansion postulate wavefunction into the Schroedinger equation,

i~
∑
i

(
−iEi

~
ci + ċi

)
e−iEit/~|i〉 = Ĥ0|Ψ〉+ ĤEM

∑
i

cie
−iEit/~|i〉. (4.27)

Ei|Ψ〉+ i~
∑
i

ċie
−iEit/~|i〉 = (4.28)
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Using Ĥ0|Ψ〉 = E|Ψ〉 and taking the inner product with a final state 〈f |,

i~
∑
i

ċie
−iEit/~〈f |i〉 =

∑
i

cie
iEit/~〈f |ĤEM |i〉 (4.29)

i~ċf =
∑
i

cie
i(Ef−Ei)t/~〈f |ĤEM |i〉 (4.30)

=
∑
i

cie
iωfit〈f |ĤEM |i〉 (4.31)

Here, ωfi 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

|Ψ(t)〉 =
∑
s

as(t)e
−iEst/~|s〉+

∑
p

bp(t)e
−iEpt/~|p〉, (4.32)

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 P1/2 and four for P3/2). Proceding as above,

i~ȧs =
∑
σ

aσe
iωsσt〈s|ĤEM |σ〉+

∑
p

bpe
iωspt〈s|ĤEM |p〉 (4.33)

i~ḃp =
∑
s

ase
iωpst〈p|ĤEM |s〉+

∑
ρ

bρe
iωpρt〈p|ĤEM |ρ〉. (4.34)

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

the equations simplify

i~ȧs =
∑
p

bpe
iωspt〈s|ĤEM |p〉 (4.35)

i~ḃp =
∑
s

ase
iωpst〈p|ĤEM |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],

i~ȧs =
∑
p

bpe
iωspt〈s|ĤEM |p〉 (4.37)

i~ḃp =
∑
s

ase
iωpst〈p|ĤEM |s〉 − i~

γ

2
bp (4.38)

4.2.2 The Dipole Interaction

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

HEM = −p ·Re[E] (4.39)

HEM = 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

Re[E] =
E + E∗

2
. (4.41)

Using these results with Eqn.( 4.38),

ḃp +
γ

2
bp =

e

2i~
∑
s

ase
iωpst

[
e−iωt〈p|r · E|s〉+ eiωt〈p|r · E∗|s〉

]
(4.42)

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

differential equation [61] is

bp =
e

2i~

[∑
s ase

i(ωps−ω)t〈p|r · E|s〉
γ
2

+ i(ωps − ω)
+

∑
s a
∗
se
i(ωps+ω)t〈p|r · E∗|s〉

γ
2

+ i(ωps + ω)

]
. (4.43)
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If the probe beam is tuned near to a transition frequency (ωps − ω ≈ 0), the second

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

bp =
e

2~

[∑
s ase

i(ωps−ω)t〈p|r · E|s〉
ω − ωps + iγ

2

]
. (4.44)

Eqn.( 4.32) can now be expressed in terms of the probability coefficients, Ps of just

the S1/2 states. That is, since |as|2 = Ps, we can now start to talk about the alkali

polarization. The alkali polarization, P is defined as

P = P+ − P−. (4.45)

Because the Ps 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

P+ =
1 + P

2
(4.47)

P− =
1− P

2
. (4.48)

4.2.3 Atomic Polarizability, Revisited

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

generally as

p = α ·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〉 = 〈ψ| − er|ψ〉

= −e
[∑

σ

aσe
iωσt〈σ|+

∑
ρ

bρe
iωρt〈ρ|

]
|r|
[∑

s

ase
−iωst|s〉+

∑
p

bpe
−iωpt|p〉

]

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

dipole transitions must conserve parity. This means that

〈σ|r|s〉 = 〈ρ|r|p〉 = 0 (4.50)

With the aid of Eqn.( 4.44),

〈p〉 = − e
2

2~
∑
σ,p,s

[
a∗σase

i(ωσp+ωps−ω)t

ω − ωps + iγp
2

〈σ|r|p〉〈p|r · E|s〉+ C.C.

]
(4.51)

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

a∗σas = δσ,sPs. (4.52)

This means that

〈p〉 = − e
2

2~
∑
p,s

[
Pse

i(ωsp+ωps−ω)t 〈s|r|p〉〈p|r · E|s〉
ω − ωps + iγp

2

+ C.C.

]
(4.53)

=
e2

2~
∑
p,s

[
Pse

−iωt 〈s|r|p〉〈p|r · E|s〉
ωps − ω + iγp

2

+ C.C.

]
(4.54)
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Finally, with the aid of Eqn.( 4.49) and Eqn.( 4.41),

α̃ =
e2

~
∑
p,s

Ps
〈s|r|p〉〈p|r|s〉
ωps − ω + iγp

2

(4.55)

=
e2

~
∑
p,s

Ps
|〈s|r|p〉|2

ωps − ω + iγp
2

(4.56)

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

(see Appendix B)

|〈s|r|p〉|2 = |〈s||r||p〉|2 |〈
1
2
mf |1q, p〉|2

2
(4.57)

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

|〈1
2

1

2
|R|1

2
− 1

2
〉|2 = |〈1
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=
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4
|〈1

2
||r||3

2
〉|2 (4.63)

where R and L refer to the different atomic polarizabilities, αR and αL.

4.2.4 Formula for Faraday Rotation Angle

The Faraday Rotation Angle, Eq. 4.23, is

φr =
lω[A]

4cε0
Re [α̃L − α̃R] (4.64)

where

Re[α̃] =
e2

~
∑
p,s

Ps|〈s|r|p〉|2
ωps − ω

(ωps − ω)2 +
γ2p
4

. (4.65)
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Using the results of Ch. 4.2.2 and Ch. 4.2.3, we can write

α̃L =
e2

6~

[(
2 + P

2

) |〈1
2
||r||3

2
〉|2

∆D2 + iγD2

2

+ (1− P )
|〈1

2
||r||1

2
〉|2

∆D1 + iγD1

2

]
(4.66)

=
e2

6m

[
2 + P

ωD2

1

∆D2 + iγD2

2

+
1− P
ωD1

1

∆D1 + iγD1

2

]
(4.67)

α̃R =
e2

6m

[
2− P
ωD2

1

∆D2 + iγD2

2

+
1 + P

ωD1

1

∆D1 + iγD1

2

]
(4.68)

δα̃ =
Pe2

3m

[
1

ωD2

1

∆D2 + iγD2

2

− 1

ωD1

1

∆D1 + iγD1

2

]
(4.69)

Re[δα̃] = −Pe
2

3m

[
1

ωD2

∆D2

∆2
D2 +

γ2D2

4

− 1

ωD1

∆D1

∆2
D1 +

γ2D1

4

]
(4.70)

where

∆D = ω − ωD (4.71)

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

for a single alkali metal angle is therefore

φr = −
(

e2

12mcε0

)
P [A]lω

[
1

ωD2

∆D2

∆2
D2 +

γ2D2

4

− 1

ωD1

∆D1

∆2
D1 +

γ2D1

4

]
(4.72)

In a hybrid cell,

φtotalr = φRbr + φKr (4.73)

4.2.5 Formula Faraday Attenuation

The faraday attenuation is the imaginary counterpart of the faraday rotation.

βr =
lω[A]

4cε0
Im [δα̃] . (4.74)
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From the form of Eq. 4.56, it follows that

Im[α] =
e2

~
∑
p,s

Ps|〈s|r|p〉|2
γp
2

(ωps − ω)2 +
γ2p
4

. (4.75)

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

under the substitution (ωps − ω)→ γp
2

for terms in the numerator. Hence,

βr =

(
e2

24mcε0

)
P [A]lω

[
1

ωD2

γD2

∆2
D2 +

γ2D2

4

− 1

ωD1

γD1

∆2
D1 +

γ2D1

4

]
. (4.76)

If the laser is tuned close to one particular resonance,

βr ≈ −
γ

2∆
φr. (4.77)

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

in small.

4.3 Alkali Polarimetry

The faraday rotation angle, φr (Eq. 4.72) and the saturation 3He polarization, PHe
∞

(Eq. 2.71) both depend on the alkali polarization, PA. To fully understand either,

measurements of PA 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,mF ) = A0 (F (F + 1)−mF (mF − 1)) emF β(1− e−β) (4.78)

where F is the total quantum number, mF is the azimuthal component, A0 is a

proportionality constant that is independant of F,mF , and β, and β is the spin

temperature, given by

β = ln
1 + PA
1− PA

(4.79)

Under our operating conditions, transitions in the same F manifold are well resolved;

however, transitions involving the same mF are unresolved between the F and F − 1

manifolds. Such transitions are called twin transitions.

mF Transition P (I = 5/2) P (I = 3/2)
3→2
2→1

R−3/7
R+3/7

2→1
1→0

R−7/9
R+7/9

R−1/2
R+1/2

1→0
0→−1

R−1
R+1

R−1
R+1

0→−1
−1→−2

R−9/7
R+9/7

R−2
R+2

−1→−2
−2→−3

R−7/3
R+7/3

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

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

R =
A(F,mF ) + A(F − 1,mF )

A(F,mF−1) + A(F − 1,mF−1)
(4.80)

Note that because we can’t resolve the twin transitions, we add their areas together.

