The College of William and Mary

Undergraduate Senior Thesis

Measurement of the frequency shift
parameter  in spin-polarized K- 3He
collisions

Joshua Hill

Advisor: Dr. Todd Averett
Senior Research Coordinator:Dr. Henry Krakauer

A thesis submitted in partial ful llment of the requirements
for the degree of Bachelor of Science

Department of Physics

December 2013




Abstract

Electron scattering experiments studying the internal structure of the neutron require spin-
polarized neutron-equivalent targets. *He nuclei are employed as a neutron substitute in these
targets. Polarization (spin) is transferred to the *He nuclei via collisions with optically pumped
alkali metal vapor atoms. Measurements of the®He's polarization are a ected by uncertainty in

a dimensionless parameter characterizing the quantum mechanical magtic interaction between
the alkali metal electrons and the 3He nuclei. This parameter, o, has not yet been directly
measured for K, having been previously found indirectly via ¢ for Rb. We constructed and
implemented a polarization-insensitive experiment designed talirectly measure ¢ for K. This
was done by measuring the K electron-paramagnetic-resonance (EPR), 2man frequency shift
of a particular hyper ne ( F;mg) transition in the presence of spin-polarized®He. Using a
cylindrical target oriented parallel, then perpendicular, to an applied magnetic eld,we took
a range of data on the dierence in the EPR frequency measured betweedi erent target
orientation. The two orientations will allow us to isolate the frequency shift due to the K-
3He quantum mechanical spin-exchange, from that of the classically magnetéd *He, and thus
to isolate the ¢ of K. Our preliminary results, uncorrected for polarization losses irherent in
each measurement indicate o values of the same order as those predicted by other groups; i.e.
between 6 and 9. E orts to correct for polarization losses, temperature gadients along the
experimental target, and repeat-ability of the frequency shift measirements (EPR photodiode
alignment) are underway, and will reduce the systematic uncertaity in our values.
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Symbols

SEOP  Spin Exchange optical Pumping
EPR Electron Paramagnetic Resonance
NMR Nuclear Magnetic Resonance

AFP Adiabatic Fast Passage

RF Radio Frequency

G Gauss

D, Speci ¢ Frequency Light of Alkali Metal Energy Level Transition
P 3He Polarization

Bo Holding (Primary) Magnetic Field

B Radio Frequency Magnetic Field

Bwm Classically Magnetized®He Magnetic Field

Bse Spin Exchange Frequency Shift Equivalent Magnetic Field
K 3He Nuclear Angular Momentum

S Alkali Metal Electron Spin Angular Momentum

J Alkali Metal Electron Total Angular Momentum

I Alkali Metal Total Atomic Angular Momentum
[He] 3He Number Density
h (~) Standard (and Reduced) Plank's Constant

Me Mass of Electron

Mp Mass of Proton

Oe Alkali Metal Electron Spin g-factor

a Alkali Metal Nuclear g-factor

a3 Alkali Metal Electron Total Angular Momentum (Lanck) g-factor
oK 3He Nuclear g-factor

F Total Atomic Angular Momentum Quantum Number (Manifold)
Mg Total Atomic Angular Momentum Magnetic Quantum Number
e Fundamental Charge

Magnetization



Symbols

C(x) 3He Target geometry Dependent Constant

K Elemental Symbol for Potassium, magnitude of3He nuclear spin
Ant Hyper ne Coupling Constant

| Electron Orbital Angular Momentum Quantum Number

S Electron Spin Angular Momentum Quantum Number

J Electron Total Angular Momentum Quantum Number

I'se Alkali Metal- 3He Spin Exchange Rate per Atom
hv sgi Velocity Averaged Spin Exchange Cross Section
0 Spin Exchange EPR Frequency Shift Parameter (Spherical Target)
SE Ratio of Real to Imaginary parts of sg
eff EPR Frequency Shift Parameter (Non-spherical)
SE EPR Frequency Shift Attributable to Spin Exchange
M EPR Frequency Shift Attributable to Classically Magnetized 3He
K EPR Frequency Shift When B g k B v
2 EPR Frequency Shift WhenBg ? By

B Bohr Magneton

K 3He Nuclear Magnetic Moment

N Nuclear Magneton

J Electron Total Angular Momentum Magnetic Moment

Fine Structure Constant
EPR Frequency ()  Polarization Conversion Constant
En Zero Magnetic Field Hyper ne Energy Splitting
Constant Characterizing Hyper ne Interaction
Left or Right Circularly Polarized Light
Gyromagnetic Ratio
Torque
! Angular Frequency
'o Larmor Frequency



Chapter 1

Introduction

Our lab produces, characterizes, and studies nuclear-spin-polaéd targets made from an isotope
of helium, \helium three", hearafter *He. The predominant use of many of the targets produced
is in electron-scattering experiments studying the inner stucture of the neutron at the Thomas
Je erson National Accelerator Facility (JLab) in Newport News, VA.