Finally, a value for PA can attained by combining Eqs. 4.78-4.80. Table 4.3 gives

values of PA for different transitions.
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4.4 Experimental Methods
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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.

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 |Ẽx|2 and |Ẽy|2 using Eqs. 4.12 and 4.13,

|Ẽx|2 = Ẽ ′
(
cos2 φr cosh2 βr + sin2 φr sinh2 βr

)
(4.81)

|Ẽy|2 = Ẽ ′
(
sin2 φr cosh2 βr + cos2 φr sinh2 βr

)
. (4.82)

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

difference to the sum of the components can be made:

∆

Σ
=
|Ẽx|2 − |Ẽy|2
|Ẽx|2 + |Ẽy|2

(4.83)

=

(
cosh2 βr − sinh2 βr

) (
cos2 φr − sin2 φr

)(
cosh2 βr + sinh2 βr

) (
cos2 φr + sin2 φr

) (4.84)

=
cos (2φr)

cosh (2βr)
. (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 φmisc.

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

∆

Σ
=

cos 2Φ

cosh (2βr)
. (4.86)

where

Φ = 2φh − φmisc − φr. (4.87)

and φh 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 (φr = 0). To ensure ∆ = 0 (Φ = 45◦), the fast

axis of the HWP must be set to

φh =
1

2
(45◦ + φmisc) . (4.88)

At this angle,

∆

Σ
=

cos (90◦ − 2φr)

cosh (2βr)
(4.89)

= − sin (2φr)

cosh (2βr)
(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

∆

Σ
=

P sin Γ(t) cos 2Φ

cosh 2β + cos Γ(t) sinh 2β
. (4.91)

where Γ(t) 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

Γ = −π
2

(A QWP at −45◦), this reduces to Eq. 4.85. Using Γ(t) = Γ0 sin(γt), where

for us Γ0 is in the range of .013(2π) to .65(2π), the PEM terms can be expanded in

terms of bessel functions (Ji),

sin(Γ0 sin(γt)) = 2 [J1(Γ0) sin(γt) + J3(Γ0) sin(3γt) + ...] (4.92)

cos(Γ0 sin(γt)) = J0(Γ0) + 2 [J2(Γ0) cos(2γt) + J4(Γ0) cos(4γt) + ...] (4.93)

where, γ 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
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employed (Vout ≈ .001Vin). Eq. 4.91 now reads:

∆

Σ
=

2PJ1(Γ0) cos 2Φ

cosh 2β + J0(Γ0) sinh 2β
. (4.94)

Note that the term isolated by the lockin amplified, sin γt has been removed from the

numerator. To maximize the detected signal for Eq. 4.94, we choose Γ0 = 0.3 × 2π,

which is very close to the maximum value of J1.

4.4.4 The Normalization

Under typical operating conditions (corresponding to sufficiently detuned light), β ≈

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

∆

Σ
= N × cos 2Φ. (4.95)

where we have introduced the normalization, N(β,Γ0). The normalization can be

measured (using a lockin amplifier) by simply rotating the HWP (recall 2Φ = 4φh −

2φmisc − 2φr). Such measurements also yield important information about φr. 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

∆

Σ
= N × cos(4φH − 2φ) +M × cos(2φH + a) + b (4.96)

where φH 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. λ = 772.028nm, Toven = 235◦C,
Lasers OFF

necessarily relative to the HWP fast axis) and

φ = φmisc + φr + 2φoffset, (4.97)

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

ing to 0 on the mount. We note that, φmisc 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 φlasers off . The

detected difference signal, ∆ is then zeroed by rotating the HWP (see Ch. 4.4.2).

At this point, we note that although we’re interested in φr, what we actually
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measure is sin of the rotation angle (Eq. 4.96 when properly nulled). Consequently,

for φr > 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 (∆) and sum (Σ) signals. As the laser

power increases, so does the alkali polarization and consequently the faraday rotation

angle. By monitoring the zero-crossings (when ∆ = 0) and the maxima of ∆, 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

∆/Σ 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 2φr < −540◦ (corresponding to the third zero-crossing); however, it’s not

clear if this measurement had a fourth flip (which would give 2φr < −630◦). This

difficulty arises because extracting φr from a measurement of ∆/Σ requires us to take

the arcsin of ∆/Σ:

2φr ≈ − sin−1 1

N

∆

Σ
(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. λ = 782.5nm, Toven = 235◦C. Three lasers
are slowly ramped up producing 3 distinct flips and 3 zero crossings, giving 2φr > 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−1 is only 180◦, implying that φr 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 2φr 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 2φr that doesn’t require sin−1 to be calculated.

Rather, a normalization measurement gives a value for 2φ in the phase of the sin-wave

(see Eq. 4.96; also, note that φ, not φr is being measured, see Eq. 4.97). The domain

of a sin-wave is 360◦, implying that φ has a 180◦ domain (this elimates ambiguity

around extrema like the one in Fig. 4.4).

Before a value for φr 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
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between −720◦ < 2φ < −360◦. Thus, we need to adjust our 2φ value from the

normalization fit by 360◦. The normalization measured before the lasers were ramped

on had a phase of 2φoff = 313.8◦. The normalization measured after the lasers were

ramped on had a phase of 2φon = 79.9◦; this number needs to be adjusted by 360◦ to

account for the new domain attained: 2φon,adj = −280.1◦. Finally,

φr = φon − φoff (4.99)

= −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

φr = −
(

e2

12mcε0

)
P [A]lω [f1 − f2] (4.101)

where

f1 =
1

ωD2

∆D2

∆2
D2 +

γ2D2

4

(4.102)

f2 =
1

ωD1

∆D1

∆2
D1 +

γ2D1

4

(4.103)

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

φr = −
(

e2

12mcε0

)
Plω

(
[Rb]

[
fRb1 − fRb2

]
+ [K]

[
fK1 − fK2

])
(4.104)

which we chose to write as

φr = −
(

e2

12mcε0

)
P [K]lω

([
fRb1 − fRb2

]
/D +

[
fK1 − fK2

])
(4.105)
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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 PA[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, δλ to account for any offset between our wavemeter and the NIST

resonances (see Tab. 2.7).
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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), PAl[K] = (48.6 ± 2.8)cm/cm3,

and δλ = (1± 43)× 10−3nm. 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

PA(Γrf ) =
R

R + ΓA + Γrf
(4.106)

where R is the optical pumping rate, Γrf is the EPR RF depolarization rate, and ΓA

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

as

1

PA
=

1

P0

+
Γrf
R

(4.107)

where

P0 =
R

R + ΓA
(4.108)

Γrf ∝ B2
rf ∝ I2 (4.109)

here, Brf is the magnetic field of the RF and I is the current in the EPR RF coils.

Finally, we write

1

PA
=

1

P0

+mI2 (4.110)

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

We extrapolate to P0, the alkali polarization corresponding to Γrf = 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 39K, the most abundant isotope

present, and 1 each for 41K and 87Rb. However, whereas the potassium peaks corre-

spond to single transitions (or the twin transition for the higher field 39K peak), the

87Rb peak contains all the transitions of that isotope. The field separation between

zeeman sublevels (see Eq. 3.85) is much smaller for rubidium because νRbhfs � νKhfs

(see Tab. 3.1).

To extrapolate to P0, 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 39K 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 I2 (here, I refers to the current of the EPR RF coil) and fit

to Eq. 4.110; we refer to these plots as P0 plots.

Fig. 4.7 shows two P0 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 P0 being attained with more

laser power (99±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, R. 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 39K

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)× 1014cm/cm3.
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1
P = (1.4 ± 0.2)× 10−6I2 + 1

0.95±0.01

1
P = (1.3 ± 0.3)× 10−7I2 + 1

0.99±0.01

2 Comets

1 Comet

Figure 4.7: P0 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),

ci = α(di + d) (4.111)

where ci is the calibration constant for measurement i, di is the distance from the

front of the camera to the plane of the measurement, α 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 ci are fit to a

line, which yields values for d and α. Finally, a value for cy, 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] = (7.45±0.52)×1014cm−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 fRb, 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

fRb =
D0(T )

D0(T ) +D(T )
(4.112)

where D0 is the ratio of densities given by pure vapor pressure curves. Because

fRb + fK = 1,

fK =
D(T )

D0(T ) +D(T )
(4.113)

Using Eq. 2.99, this gives

[K]pure =
[K]farrot
fK

(4.114)

=

(
1 +

D0(T )

D(T )

)
[K]farrot (4.115)

This equation is transcendental for (T) and must be solved numerically. When this
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is done, we find [K]pure = (8.00 ± 0.56) × 1014cm−3 corresponding to a temperature

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

CAMERA

ADJUSTABLE RULER

PROBE LASER

OVEN

½” TAPE

d

d2

d3

TARGET CELL

d1

dy

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 fRb and fK 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 setpc Dfr Dpb

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, Dpb, 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 3He 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 3He 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:

Ṗ = γsePA − (γse + Γ)P, (5.1)
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where P is the 3He polarization, PA is the polarization of the alkali vapor, γse is the

rate at which the 3He is polarized due to spin exchange, and Γ is the spin-relaxation

rate of the 3He due to all other processes. The solution to Eq. 5.1 is given by

P (t) = P0e
−(γse+Γ)t + PA

γse
γse + Γ

(1− e−(γse+Γ)t) (5.2)

where P0 is the 3He polarization at t = 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

Ṗpc = γ(PA − Ppc)− ΓpcPpc − dpc(Ppc − Ptc) (5.3)

Ṗtc = −ΓtcPtc + dtc(Ppc − Ptc) (5.4)

where dpc (dtc) is the diffusion rate out of the pumping (target) chamber [65]. The

diffusion rates are related by fpcdpc = ftcdtc where fpc(ftc) is the fraction of atoms in

the pc(tc) and fpc + ftc = 1. Using the ideal gas law, PV = NkBT and assuming the

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

fpc
Tpc
Vpc

= ftc
Ttc
Vtc

, (5.5)
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which can be rewritten as

fpc =
Vpc/Vtc

Vpc/Vtc + Tpc/Ttc
(5.6)

It is convenient to write the rate equations as

Ṗpc = aPpc + bPtc +B (5.7)

Ṗtc = cPpc + dPtc (5.8)

where

a = −(γse + Γpc + dpc) (5.9)

b = dpc (5.10)

c = dtc (5.11)

d = −(Γtc + dtc) (5.12)

B = γsePA (5.13)

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

Ṗpc = aPpc + bPtc +B (5.14)

P̈pc = aṖpc + bṖtc + Ḃ (5.15)

P̈pc = aṖpc + b(cPpc + dPtc) (5.16)

We can eliminate Ptc by solving Eq. 5.14 for Ptc:

bPtc = Ṗpc − aPpc −B (5.17)

This gives

P̈pc = aṖpc + bcPpc + dṖpc − adPpc −Bd (5.18)
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Finally,

P̈pc − (a+ d)Ṗpc − (bc− ad)Ppc = −Bd (5.19)

The solution to Eq. 5.19 is given by

Ppc(t) = P g
pc(t) + P p

pc(t) (5.20)

where P g
pc(t) is the general solution and P p

pc(t) is the particular solution. The general

solution is found by solving

P̈pc − (a+ d)Ṗpc − (bc− ad)Ppc = 0. (5.21)

The general solution is

P g
pc(t) = c+

pce
λ+t + c−pce

λ−t (5.22)

where the eigenvalues, λ± are given by

λ± =
1

2

[
(a+ d)±

√
(a+ d)2 + 4(bc− ad)

]
(5.23)

=
1

2
(a+ d)

[
1±

√
1 +

4(bc− ad)

(a+ d)2

]
. (5.24)

These eigenvalues correspond to physical rates according to the following relationship

Γs = −λ− (5.25)

Γf = −λ+ (5.26)

where s refers to slow and f refers to fast.

The particular solution is easy to guess:

P p
pc(t) =

Bd

bc− ad (5.27)
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The solution to Eq. 5.19 is therefore

Ppc(t) = c+
pce
−Γf t + c−pce

Γst +
Bd

bc− ad (5.28)

This can be simplified by defining some constraints

Ppc(t =∞) = P∞pc (5.29)

Ppc(t = 0) = P 0
pc (5.30)

Eq. 5.30 is the particular solution,

P∞pc =
Bd

bc− ad (5.31)

Eq. 5.30 gives

Cpc ≡ c+
pc = P 0

pc − P∞pc − c−pc (5.32)

Finally,

Ppc(t) = Cpce
−Γf t + (P 0

pc − P∞pc − Cpc)e−Γst + P∞pc (5.33)

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

Γs and Γf ),

Ptc(t) = Ctce
−Γf t + (P 0

tc − P∞tc − Ctc)e−Γst + P∞tc (5.34)

where

P∞tc = − Bc

bc− ad = − c
d
P∞pc (5.35)

Finally, Cpc can be obtained by using Eq. 5.33 to solve Eq. 5.14 at t = 0

Cpc + (P 0
pc − P∞pc − Cpc) + P∞pc = aP 0

pc + bP 0
tc +B (5.36)
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Cpc =
Γs(P

∞
pc − P 0

pc)− aP 0
pc − bP 0

tc −B
Γf − Γs

(5.37)

Similary,

Ctc =
Γs(P

∞
tc − P 0

tc)− cP 0
pc − dP 0

tc

Γf − Γs
(5.38)

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

Γs = 〈γse〉+ 〈Γ〉 − δΓ (5.39)

where 〈γse〉 = fpcγse is the spin-exchange rate averaged throughout the double-

chambered cell (since the spin exchange rate is zero in the target chamber, and γse

in the pumping chamber), and 〈Γ〉 = fpcΓpc + ftcΓtc is the spin-relaxation rate av-

eraged throughout the cell. Comparing Eq. 5.39 with Eq. 5.2, we see that δΓ is the

difference between Γs and the rate (γse + Γ) that governs the time evolution of a

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

δΓ =
dpc + dtc

2

[√
1− 2uδf + u2 − 1 + uδf

]
(5.40)

where δf = fpc − ftc and

u =
γse + Γpc − Γtc

dpc + dtc
. (5.41)

For most of the situations we have considered, the quantity u is fairly small. This is

due to two things. First, the spin-exchange rate γse is usually fairly slow compared

to the sum of the two diffusion rates dpc and dtc. Also, the spin-relaxation rates in

the pumping and target chambers, Γpc and Γtc, 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 Γtc is larger than Γpc. It is thus reasonable to expand δΓ
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in terms of u finding that

δΓ ≈ fpcftc(dpc + dtc)u
2 . (5.42)

We also note that as u → 0, as will be the case if the diffusion rates are extremely

fast, Γs → 〈γse〉+ 〈Γ〉, 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:

Γf − Γs = −(λ+ − λ−) (5.43)

= −(a+ d) (5.44)

= (dpc + dtc)γse + Γpc + Γtc (5.45)

solving for Γf and using the result of Eq. 5.39, we find

Γf = (dpc + dtc) + (γse − 〈γse〉) + (Γpc + Γtc − 〈Γ〉) + δΓ . (5.46)

In the fast-diffusion limit, Γf →∞; 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.
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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 dpc and

dtc, 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 t, 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 t � 1/Γf , we can

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

Ppc(t) = P 0
pc +mpct+

1

2
qpct

2 (5.47)

Ptc(t) = P 0
tc +mtct+

1

2
qtct

2 (5.48)

where

mpc = γsePA + dpc(P
0
tc − P 0

pc)− P 0
pc(γse + Γpc)

mtc = dtc(P
0
pc − P 0

tc)− P 0
tcΓtc

qpc = ΓSΓF (P∞pc − P 0
pc)− (ΓF + ΓS)

[
dpc(P

0
tc − P 0

pc)− P 0
pcΓpc + γse(PA − P 0

pc)
]

qtc = ΓSΓF (P∞tc − P 0
tc)− (ΓF + ΓS)

[
dtc(P

0
pc − P 0

tc)− P 0
tcΓtc

]
(5.49)

If the cell starts with P 0
pc = P 0

tc = 0, then

Ppc(t) = γsePAt−
1

2
γsePA(γse + Γpc + dpc)t

2 (5.50)

Ptc(t) =
1

2
γsePAdtct

2 . (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 Eqs. 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.
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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

mpc = PAγse; measured values for mpc in several target cells are presented in Ta-

ble E in Appendix E. Given sufficient diagnostics, PA is relatively straightforward

to measure (see Ch. 4.4.7). For the data shown in Figs. 5.1,5.2, PA = 0.99(01). Us-

ing this value and the slope of the polarization buildup in the pumping chamber,

we find that γse = (0.25 ± 0.025)hrs−1. With this number in hand, we can fit the

coefficient of the quadratic buildup of polarization in the target chamber, finding

dtc = (0.72 ± 0.10)hrs−1. As will be discussed in the next subsection, a value for

dtc 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 3He 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 dpc and dtc from first principles.

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

Ṗpc = −dpc(Ppc − Ptc) (5.52)

Ṗtc = −dtc(Ppc − Ptc) (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,

J = −D(T )
dC

dz
(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 ) = D0
n0

n

(
T

T0

)m−1

(5.55)

where n is the density of the gas and n0, D0, and T0 are empirically measured. The

flux of atoms traveling in the transfer tube from the target chamber to the pumping

chamber is given by [6]

Jtt = J+ − 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]

C± = n
1± P

2
(5.57)

where P is the polarization. Combining the above equations and simplifying,

Jtt = −D0n0

(
T (z)

T0

)m−1
dP

dz
(5.58)

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

above differential equation,

Jtt = −D0n0
2−m
Tm−1

0

Tpc − Ttc
T 2−m
pc − T 2−m

tc

Ppc − Ptc
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

dpc =
Att
VpcLtt

D0
n0

npc

2−m
Tm−1

0

Tpc − Ttc
T 2−m
pc − T 2−m

tc

(5.60)

dtc =
Att
VtcLtt

D0
n0

ntc

2−m
Tm−1

0

Tpc − Ttc
T 2−m
pc − T 2−m

tc

(5.61)

where Att and Ltt are the cross-sectional area and length of the transfer tube. Values

for D0, T0, n0, and m are given by [66, 67]:

D0 = 2.789 cm2/s (5.62)

T0 = 353.14 K (5.63)

n0 = 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,

dtc = 0.80 hrs−1 · Att
0.5 cm2

· 6 cm

Ltt
· 90 cm3

Vtc
· 10 amg

ntc
· Υ

4/3
(5.66)

where

Υ(Tpc, Ttc) =
2−m

273.15m−1

Tpc − Ttc
T 2−m
pc − T 2−m

tc

(5.67)