3He is used as a stable, neutron substitute. In the ground state ofHe, 88.2% of the nuclei are
in a con guration (S-state) such that their two protons' spins are aligned antiparallel [1]. These

spins cancel, leaving the net spin of the nucleus to be dictatedybthe remaining nucleon, the
neutron with spin % Thus, from a spin-polarization point of view, 3He is an e ective neutron

substitute. Here, polarization means the percentage ofHe nuclear spins pointing in the same
direction.

Most targets are approximately the size of a shoe box, and are pressugd. They are made of
hollow glass, and lled with 3He, Ny, and alkali metals. The Ny, and alkali metals, are required
for the method we use to polarize the3He. The 2He nuclei are polarized indirectly via Spin
Exchange Optical Pumping, or SEOP, whereby:

Neutron
Equvalent

I~
~/

Helium Nucleus

Figure 1.1: 3He nucleus as a spin-substitute for a lone neutron.
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1. Circularly polarized laser light enters the target, heated externaly via forced-air.
2. Vaporized alkali metals' valence electrons become polarized (opticalymping)

3. Binary alkali metal-He collisions transfer the spin state to the®He nucleus, and thus the
neutron (spin exchange).

We use an applied \holding" magnetic eld (B ), to cause a Zeeman splitting in the energy
levels of the alkali metals' electrons. Electron Paramagnetic ResonancéEPR) is then used
to determine the frequency di erence between the, now di erentiated, alkali metal electron
hyper ne energy levels. This frequency diers from that expected due to the holding eld
alone for two reasons. First, the bulk spin-polarized®He creates a classical magnetic eld
(B m), which in uences the frequency shift. Second, the spin-extange process itself causes a
frequency shift, over and above that due to the bulk®He (spherical geometry), parameterized
by the dimensionless constant o [5]. This spin exchange shift can be treated as being due an
additional magnetic eld ( B sg), dependent upon the helium density and polarization [3]. ¢ is
speci ¢ to the particular alkali metal and alkali metal isotope in question.

Prior to 2005, the alkali metal used in the targets was Rb [9]. Now, however, dybrid alkali
metal mixture of K and Rb is used. The K relaxes (depolarizes) more sloly than Rb, and
can act as a \reservoir" for the desired spin state. The K in conjunctionto the Rb is more
e cient at transferring spin to the 3He, from the viewpoint of a photon [1]. Rb is maintained
in the targets as current cost-a ordable laser technology precludes dictly optically pumping
K. Because of the previous use of Rb in targets, o was determined for them, and has also
been indirectly found for K (see table at end of report). However, preious values of o for K
su er from being obtained using the polarization of the 3He and ¢ for Rb, along with their
associated uncertainties. Moreover, the previous values ofy for K were found for temperatures
below what is used in our lab at William and Mary, approximately 235 C.

It is important to reduce the uncertainty in ¢ for K, as uncertainty in it introduces a propor-
tional amount of uncertainty in the 3He polarization. The polarization value is, in turn, used
in nuclear physics experiments wherever the targets are ultimatiy end up.



Chapter 2
Origin of g

Quoting K. Kluttz [1],\Because the spin-exchange contribution [to the EPR frequency shift] is
di cult to calculate from theory, it is parameterized by the unitle ss quantity, o..." While we
use EPR to isolate the frequency shift due to the*He from that of B g, to determine o we must
further di erentiate between the contributions due to the above mentioned classical magnetism,
and the shift due to spin-exchange.

As before, the spin exchange's contact interaction can be treated as an addinal magnetic eld

[6]. The interaction is proportional to the dot product of the 3He nuclear angular momentum
K (hereafter called the \nuclear spin), and the alkali metal electron spn S. To be clear, the
contact interaction is not physically another magnetic eld. Beginning with the time evolu-

tion equation for the density matrix  describing the Rb atoms in a magnetic eld, Romalis
derives (2.1) in [3] as an approximate equivalent for the spin-exchangeoatribution to the EPR

frequency shifts.