Putting in the dimensions for Brady which are Att = 0.667cm2, Ltt = 9.07cm,

Vtc = 74.6cm3, ntc = 10.5 amg, and Υ = 1.34 (with Ttc = 24C and Tpc = 270C),

we find, for the conditions shown in Fig. 2, that dtc = 0.82hrs−1, 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∞pc and P∞tc

determined earlier, we find that their ratio is given by

P∞tc
P∞pc

= − c
d

=
1

1 + Γtc/dtc
. (5.68)

We define the polarization gradient as

∆ ≡ 1− P∞tc
P∞pc

=
1

1 + dtc/Γtc
(5.69)

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 Γtc is of the

same order as Γpc (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 Γtc = 1/30 hrs−1, a relaxation rate fairly typical for a target cell, and dtc =

0.80 hrs−1, we would thus have

∆ = 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 Γtc =

Γ0
tc+Γbeam, where Γ0

tc is the relaxation rate without beam depolarization. For example,

with a target cell typical of those used recently at JLab and a beam current of

10µA, we would have a beam-induced relaxation rate of ≈1/40hrs−1 resulting in a

polarization gradient

∆ = 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 10µA of beam current, we had 100µA, the same cell that previously

yielded ∆ ≈ 0.07 would have a gradient ∆ ≈ 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

〈Γ〉 = fpcΓpc + ftcΓtc, (5.72)

where fpc is the fraction of atoms in the pumping chamber (see Eq. 5.6) and Γpc

and Γtc are the total 3He relaxation rates in the pumping and target chambers. The

volume-averaged spin-exchange rate is

〈γse〉 = fpcγpc + ftcγtc (5.73)

= fpcγpc (5.74)

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

We typically measure the room-temperature relaxation rate (the inverse, 1/Γ 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 3He polarization (see Fig. 5.4). Provided the lifetime

of the cell is much longer than the diffusion time scale, the 3He polarization evolution
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Figure 5.3: NMR Loss Measurement for Target Cell Brady. These data have a loss of α = 0.0101

in the absence of optical pumping is given by

P (t) = P0e
−t/τraw (5.75)

where τ raw is the raw lifetime of the cell. For the data shown in Fig. 5.4, τ raw =

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

V cor
i =

V raw
i

(1− α)i
(5.76)

where V cor
i is the loss-corrected NMR amplitude for measurement i, V raw

i is the ith

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

NMR losses, the data shown in Fig 5.4 has a corrected lifetime of τ cor = 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, τ raw
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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, τ cor:

1/τ raw = 1/τ cor + 1/τ loss (5.77)

For the data in Fig. 5.4, τ loss ≈ 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 fpc 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, Γdipolar, has a density



Chapter 5. Hybrid Results 124

dependance (see Eq. 2.73). Consequently, 〈Γ〉 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:

Γwalltc =
S/Vtc

S/Vpc

Γwallpc (5.78)

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

〈Γdipolar〉 =
1

744hrs−1 · amg

(
fpc[

3He]pc + ftc[
3He]tc

)
(5.79)

where

[3He]pc = fpc[
3He]uniform

Vpc + Vtc
Vpc

(5.80)

[3He]tc = ftc[
3He]uniform

Vpc + Vtc
Vtc

. (5.81)

Here, [3He]uniform is the uniform-temperature density in the cell in amagats. With

these results, we can write

〈Γ〉 = Γwallpc

(
fpc + ftc

S/Vtc

S/Vpc

)
+

[3He]uniform(Vpc + Vtc)

744

(
f 2
pc

Vpc
+
f 2
tc

Vtc

)
(5.82)

If the cell dimensions are well known, Eq. 5.82 can be solved for Γwallpc at a uniform

temperature (the conditions of a spindown). Using knowledge about the temperature

of the cell under operating conditions, this value for Γwallpc can then be used in Eq. 5.82
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to find a value for 〈Γ〉 under operating conditions:

〈Γ〉 =
fpc + ftc

S/Vtc

S/Vpc

fupc + futc
S/Vtc

S/Vpc

(
〈Γu〉 − [3He]u

744

)
+

[3He]u(Vpc + Vtc)

744

(
f 2
pc

Vpc
+
f 2
tc

Vtc

)
(5.83)

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 〈Γ〉 (equivalently 1/τ) by taking the average between

the value given by Eq. 5.83 and 〈Γu〉 (where 〈Γu〉 has been adjusted for 2 hour

intervals). The uncertainty is given by half the difference. A summary of values for

〈Γ〉−1 computed in this fashion can be found in Table 5.1.

5.2 Cell Performance

Electron-scattering experiments using polarized 3He 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 γse is bigger, a direct consequence of

the improvements in laser technology and hybrid spin exchange. These improvements

have led to a dramatic increase in 3He 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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Cell
Lasers T setpc P∞He

Γ−1
s 〈Γ〉−1

PA DpbType I0
◦C hrs hrs

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 3.8 180 0.38 13 25 - 0

Prasch 3F 3.8 180 0.33 13 33 - 0

Edna 3F 2.4 235 0.56(04) 5.71(02) 23.7(1.5) - 3.63(20)

Al
2.5F 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
2.5F 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
1F 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 1.4 235 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)

Sosa

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
2C1F 1.9 180 0.55(03) 8.79(09) 55.2(2.2) 0.97(03) 0
2C1F 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 1C1F 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)

Brady
1C 0.9 235 0.62(03) 4.8(1.1) 26.8(1.6) 0.95(03) 2.36(24)
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 Dpb.
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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 3He (for

a discussion on using line-narrowed lasers for SEOP with both 3He and 129Xe, 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 3He 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 3He 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, γse.

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

PHe
∞ = PRb

∞
γse

γse(1 +X) + Γ
, (5.84)

where PRb is given by Eq. 2.12,

PRb = Plight
R

R + Γ′Rb
(5.85)

here, Γ′Rb is the effective rubidium relaxation rate (see Eq. 2.89), R is the optical

pumping rate, Plight is the circular polarization of the pump laser, Γ is the room-

temperature relaxation rate of the cell, X is the X factor of the cell, and γse is the

spin-exchange rate, given by Eq. 2.87,

γse = kRb−Hese [Rb]

(
1 +D

kA−Hese

kRb−Hese

)
. (5.86)
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In the above equation, kse 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/γse = 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

Φ(z)

∂Φ(z)

∂z
= − (1− PRb(z))σ(ν)[Rb]. (5.87)

In this equation, which describes the attenuation of the laser light, Φ is the photon

flux, z is the depth into the cell, PRb is the Rb polarization at that depth, and σ 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) =

∫
Φ(ν, ~r, z)σ(ν)dν. (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− PRb(z))σ(ν)[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 3He 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∞He 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 3He 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∞He = 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∞He = 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, σ, 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 P∞He

as a function of inferred maximum optical-pumping rate. This plot clearly illustrates

the tremendous improvements in P∞He 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 PHe
∞ 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,

PHe
∞ = PA

γse
γse(1 +X) + Γ

⇒ 1

1 +X
(5.89)

This substantial increase in 3He 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/Γs, 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 3He polarizations when 1/Γs 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/Γs. 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 3He 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/Γs 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 Γs → 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-3He 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 PHe
∞ 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 γse �

〈Γ〉) and with sufficiently high laser power (such that PA ≈ 1), 3He 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, 3He

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 (dtc → ∞), this additional

relaxation mechanism limits the maximum achievable 3He polarization to

PHe
∞ = PA

∞
〈γse〉

〈γse〉(1 +X) + 〈Γ〉 . (5.90)

In the high spin-exchange rate limit, 〈γse〉 � 〈Γ〉, Eq. 5.90 becomes

P∞He = PA
∞

1

1 +X
, (5.91)

which can be written as

Xmax =
PA
∞

PHe
∞
− 1 (5.92)

where we’ve introduced Xmax, 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 PHe.

5.3.1 Measuring X

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

write Eqn. 5.90 as

PHe
∞ = PA

∞
〈γse〉
Γs

(5.93)

where we approximate Γs (see Eq. 5.39) as

Γs = 〈γse〉(1 +X) + 〈Γ〉. (5.94)

Under this approximation, we assume δΓ ≈ 0, which is true under typical operating

conditions.