This spin exchange equivalent magnetic eld is, ignoring the nuclearZeeman splitting, given

by:
Beg = 2K; se!se~ 2.1)
Oe B
where !sg = [He]hv sei is the alkali metal-He spin-exchange rate per atom. The’He number
density is [He], andhv sgi is the velocity average of the spin exchange cross sectiondg).The
Bohr magneton is g = e~=(2m¢), and the electron g-factor is ge. Because the3He nuclear
spins are polarized in thezdirection, the He nuclear spin ishK i = K,2. sg is the ratio of

the imaginary part of sg to its real part [3].

BecauseB sg is small compared to the holding eld, typically about 0.05G vs 20G, we use e
derivative of the frequency with respect to the magnetic eld [3]:

d (F;m
SE = %BSE (2.2)

3
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where (F;m) is the frequency of the hyper ne transition of interest (F;m) ! (F;m 1)
F is the quantum number characterizing the total alkali metal atomic angular momentum,
F =1 + J. The nuclear angualr momentum isl , while the electron total angular momentum
isJ.

The magnetization of the 3He produces a classical magnetic eld that shifts the frequency.
The eld is proportional to the magnetization ( M pe ) via C, a 2He-cell geometry dependent
constant. The frequency shift due to this eld is:

_d (F;m) _d (F;m)

M = T Bclassical = TC[HQ] K I:)He (2-3)

where  is the 3He nuclear magnetic moment, andP = K ,=K is the polarization. Combining
both shifts we obtain, for a spherical sample:

_ d (F;m)87

B 3 0K [HelPhe (2.4)

= SE t M
where we have now de ned g to include sg.

A spherical cell is characterized by ¢ For other geometries:
3 "
ol eff = ot 87C(X) 1 (2.5)

whereC(x) is the above mentioned geometric correction factor, and is constant iride the central
region of a long cylinder [3].

Note that o assumes a sphericafHe sample. If we used onlyC = 8 =3 for a classically
magnetized sphere, ignoring the alkali metal-He spin exchange interaiin, o would equal one.
Thus that ¢ is positive means it can be thought of an an attractive enhancement of the abii
electron's wavefunction to the 3He nucleus [3].

We are making measurements of o for K, at the 235 C operating temperature in the lab at
William and Mary. For these to be insensitive to polarization (Pne) and the o of Rb, we have
used a cylindrical cell that can rotate with respect to the laser and tolding eld. That the
measurement be independent of Re is important because we only know the polarization up to
any uncertainty in o, the value we ultimately wish to determine.

Measurements of the frequency shift of a particular K hyper ne transition are found with the
cylinder in two orientations. These orientations are parallel to, then perpendicular to, the
holding eld. Key to this procedure is that the polarization is the same in both orientations.
First we take the longitudinal and transverse frequency shift meastements. Then, introducing
polarization to frequency conversion factors allows us to preserveg in the equations, while
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eliminating Pye. The cylindrical cell geometry is necessary because for a sphericetll, the
frequency shift would be invariant under rotation, and both P and ¢ would cancel.

The magnetic eld inside a spherical cell, assuming uniform magnetiation M , is B = 84

A cylinder magnetized parallel to it's axis produces a magnetic eld of B, =4 M , while one
magnetized perpendicular to it's axis produces B =2 M . The frequency shifts of a particular
hyper ne mg level of a speci c alkali metal are given by:

d (F;m 8 . 8

k= % k [He]Pe 3 ot 4 3 (2.6)
d (F;m 8 . 8

o= VM eppue & 0r 20 @7

In the cylinder, the areas outside the central region about which it isrotated contribute to the
frequency shift via the above classical elds. However, becauségse outside regions do not come
into contact with the 3He in the central region, they do not contribute to the spin-exchange
equivalent eld in the center [3].

- D | e = 4TM
- >

o Holding

" Field

B, =27M

Src:Romalis

Figure 2.1: Cell orientations, and respective magnetization. The central circuar region is not
a ected by B sg of the outer pieces on either side.
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If we then introduce the following polarization to frequency shift conversion factors  and »:
k= Pre « (2.8)

2 = Phe 2 (2.9)

dividing (6) and (7) we obtain:

_3(k+ 2), 1
°78(«" 2) 8 (240

where Pqe cancels out in the rst term.

o also appears to have a temperature dependence that was estimated tcedinear by other
groups, and is still being explored in our lab.
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Hyper ne Structure

3.1 Zeeman E ect

A magnetic moment dipole interacts with an external electric eld by being subject to a torque
which causes precession about the eld. Therefore the moment obtainan energy

Uu=" B (3.1)

This energy di erentiates an atom's various spin states which would otherwise have the same
energy, i.e. \lifts the degeneracy". For example, considering an elémn with only a spin (vs
total angular momentum) magnetic moment:

e

= 2me GeS (3.2)

ina eld B = B2, the two spin states have energies separated by:
U=" pggB (3.3)

This comes about because the spin=2 electron hasz*\component spin eigenvalues ~=2. Using
the relationship between the energy and angular frequency!() of an electromagnetic wave
E = ~!, we can relate the frequency of the applied wave to the energy gap by [14]

| = B (3.4)

where is the object's gyromagnetic ratio. By applying an electromagnetic eld at a specic
amplitude, or frequency, the particle can be caused to transition baveen, or \driven", between
the two energy states.
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The same process can be implemented for more complicated systems eve more factors are
taken into account such as the exploitation of nuclear spin states in NMR neasurements.

3.2 Hyper ne Structure

The hyper ne atomic energy level splitting, or structure, is due to a collection of e ects, pre-
dominantly the nuclear magnetic moment's interaction with the magnetic eld of the orbiting

electron(s). The large mass of the nuceons compared to that of an electrorsults in a splitting
smaller than the ne structure by several orders of magnitude. Thehyper ne splitting of atomic

energy levels is on the order of 2me=mjy, where is the ne structure constant,and me., are
the electron and proton masses [8]. The nuclear magnetic moment is relaleto the spin of the
nucleons,! , by:

=g I (3.5)
where g, is the g-factor of the nuclei, and y is the nuclear magneton.

In the presence of a magnetic eld the nuclear magnetic moment has an engy associated with
itt, U=" 1, B. The hyper ne interaction is brought about by coupling between the orbital
L, electron spin S, and nuclear spinl , angular momenta via the Hamiltonian:

th = Ahf hJd | (3.6)

whereJ = L + S is the total electron angular momentum, h is Plank's constant, and Ay is
the hyper ne coupling constant [8]:

Je 1| B 1. |(|+1)
I r3 3@ +1)

Ahf h = (3-7)

where| is the electron orbital angular momentum quantum number andJ is the electron total
angular momentum quantum number. Note, if Ays was zero, the Hamiltonian would not account
for electron-nuclei interaction.

The Hamiltonian, neglecting Coulomb and spin-orbit interactions, for an atom immersed in a
magnetic eld (B o) is given by:

H=Axhd 1" , Bo" |, Bo (3.8)

where ( 3 =" g; gJ)[8]. The rstterm is the hyper ne interaction from (3.6), the secon d and
third terms are the atom's valence electron and nuclear magnetic momesstinteraction with B o.
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Equation (3.11) givesg;. The eigenvalues of Hamiltonian are characterized by the quantum
numbers F, andmg, whereF =1 + S,andmg =" F;" F +1; ;F" 1;+F. The jargon for
di erent F levels are \manifolds”. Additionally, the nuclear spin quan tum number is: 1=5/2 for
85Rb, and 1=3/2 for 87Rb, 3°K, and 'K [4]. The natural abundance of 8Rb is 72%, and®’Rb
is 28% [2].

The presence of the external magnetic eld lifts the degeneracy img. The energy, or frequency,
of a particular hyper ne level (ground state) is given by the Breit-R abi formula. Ignoring a
small nuclear magnetic moment term, and taking the electron total angular romentum quantum
number to beJ = 1=2, and thus the total atomic angular momentum number tobeF =1 1=2
[2]: r

. — n Ehf 12 2 4me
B me)=" 2@+ 2 Fitaer

& 8B En +(g5 8B)? (3.9)

where Eps is the hyper ne energy splitting when no magnetic eld is applied. l.e., the energy
between theF =2 and F =1 manifolds:

Epp = ~?(1 +1=2) (3.10)

where is a constant that characterizes the magnetic interaction between thealkali metal
nucleus and electrons, see [10]. FPRb Ep; = 3036 MHz, and for 8’Rb  Es = 6835 MHz.
I, S, L, and J are the nuclear spin, electron spin, electron orbital angular momentum and
total electron angular momentum quantum numbers respectively. Theg; variable is the Lande
g-factor of total electron angular momentum:

JA+1)+ S(S+1)" L(L+1)
2J(J +1)

Q=1+ (3.11)

For more information on the hyper ne structure of alkali atoms,includin g a discussion of the
low- eld derivative of the EPR frequency with respect to the applied eld, see Jaideep Singh's
PhD thesis page 667.
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hydrogenic fine hyperfine Zeeman
states structure structure splitting
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2
5s Y Ny Sin "
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Srec: Romalis " Optical Fumping"

Figure 3.1: 8°Rb electron hyper ne energy level splitting with further Zeeman splitting on
the right. Lines not to scale.