The first and simplest method for measuring X, which we label as X1, requires

measurements of PA, PHe
∞ , Γ, and Γs (although a limit can be established if PA is

unknown). We write Eq. 5.94 as

〈γse〉 =
Γs − 〈Γ〉
1 +X

(5.95)

and evalue Eq. 5.93 using this result. We then solve for X1:

X1 =
PA
∞

PHe
∞

(
1− 〈Γ〉

Γs

)
− 1 (5.96)

We note that if a measurement of PA is not available, an upper limit on X1 can be

made by setting PA = 1:

X1 ≤
1

PHe
∞

(
1− 〈Γ〉

Γs

)
− 1 (5.97)

The second method, which we label X2 requires measurements of Γ, Γs, [Rb], and
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D. We write Eq. 5.94 as

X =
Γs − 〈Γ〉
〈γse〉

− 1 (5.98)

where 〈γse〉 is evaluated using Eq. 2.87 and Eq. 5.74

〈γse〉 = fpck
Rb−He
se [Rb]

(
1 +D

kA−Hese

kRb−Hese

)
(5.99)

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

X2 =
Γs − 〈Γ〉

fpckRb−Hese [Rb]
(

1 +D kA−Hese

kRb−Hese

) − 1 (5.100)

The third method, which gives X3, is very similar to the second method and

requires measurements of PA, Γ, Γs, and mpc. We start with Eq. 5.98, but evaluate

γse using Eq. 5.50 and Eq. 5.74:

〈γse〉 = fpcmpcP
∞
A (5.101)

This gives

X3 = PA
Γs − 〈Γ〉
fpcmpc

(5.102)

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

X3 ≤
Γs − 〈Γ〉
fpcmpc

(5.103)

The fourth method, which gives X4, requires measurements of PA, PHe
∞ , Γ, and

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

X =
PA
∞

PHe
∞
− 〈Γ〉〈γse〉

− 1 (5.104)
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Making use of Eq. 5.101,

X4 =
PA
∞

PHe
∞
− PA

∞〈Γ〉
fpcmpc

− 1 (5.105)

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

X4 ≤
1

PHe
∞
− 〈Γ〉
fpcmpc

− 1 (5.106)

5.3.2 Comparison Between Faraday-Rotation and Diffusion-

Spinup Slopes

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

possible to extract an independant value for mpc from Faraday Rotation data using

mpc = PAγse (5.107)

= PA[K]kKse

(
1 +

kRbse
kKse

1

D

)
(5.108)

=
PA[K]l

l
kKse

(
1 +

kRbse
kKse

1

D

)
(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 PA[K]l is a fit parameter in Eq. 4.105, as described in Ch. 4.4.6; con-

sequently, a value for mpc can be attained without measuring the alkali polarization.

Values and uncertainties for the spin-exchange rate constants, kRb−Hese and kK−Hese can

be found in Appendix A.

In Fig. 5.11, the ratio of the two slopes, mfarrot
pc /mspinup

tc 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 χ2/degree-of-freedom = 1. To rescale the

errors on the ratio, the errors on PA[K]l and l were increased. The error on mspinup
pc

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 mpc as Extracted from Faraday Rotation and Diffusion Spinups. The errors
on PA[K]l and l were rescaled to give χ2 = 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 3He polarizations in large target cells. However, an interesting
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Cell Lasers T set
pc X1 X2 X3 X4 Xavg χ2

red

Sosa

2C1F 160 0.22(07) 0.23(29) 0.48(17) 0.11(12) 0.23(06) 1.05
2C1F 170 0.26(07) - - - - -
2C1F 180 0.49(09) 0.32(28) 0.76(20) 0.44(11) 0.49(06) 0.80
2C1F 190 - - - - - -
2C1F 200 1.86(59) 1.14(1.04) 2.19(73) 1.83(58) 1.84(34) 0.23

Alex 2C1F 235 0.37(08) 0.46(33) 0.85(21) 0.27(11) 0.38(06) 2.0
Stephanie 3C 235 0.22(07) 0.40(46) - - - -

Brady
3C 235 0.14(07) 0.32(38) 0.11(13) 0.14(09) 0.14(05) 0.09
2C 235 0.17(08) - - - - -
1C 235 0.27(10) - - - - -

Moss 1C1F 235 0.19(12) - - - - -
Tigger 1C1F 235 0.10(13) - - - - -

Samantha 3C 235 0.07(07) 0.46(18) - - - -
Maureen 3C 235 0.13(12) - - - - -

Astral Weeks 2C1F 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 Xavg, a weighted mean was taken assuming uncorrelated errors.
χ2
red is the reduced χ2 (χ2 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/〈Γ〉, for example). The error in X due to an uncertainty in an

input parameter, y, can be written as

δXy =
dX

dy
δy (5.110)

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

δXy

X
=

dX
dy
δy

X
(5.111)
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1/〈Γ〉 1/Γs PA
∞ PHe

∞ fpc mpc [Rb] D kRb−Hese kK−Hese

X1 2.01 -2.01 8.21 -8.21 - - - - - -
X2 1.00 -5.10 - - -4.10 - -4.10 -2.72 -1.37 -2.72
X3 2.41 -12.2 9.83 - -9.83 -2.17 - - - -
X4 1.89 - 7.90 -9.79 1.89 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

δXy

X
=

dX
dy

X

δy

y
y (5.112)

This can be written as

δXy

X
= a

δy

y
(5.113)

where

a ≡ dX

dy

y

X
(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 fpc (slope of 1.89); however, X3

is very sensitive to relative uncertainties in fpc (slope of -9.83). This means that a

10% uncertainty in fpc would result in a roughly 100% uncertainty in X4.

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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Target Cell
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While polarized 3He 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 2µA 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 15µA. In these cases the polarization gradient was

more like 5 − 8%. Future experiments anticipate using electron beam currents of

60–80µA [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 − 80µA. 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 3He 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.

Transfer Tubes (TT)

3.5”

1.2 cm

5.75”

40 cm

0.75”

2.0”

1 2 3 4

h

NMR Pickup Coils

Zapper
Coil

Convection
Heater

Pumping
Chamber

(PC)

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 3He nuclei. This was accomplished by sending the RF to a small coil

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) = vmax(1 − r2/R2), 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

v(T ) = α×
(

1

Tcold
− 1

T

)
(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 Tcold = 24.5(3)◦C and α = 7.82(04) ×

104K·cm/min. An RTD placed on the cold transfer tube read Tcold = 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



Chapter 6. Towards A Next Generation Target Cell 151

Time (Hours)

P
T

C
/P

P
C

 

 

2 4 6 8 10 12 14 16 18
0.5

0.6

0.7

0.8

0.9

1

Undriven (215/24)
Driven (215/50)
Driven (215/100)

0.99

0.82

0.97

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 = Fretarding . (6.2)

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

∆P2πrdr = −2πηl
d

dr

(
r
dv

dr

)
dr , (6.3)
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where ∆P is the pressure differential, η is the viscosity of the fluid and l 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

v(r) =
1

4

∆P (r2 −R2)

ηl
(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 3He

can be calculated from the 4He viscosity, using [71].

ηHe3 =

√
mHe3

mHe4

ηHe4 (6.5)

= 0.8681 ηHe4 (6.6)

We parameterize the 4He viscosity in the range of 0− 300◦C using Kestin et al. [72]

ηHe4 = A+B × T + C × T 2 (6.7)

where T has units of ◦C and

A = 18.82(2) µPa · s (6.8)

B = 0.0456(2) µPa · s/◦C (6.9)

C = −13.8(6)pPa · s/(◦C)2 (6.10)

At 20◦C, ηHe3 = 17.12µPa·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

Re =
2Rρv

η
, (6.11)

where ρ 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 3He at 20◦C (ρ ≈ 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

∆ρgh2πrdr = −2π
5∑
i

ηili
d

dri

(
ri
dvi
dri

)
dri (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: T1 = T4, T2, and T3 = T5 and 3 radii: R1 = R2 = R3, R4, and R5).

The density of the gas and its viscosity are temperature dependant. The continuity

equation, ρjAjvj = ρiAivi and some distance rescaling provide further simplification,

vi =
ρ1R

2
1

ρiR2
i

v1 (6.13)

ri =
Ri

R1

r1 (6.14)

d

dri
=

R1

Ri

d

dri
(6.15)
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Since vi and ri have been expressed interms of v1 and r1, we’ll drop their subscripts.

h
531 42

Figure 6.5: Convection Cell Cylindrical Approximation

The solution to Eq. 6.12 is

v(r) =
1

4

∆ρghr2

η1

(
l1 + l4

R2
1

R2
4

)
+ η2l2

ρ1R2
1

ρ2R2
2

+ η3
ρ1
ρ3

(
l3
R2

1

R3
3

+ l5
R2

1

R2
5

) + C ln r +D (6.16)

Applying appropriate boundary conditions (v(0) 6=∞ & v(R1) = 0),

v(r) =
1

4

∆ρgh (r2 −R2
1)

η1

(
l1 + l4

R2
1

R2
4

)
+ η2l2

ρ1R2
1

ρ2R2
2

+ η3
ρ1
ρ3

(
l3
R2

1

R3
3

+ l5
R2

1

R2
5

) (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]

Lequivalent =
2RK

f
, (6.18)
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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,

Kexpansion =

(
1− r2

small

r2
large

)2

(6.19)

Kcontraction =
1

2

(
1− r2

small

r2
large

)2

(6.20)

Gas flowing through the transfer tube/target chamber junction has Kcontraction ≈ 0.18,

Kexpansion ≈ 0.35. At v = 60cm/min (Re ≈ 10), this gives a negligibe Lequivalent ≈

0.1cm – gas flowing between the pumping chamber and the transfer tube will have

an even smaller Lequivalent.