3.3 Contact Interaction

The hyper ne interaction is, for our purposes, dominated by the Fermi contact interaction.
The interaction is a classical magnetostatic interaction of quantum meclnical entities, namely
the ®He nucleus and the alkali metal valence electron [11]. It is this dipoleriteraction that is
responsible, via binary collisions, for the spin exchange betweerhé optically pumped alkali

metal electrons and the3He.

The interaction takes place when the alkali metal electron is locatednside the nucleus, hence
the name \contact". Only spherical | = S states are a ected because, unlike those with a higher
I number, the wavefunctions () of these electrons have no node at he center, and thus a non-
zero probability of nding the electron. The ground state of an alkali metal electron is this
| = S state. Because the e ect is the same in all directions, the other naméor the interaction
is the isotropic hyper ne interaction [1].
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Throughout this paper, the nuclear spin of the alkali metal atoms will be denoted by |, and

that of the 3He by K . The previous choice ofl for the nuclear spin in the discussion of the
hyper ne structure, however, was arbitrary, as both the alkali metals and 3He display hyper ne

structure in their energy levels.

The interaction Hamiltonian is given by[12]:

8 . i 8 . .
Hes =" S h o of (R)P= 2@ 8 Kiopyzi g (3.12)

3 3 K
where K and S are the spins of the3He nucleus and alkali metal electron,  and , are
the He nuclear and alkali metal valence electron spin magnetic moments respévely, g is
the Bohr magneton, andj ( R)j? is the probability of the alkali metal electron being found at
the location of the He nucleus R is the helium-alkali metal interatomic distance). The above
equation relies on the following relationship between the nuclear mgnetic moment ( ¢ ), the
nuclear g-factor (gg ), the nuclear magneton ( n), the nuclear spin (K):

C(g) MK = KT N K
C=(O) DK = e K= K (3.13)
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Polarization Process & Optical
Pumping

4.1 Optical Pumping

We use the process of optical pumping to rst polarize the alkali metalvalence electrons. This
technique uses circularly polarized laser light of an appropriate wavength (795 nm) is used
to get the alkali metal's valence electrons into the desired spin stte via a transfer of angular
momentum. For example, the laser light excites the electrons into @&xcited state (5P;-,), from

which they then decay with equal probability, due to collisional mixing, to either of the 5S,-,,

ms = 1=2 states. These are all discrete processes that can only occur subjgo quantum

mechanical selection rules. The 1/2 state cannot be excited any furtheand remains as is, while
the -1/2 state is re-excited. Over a period of time, the original enegy levels of the alkali metal
are thus \pumped, or repopulated into the desired (ms = +1 =2) state.

A similar process, with more absorption and decay steps, occurs for lathe di erent mg until

the electrons reach a state from which they cannot be excited, typially the mg = 3 state.
The nal state depends on whether . or , polarized light is used in the pumping. The sign
of is determined by whether the photons carry positive, or negative, anglar momentum with

respect to the direction ofBg [10]. A transition of mg ! mg 1 is brought about by absorption
of light.

12
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collisional
mixing

5S,, 7%

sre: Kluttz i= -1/2 m;= +1/2

Figure 4.1: Optical pumping transitions.

Our lasers can only directly pump the Rb inside the target because oftie narrow energy gap
between the 32—, and 5P3-, levels of K [1]. Thus the desired quanta of spin angular momentum
propagates from the lasers to the Rb, to the K, which then transfers itto the 3He. The K$ Rb,
and K$ S3He transfer occurs via collisions, and known in the eld as \spin-extiange".

The Ny in the targets acts, via collisions, to absorb energy from excited alkalimetals. The
diatomic N»'s many degrees of freedom take up energy that would otherwise be reradid as
photons. These random photon emissions would be detrimental to the polazation of the target,
and the N, \quench" their e ect.

The targets will depolarize in the absence of external interference The jargon for this is re-
laxation, i.e. returning to an equilibrium state from which the spin was excited. Thus the
polarization process is ongoing in our lab while we study the targets, and hile the experiments
are up and running.