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 =
K1

Re

+Ki

(
1 +

Kd

D0.3

)
(6.21)

whereD is the diameter of the pipe (in inches) andK1, Ki, Kd are geometry-dependent

loss coefficients. We approximate our glass bends as flanged, welded bends with

rb/D = 2 (here, rb is the radius of the bend); such bends have K1 = 800, Ki =

0.056, Kd = 3.9. For lamiar flow, the 3-K method gives

Lequivalent =
2R

64

[
K1 +ReKi

(
1 +

Kd

D0.3

)]
(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 Lequivalent 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 ∆ρ in terms of T, we get

v(r) =
m3HePgh (r2 −R2

1) /4kB

(
1

Tcoldtt
− 1

Thottt

)
η1

(
l′1 + l4

R2
1

R2
4

)
+ η2l′2

ρ1R2
1

ρ2R2
2

+ η3
T3
T1

(
l3
R2

1

R3
3

+ l5
R2

1

R2
5

) (6.23)

where

l′1 = l1 + 5× 2R1

64

[
K1 +Re1Ki

(
1 +

Kd

D0.3
1

)]
(6.24)

l′2 = l2 +
2R2

64

[
K1 +Re2Ki

(
1 +

Kd

D0.3
2

)]
(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 =
Puniform
Tuniform

(
VI

TIVtotal
+

VII
TIIVtotal

+
VIII

TIIIVtotal

)−1

(6.26)

This pressure varies less than 0.5% over the temperature range we studied.

Table 6.1 lists values for R and l. 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.

R1 R2 R3 R4 R5 h l1 l2 l3 l4 l5

.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

z(r, t)front = vmax

(
1− r2

R2

)
t (6.27)

z(r, t)back = z(r, t)front −Z (6.28)

where Z is the length of the zapper coil. The volume between these two surfaces is

conserved and is given by

V =
πR2

vmaxt

(∫ vmaxt

0

zdz −
∫ vmaxt

0

(z −Z)dz

)
(6.29)

= πR2Z (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 t = Z0/vmax,

where Z0 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 ≤ Z0/vmax as region ‘a’ (see

Fig. 6.6.a). When Z0/vmax ≤ t ≤ (Z0 + Z)/vmax, the volume of gas inside of the

pickup coil is

Vb =
πR2

vmaxt

(∫ vmaxt−Z0

0

zdz

)
(6.31)

=
1

2
πR2vmaxt

(
1− Z0

vmaxt

)
(6.32)

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 (Z0 +Z)/vmax ≤ t ≤ (Z0 +δ)/vmax, where δ is the length of the pickup

coil. In region ‘c,’ the volume of gas inside of the pickup coil is

Vc =
πR2

vmaxt

(∫ vmaxt−Z0

0

zdz −
∫ vmaxt−Z0−Z

0

zdz

)
(6.33)

=
1

2
πR2Z

(
2− 2Z0

vmaxt
− Z
vmaxt

)
(6.34)

The next region, region ‘d’ (see Fig. 6.6.d), is defined for (Z0 + δ)/vmax ≤ t ≤

(Z0 + δ + Z)/vmax has a volume of

Vd =
πR2

vmaxt

(∫ vmaxt−Z0

vmaxt−Z0−δ
zdz −

∫ vmaxt−Z0−Z

0

zdz

)
(6.35)

=
1

2
πR2vmaxt

[(
1− Z0

vmaxt

)2

−
(

1− Z0 + δ

vmaxt

)2

−
(

1− Z0 + Z
vmaxt

)2
]
(6.36)

The signal in the pickup coil reaches its maximum value in region ‘d’ at time

tmax =
Z0

vmax

√
1 +

2(Z + δ)

Z0

+
δ2 + Z2

Z2
0

(6.37)

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 ≤ (Z0 + δ + Z)/vmax ≤ t and has a volume of

Ve =
πR2

vmaxt

(∫ vmaxt−Z0

vmaxt−Z0−δ
zdz −

∫ vmaxt−Z0

vmaxt−Z0−δ
(z −Z)dz

)
(6.38)

=
1

2
πR2vmaxt (2Zδ) (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 vmax = 20cm/min,

Z0 = 11.6cm, Z = 1.6cm, δ = 3cm, and ∆ = 10cm, we find maxima at t = 0.795min

and t = 1.301min. This gives a velocity of 19.8 cm/min, which agrees with vmax at

the 1% level.

To better understand this, we rewrite Eq. 6.37 as

t =
Z0 + δ + Z

vmax

√
1− 2δZ

(Z0 + δ + Z)2
(6.40)
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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 2δZ/(Z0 + δ + Z)2 � 1, we can approximate Eq. 6.40 to first order using

a Taylor expansion

t ≈ 1

vmax

(
Z0 + δ + Z − δZ

(Z0 + δ + Z)

)
(6.41)

The time interval between two coils a distance ∆ apart is therefore

∆t ≈ ∆

vmax
(1 +G) (6.42)

where

G =
δZ

(Z0 + δ + Z)(Z0 + ∆ + δ + Z)
(6.43)

Under typical operating conditions, G ≈ 0, which implies

vmax ≈
∆

∆t
(6.44)

This implies that the velocites measured in Ch. 6.1.1 are maximum velocities.

6.2.5 Comparison between Theory and Experiment

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

vmax =
A
(

1
Tcoldtt

− 1
Thottt

)
1 + β(T )

(6.45)
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where

vmax = v(r = 0) (6.46)

A =
mPghR2

4kB
γ (6.47)

β(T ) =
(
β1∆T + β2(∆T )2 + β3(∆T )3

)
γ (6.48)

γ =
1

η1(l′1 + l4
R2

1

R2
4

+ l′2
R2

1

R2
2
) + η3

T3
T1

(l3
R2

1

R2
3

+ l5
R2

1

R2
5
)

(6.49)

∆T = T2 − T1 (6.50)

β1 = l′2
R2

1

R2
2

[
η1

T1

+ 0.8681 (B + 2C(T1 − 273))

]
(6.51)

β2 = 0.8681l′2
R2

1

R2
2

[
B + 2C(T1 − 273)

T1

+ C

]
(6.52)

β3 = 0.8681l′2
R2

1

R2
2

[
C

T1

]
(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 α.

Evaluating the above equations in terms of our best guesses for cell dimensions

and temperatures, with Tcold = 24.5◦C gives A = 9.14 × 104K·cm/min, β1 = 1.03 ×

10−3,β2 = 1.26 × 10−6, and β3 = −4.26 × 10−10. When data generated using this

formalism are fit to Eq. 6.1, we find α = 7.96(03) × 104K·cm/min and Tcold =

22.0(2)◦C. These values are surprisingly close to the measured values (α = 7.82(04)×

104K·cm/min and Tcold = 24.5(3)◦C).

If this simulated data is instead fit to a formalism that is first order in ∆T ,

vmax =
A
(

1
Tcoldtt

− 1
Thottt

)
1 + β1∆T

, (6.54)

we find A = 9.18(01)× 104K·cm/min, Tcold = 24.6(01), and β1 = 1.15(004)× 10−3, 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)×104K·cm/min, Tcold = 24.3(8),
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and β1 = −0.2(2) × 10−3. In this case, we note that the fit appears to be worse

(including a non-physical negative value for β1). We suspect this is because the error

intrinsic to our measurements is greater in size than the effect of β1.
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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 3He polarizations in large, two-

chambered target cells. Moreover, the time scale characterizing 3He 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 3He 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 3He polarization,

which should be above 80% for some of the cells studied in this thesis.

Although considerable gains have been made in the current 3He 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:

Aabse = v̄
√
σaseσ

b
se =

[
1 MHz

1015/cm3

]√[
σase

100Å2

] [
σbse

100Å2

] [
10 g/mol

Ma

+
10 g/mol

Mb

]
(A.1)

where σse is the alkali-alkali spin exchange cross section and v̄ is the relative mean

thermal velocity of the alkali-alkali pair, and Ma & Mb 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/
√
T temperature dependence.
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〈σse〉 err. 〈σexp〉 exp. err. 〈σA/σRb〉th std. dev. (5)

Na 100.7 0.5 100.7 0.5 (2) 0.568 0.104
K 158.3 6.3 171.2 21.8 (2) 0.906 0.019
Rb 173.5 6.6 173.5 6.6 (5) - -
Cs 186.2 8.0 183.3 9.7 (3) 1.108 0.062

Å2 Å2 Å2 Å2

Table A.1: Alkali-Alkali Spin Exchange Cross Section in Å2 at T = 200 oC = 473.15 K. 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:

Aabsd = v̄
√
σasdσ

b
sd =

[
1 kHz

1015/cm3

]√[
σase

0.1Å2

] [
σbse

0.1Å2

] [
10 g/mol

Ma

+
10 g/mol

Mb

]
(A.2)

where σse is the alkali-alkali spin exchange cross section and v̄ is the relative mean

thermal velocity of the alkali-alkali pair, and Ma & Mb 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/
√
T temperature dependence.

The observed alkali-alkali spin destruction rate is written as [13]

kobs = ksd/s = ka +

(
k0
b

1 +B/BD

)(
[A]

1015 cm−3

)n
(A.3)

where ka is the magnetic field independent part due to binary collisions, kb is the field

dependent part that is due to singlet and triplet alkali dimers, BD is the magnetic

decoupling width, n is a small next to leading order alkali power dependence, and [A]

is the alkali number density.



Appendix A. Spin-Exchange & Spin Destruction Rate Constants 171

ka k0b BD n [A]max 〈kb〉 s s (ka + 〈kb〉) 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]

cm3/s cm3/s gauss 1015 cm−3 cm3/s cm3/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

σsd = ksd/v̄ = s(ka + kb)/v̄ (A.4)

where s is the nuclear slowing down factor and v̄ is the mean relative velocity:

v̄ =

√
8RT

π

(
1

Ma

+
1

Mb

)
(A.5)

where R = 8.314472 J/mol/K is the ideal gas constant, T is the temperature in

Kelvin, and Ma,(b) are the molecular weights in kg/mol. For kb values from [13], we

average over [A] and multiply by k0
B to get an effective kb:

〈kb〉 = k0
b

([A]max/1015 cm−3)
n

1 + n
(A.6)

A.2 Alkali-Buffer Gas Collisions

A.2.1 Spin Exchange with He-3 Nuclei

The 3He polarization evolution is given as:

PHe(t) = PAkse[A]τ (1− exp(−t/τ)) (A.7)
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Å
2

Å
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where PA is the volume average alkali polarization, kse is the spin exchange rate

constant, [A] is the alkali number density, and τ−1 is the total 3He relaxation rate.

These are related to the isotropic spin exchange kiso and anisotropic spin exchange

kani rate constants as:

kse = kiso − kani/2 (A.8)

1/τ = 1/τ0 + kse[A](1 +X) (A.9)

where 1/τ0 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:

Xani =
3kani/(2kiso)

1− kani/(2kiso)
(A.10)

When the laser is turned off, the alkali polarization reaches approaches a new equi-

librium due to spin exchange with 3He given by:

PA(t) = PHe(t)kse[
3He]τA/s (1− exp(−t/τA)) (A.11)

where [3He] is the 3He number density, τ−1
A is the observed A relaxation rate, and s

is the nuclear slowing down factor. The rate constants can be obtained by:

krate =
P∞He

PA[A]τ
=

(dPHe/dt|t=0)

PA[A]
= kse (A.12)

krepol =
sP∞A

PHe[3He]τA

=

√
s (dPA/dt|t=0)

[3He][A]PAτA

= kse (A.13)

krelax =
1− τ/τ0

[A]τ
= 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〉 rel. err. 〈kexp〉 rel. err. 〈kth〉 std. dev.

Na 4.74 5.86 1.27 0.1 6.10 0.10 3.76 0.13
K 5.15 5.39 1.38 0.031 5.04 0.033 6.27 0.08
Rb 6.74 4.12 1.81 0.025 6.74 0.025
Cs 11.1 2.51 2.97 0.1 13.6 0.10 9.18 0.12

10−20 cm3/s hrs·1015/cm3 Hz/amg 10−20 cm3/s 10−20 cm3/s

Table A.5: Alkali-3He 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.

〈
kA

iso/k
Rb
iso

〉
σ̄iso×108 kiso×1020 kiso×1020 kani/kiso Xani kiso×1020

Na 0.56 1.2 21 2.3 0.100 0.158 6.7
K 0.93 2.1 35 4.9 0.037 0.057 9.0
Rb 2.1 35 5.6 0.030 0.046 10
Cs 1.36 2.7 44 8.1 0.017 0.026

Å2 cm3/s cm3/s cm3/s

[82] (100 oC) [83] (190 oC) [11] (200 oC)

Table A.6: Alkali-3He Spin Exchange Rate Constant Parameters from Theory. The rate constants
from [11] were scaled to 473.15 K by T 1.275 using a parameterization of the temperature dependence
based on their calculations.

kse err. ref. method

Na 6.1 0.6 [79] repolarization
K 5.5 0.2 [49] rate/repolarization
K 6.1 0.4 [36] superseded by [49]
K 4.0 0.3 [84] relaxation
Rb 6.5 0.4 [84] relaxation
Rb 6.8 0.2 [64] rate/repolarization
Rb 6.7 0.6 [35] repolarization
Rb 6.1 0.2 [10] relaxation
Rb 12.0 2.0 [17] relaxation
Cs 13.6 1.3 [84] relaxation

10−20 cm3/s

Table A.7: Measurements of Alkali-3He 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 3He 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 3He 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 kse while the last method measures kse(1 + X). For this
reason, older relaxation method measurements are not included in the final average.
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k473 err. quantity value temp. notes

Na 0.15 0.05
0.23 0.13 kse + ksd (8± 1)× 10−20 cm3/s 600 [79]
0.11 0.01 kNa

se /k
Rb
se 0.0020± 0.0002 473.15 Tab. A.9

K 4.7 0.3
12 1 ksd/v̄ (8.0± 0.8)× 10−25 cm2 325 for 4He, [85]
3.5 0.3 ksd (8.9± 0.9)× 10−20 cm3/s 423 rescaled from 4He, [86]
4.9 0.5 kKse/k

Rb
se 0.088± 0.009 473.15 Tab. A.9

Rb 55.9 0.9 fit to Tab. A.10

Cs 530 30
490 50 ksd/v̄ (2.43± 0.24)× 10−23 cm2 288 for 4He, [87]
550 50 ksd/v̄ (2.8± 0.3)× 10−23 cm2 290 for 4He, [88]
560 60 kCs

se /k
Rb
se 10± 1 473.15 Tab. A.9

Hz/amg

Table A.8: Alkali-3He Spin Destruction Rate Constant. For measurements made on 4He, 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 T 3.31. 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:

ksd(T ) = k473

(
T

473.15 K

)n
(A.15)

From a fit of world data (Tab. A.10) for Rb-3He 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-N2 collisions has a temperature dependence

given by:

ksd(T ) = k473

(
T

473.15 K

)n
(A.16)
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T σ̄sd ksd (at 473.15) kA
sd/k

Rb
sd

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 10−10 Å2 Hz/amg

Table A.9: Theoretical Estimate for Spin Destruction in A-3He 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 T 3.31.

T ksd quantity value notes

305 12.40 ksd/v̄ 3.1E-24 cm2 for 4He, [89]
363 22.80 Γsd + Γse 278 Hz [3He] = 11.3 amg, [90]
378 24.03 ksd + kse 0.96E-18 cm3/s [35]
383 28.02 Γsd + Γse 337 Hz [3He] = 11.3 amg, [90]
383 22.90 ksd + kse 0.92E-18 cm3/s [35]
393 28.81 ksd + kse 1.14E-18 cm3/s [35]
403 33.24 Γsd + Γse 396 Hz [3He] = 11.3 amg, [90]
403 33.06 ksd + kse 1.30E-18 cm3/s [35]
413 36.03 ksd + kse 1.41E-18 cm3/s [35]
418 36.53 ksd + kse 1.43E-18 cm3/s [35]
423 38.47 Γsd + Γse 455 Hz [3He] = 11.3 amg, [90]
423 41.58 ksd + kse 1.61E-18 cm3/s [35]
428 40.15 ksd + kse 1.56E-18 cm3/s [35]
433 43.61 ksd + kse 1.69E-18 cm3/s [35]
438 44.99 ksd + kse 1.74E-18 cm3/s [35]
443 48.81 ksd + kse 1.88E-18 cm3/s [35]
520 73.90 ksd/vrms 1.3E-13 cm2 for 4He, [13]

K Hz/amg

Table A.10: Rb-3He 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-N2 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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k473 err. quantity value temp. notes

Na 150? no data, set to K value

K 150 50
200 20 ksd/vrms (7.9± 0.8)× 10−23 cm2 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 ksd/v̄ (5.52± 0.55)× 10−22 cm2 288 [87]
2210 110 ksd/v̄ (6.00± 0.44)× 10−22 cm2 290 [88]

Hz/amg

Table A.11: Alkali-N2 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 T 2. 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 ksd quantity value notes

300 118.06 ksd/v̄ 8.0E-23 cm2 [91]
305 123.41 ksd/v̄ 8.3E-23 cm2 [89]
363 173.08 Γsd 703 Hz [N2] = 4.07 amg, [90]
363 162.31 Γsd 1244 Hz [N2] = 7.68 amg, [90]
383 185.01 Γsd 1418 Hz [N2] = 7.68 amg, [90]
393 196.47 Γsd 798 Hz [N2] = 4.07 amg, [90]
403 203.02 Γsd 1556 Hz [N2] = 7.68 amg, [90]
423 220.60 Γsd 896 Hz [N2] = 4.07 amg, [90]
423 221.94 Γsd 1701 Hz [N2] = 7.68 amg, [90]
463 252.04 ksd (9.38± 0.22)E-18 cm3/s [80]
480 404.90 ksd/vvrms 2.0E-22 cm2 [13]
500 419.50 Γsd/s (21.2± 0.1) Hz pN2

= 760 torr, [78], superseded by [13]
520 526.80 ksd/vvrms 2.5E-22 cm2 [13]

K Hz/amg

Table A.12: Alkali-N2 Spin Destruction Rate Constant. All values have a 10% uncertainty unless
otherwise noted.
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Appendix B

Wigner-Eckart Theorem

Fig. (B.1) shows the six nonvanishing matrix elements in Eqn.( 4.56). The Wigner-

m = -1/2 m = +1/2

m = +1/2

m = +1/2

m = -1/2

m = -1/2 m = +3/2m = -3/2

D
1

D
2

S1/2

P1/2

P3/2

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,

〈nfjfmf |T qk |nijimi〉 = 〈nfjf ||Tk||niji〉
〈jfmf |kq, jimi〉√

2jf + 1
(B.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 qk comes from Re[δα] (see

Eqn.( 4.23) and Eqn.( 4.56)). Since δα = αL − αR, our spherical vector will have the

form

T qk ≈ T−1
1 − T 1

1 . (B.2)

B.1 Clebsch Gordan Coefficients

The notation 〈jfmf |kq, jimi〉 can be somewhat confusing. It can be interpreted as a

system with total angular momentum jf , azimuthal state mf , which is composed of

a linear combination of angular momentum states. One of these constituent states

happens to be the state |kq, jimi〉 or, as I prefer to write it, |kq〉|jimi〉. 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

|3
2

3

2
〉 = |11〉|1

2

1

2
〉. (B.3)

If we apply the angular momentum lowering operator J−,

J−|j,m〉 = ~
√
j(j + 1)−m(m− 1)|j,m− 1〉 (B.4)

~
√

3|3
2

1

2
〉 = ~

√
2|10〉|1

2

1

2
〉+ ~|11〉|1

2
− 1

2
〉 (B.5)

|3
2

1

2
〉 =

√
2

3︸︷︷︸
C1

|10〉|1
2

1

2
〉+

1√
3︸︷︷︸

C2

|11〉|1
2
− 1

2
〉 (B.6)

we get our first set of non-trivial Clebsch Gordon (CG) coefficients. Explicitly,

C1 =

√
2

3
= 〈3

2

1

2
|10,

1

2

1

2
〉. (B.7)
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Next, since states with different j’s are orthogonal (〈3
2

1
2
|1
2

1
2
〉 = 0), we can find the

|1
2

1
2
〉 states.

|1
2

1

2
〉 = A|10〉|1

2

1

2
〉+B|11〉|1

2
− 1

2
〉 (B.8)

〈3
2

1

2
|1
2

1

2
〉 = 0 (B.9)

1√
3
A+

√
2

3
B = (B.10)

A = −
√

2B (B.11)

Second, we’ll normalize the coefficients.

|A|2 + |B|2 = 1 (B.12)

B = ± 1√
3

(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,

|1
2

1

2
〉 = −

√
1

3︸ ︷︷ ︸
C3

|10〉|1
2

1

2
〉+

2√
3︸︷︷︸

C4

|11〉|1
2
− 1

2
〉 (B.14)
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C4 is the C-G coefficient that drives the left circularly polarized (αL) D1 transition.

The six relevant C-G coefficients are

〈1
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1

2
|11,
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2
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2
〉 =

√
2
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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

〈1
2

1

2
|10,

1

2

1

2
〉 = − 1√

3
(B.21)

〈1
2
− 1

2
|10,

1

2
− 1

2
〉 =

1√
3

(B.22)

〈1
2

1

2
|10,

3

2

1

2
〉 = − 1√

3
(B.23)

〈1
2
− 1

2
|10,

3

2
− 1

2
〉 = − 1√

3
(B.24)

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).

Ajf ,ji =
e2

3πε0~c3

ω3
fi

2jf + 1

∑
mf ,mi

|〈jfmf |r|jimi〉|2. (B.25)
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These rates can in turn be related to the quantum mechanical oscillator strength,

fjf ,ji = −2m

3~
ωfi

2jf + 1

∑
mf ,mi

|〈jfmf |r|jimi〉|2 (B.26)

fji,jf =
2m

3~
ωfi

2ji + 1

∑
mf ,mi

|〈jfmf |r|jimi〉|2. (B.27)

(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

f 3
2
≈ 2

3
(B.28)

f 1
2
≈ 1

3
(B.29)

If we apply the Wigner-Eckart theorem to Eqn.( B.27),

fji,jf =
2m

3~
ωfi

(2ji + 1)2
|〈ji||r||jf〉|2

∑
mf ,mi,q

|〈jfmf |1q, jimi〉|2δ(mf = q +mi) (B.30)

where the delta function has been imposed by the dipole selection rules. With the

help of the previously calculated CG coefficients,

f 1
2

=
2m

3~
ωD1

4
|〈S1/2||r||P1/2〉|2

(
2

(
2

3
+

1

3
+

1

2

))
(B.31)

=
mωD1

3~
|〈S1/2||r||P1/2〉|2 (B.32)

f 3
2

=
2m

3~
ωD2

4
|〈S1/2||r||P3/2〉|2

(
2

(
1

6
+

1

3
+

1

2

))
(B.33)

=
mωD2

3~
|〈S1/2||r||P3/2〉|2. (B.34)
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Finally, we can invert to solve for the radial matrix element

|〈S1/2||r||P1/2〉|2 =
~

mωD1

(B.35)

|〈S1/2||r||P3/2〉|2 =
2~

mωD2

(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,

T =

 1 0

0 e−iΓ

 ,

where Γ is the retardance that is accumulated along the slow axis. Explicitly,

Γ = δk(t)l =
2πl

λ
δn. (C.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 θ to the incident light, the following
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rotation is performed,

T ′ = R(−θ)TR(θ) (C.2)

where

R =

 cos θ sin θ

− sin θ cos θ

 .

Figure C.1: Coordinate Rotation

C.1.1 Quarter-Wave Plate

A quarter-wave plate (QWP) has a retardance of 1
4
(2π). 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

T ′ =
1√
2
e−iπ/4

 1 i

i 1

 .
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C.1.2 Half-Wave Plate

A half-wave plate (HWP) has a retardance of 1
2
(2π). When oreinted with its fast axis

at an angle θ to the incident polarization axis, the transformed Jones matrix is

T ′ =

 cos(2φ) sin(2φ)

sin(2φ) − cos(2φ)

 .

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,

(
Ef
x

Ef
y

)
=

(
cos 2φh sin 2φh
sin 2φh − cos 2φh

)(
Ei
x

Ei
y

)
, (C.3)



Appendix C. Optics 190

where φh refers to the angle the fast axis makes with the polarization vector. If the

initial light is rotated at an angle

φi = φr + φmisc, (C.4)

Eqn.( C.3) reads

(
Ef
x

Ef
y

)
= Ei

(
cos 2φh sin 2φh
sin 2φh − cos 2φh

)(
cosφi
sinφi

)
(C.5)

= Ei

(
cos 2φh cosφi + sin 2φh sinφi
sin 2φh cosφi − cos 2φh sinφi

)
(C.6)

= Ei

(
cos (2φh − φi)
sin (2φh − φi)

)
(C.7)

= Ei

(
cos Φ

sin Φ

)
(C.8)

where

Φ = 2φh − φmisc − φr. (C.9)

Eq.Making the substituation φr → Φ, Eq. 4.85 becomes

∆

Σ
=

cos 2Φ

cosh (2βr)
. (C.10)

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 (l) and the amplitude of the

modulation. This modulation is given by the phase difference (Γ) of the orthogonal
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states of polarization

Γ(t) = δk(t)l =
2πl

λ
δn sin(γt). (C.11)

This phase difference is the retardance; a PEM set to π
2

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 γ/2π = 50 kHz and can provide

a retardance over a range of .013(2π) to .65(2π) at 780nm. When used in conjunction

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):

Ef = R(−45◦)TPEMR(45◦)R(−45◦)TQWPR(45◦)Ei (C.12)

Ef = R(−45◦)TPEMTQWPR(45◦)Ei. (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

Ef =
E0

2

 1− ie−iΓ

1 + ie−iΓ

 ,

which simplifies to

Ef =
E0√

2
e−iΓ/2eiπ/4

 i(sin(Γ
2
)− cos(Γ

2
))

sin(Γ
2
) + cos(Γ

2
)

 ,

or, more conveniently,

Ef =
E0√

2
e−iΓ/2eiπ/4

[
i

(
sin(

Γ

2
)− cos(

Γ

2
)

)
|x〉+ sin(

Γ

2
) + cos(

Γ

2
)|y〉
]

(C.14)

Following the method developed in Section 4.1.1, the light must be projected onto

the coordinates of the atomic vapor,

Ef = iE0e
−iΓ/2eiπ/4

[
− cos(

Γ

2
)|R〉+ sin(

Γ

2
)|L〉

]
. (C.15)

After the cell, the two different circular polarizations will have evolved differently,

Ef =
E0√

2
e−iΓ/2eiπ/4eik̃Rleiδk̃l/2︸ ︷︷ ︸

√
2E′0

[
− cos(

Γ

2
)e−iδk̃l/2|R〉+ sin(

Γ

2
)eiδk̃l/2|L〉

]
. (C.16)

Note that for Γ = 0 (no PEM), only the right circular component exists. Finally,

when project back onto the lab coordinates,

Ef = E ′0 [Ex|x〉+ Ey|y〉] , (C.17)
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where

Ex = − cos(
Γ

2
)e−iφreβr + sin(

Γ

2
)eiφre−βr (C.18)

Ey = −i
(

cos(
Γ

2
)e−iφreβr + sin(

Γ

2
)eiφre−βr

)
. (C.19)

Finally we can rewrite Eq. 4.88 as

∆

Σ
=

sin Γ(t) cos 2Φ

cosh 2β + cos Γ(t) sinh 2β
. (C.20)
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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 3He and 129Xe.

In particular, the Rb D1 pressure-broadened shift for 3He and 129Xe are in opposite

directions [31]. The shift for a typical high-density 3He 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 3He and 129Xe.
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Appendix E

Cell Data
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