4.2 AFP

Adiabatic Fast Passage (AFP) is an technique, used here to reverse thtHe spins' direction, and
thus that of the bulk magnetized 3He, by 180 . Recall that spin is proportional to the magnetic
moment of the nuclei. These nuclear moments sum to a bulk magnetizadin of the He gas as a
whole. This macroscopic moment precesses aboutyBn the, stationary, reference frame of the
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lab. The bulk 180 rotation of the spins puts the magnetization parallel or antiparallel to the
holding eld. Afterwards, the alkali metals are subject to a eld:

Bt =(Bse+ Bm) Bo (4.1)

Both EPR and NMR utilize the AFP rotation of the nuclear spins. NMR is a tec hnique used
to measure therelative 3He polarization.

AFP is a set of conditions under which we rotate the spins quickly (faf) compared to their
relaxation times, but slowly enough (adiabatic) that they can follow the magnetic eld that
brings about the rotation, described below.

The holding magnetic eld B is what aligns the 3He spins along the axis of the laser, conven-
tionally designated 2. This alignment means a mixture of parallel and antiparallel states, not
polarization. The 3He nuclei have a magnetic moment ¢ = K , due to their angular momen-
tum, K. When immersed in a magnetic eld, a torque is exerted on the nuclei. The work
done by this torque changes the direction ofK . The result is precession of the moment about
the total applied eld, like a spinning top going around the vertical because of gravitational
torque, while still rotating about its axis.

—
L
E i i — Rotation
T

Figure 4.2: Precession in a spinning particle, and top.

— Precession

Mag,
Moment

/B
—

dK
= W = K BO (42)
d

dtK = k Bo (4.3)

where is the gyromagnetic ratio, 3.243 KHz/G for 3He [1].
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4.2.1 Rotating Frame - E ective Field

A way to visualize the AFP magnetization rotation is by adopting a reference frame, denoted
with primes, rotating at the frequency ! rRr = ! R (" 2). As outlined in [14] pages 49-50, this
is done by adopting the coordinate transformation:

20=1»
R%=cos(! e t)& " sin(! get)y (4.4)

9= sin (! ge t)& + cos (! re )Y

WV INV ©

As derived in Taylor's Classical Mechanics the vector transformation of a time derivative of a
general vectorQ in a frame rotating at ! r¢ is:

d d
Q =R ik 0 (4.5)
rotating

dt stationary

Using this the rate of change of the magnetic moment in the rotating frame carbe written as:

d k _ d C
dt rotating dt stationary " RF K
= Bo+! Va
K 0 !R; F( K) (4.6)
= «k (Bo" —/2)
= Kk Be

The 3He nuclear spins precess at the Larmor frequency,o = B ¢f , about the equivalent eld,

Beff = Bo" “BE-2, in the rotating frame. The e ective eld is what the 3He magnetization
follows in its (AFP) reversal of direction.

4.2.2 Addition of RF Field

When an oscillating RF eld Bj is applied at angular frequency! rg, perpendicular and in
addition to Bg, the 180 rotation ( 2! #) can be brought about by sweeping either the
holding eld magnitude, or the frequency ! re . In the rotating reference frame, By is described
by:
w ' RF 40 0
Bett =(Bo" ——)2"+ By} (4.7)

The Larmor frequency is this frequency of the rotating frame and also tle RF frequency applied
to rotate the spins.
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Rotating Ref. Frame
(about B 0 at B1 freq.) _%‘\

|

eff

<——Larmor freq. spin precession

AFP Rotation of Beff

e

0

Figure 4.3: Fields, rotation, and precession.

Spin Reversal (AFP)

He Spins/Magnetization

AN

Holding Field and Laser

Figure 4.4: APF 180 spin reversal

4.2.3 NMR

NMR exploits Zeeman splitting due to nuclear magnetic moments inteacting with an applied
magnetic eld. The process is similar to driving electron energy ével transitions, where now
it is the nuclei that are transitioning between energy levels. For &ample, whenBg = ! g =,
B s is oriented solely inX, perpendicular to the holding eld. This is the resonance condition
used in NMR to ip the spins of the 2He nuclei between energy levels, and is the condition for

maximum NMR signal [1].

To clarify, there are two types of spin reorientation which take place First,the quantum scale
spin ipping of the 3He nuclear spins and alkali metal electrons, second, the bulk macroscapi
rotation of the 3He magnetization. This is potentially confusing because EPR utilizegshe AFP
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NMR technique and apparatus to ip , and rotate, the spins of the helium. However, the EPR
data signal comes from the alkali metal light emissions, whereas that of the&N\MR is from a
coil-induced emf from the magnetized 3He.

A sample NMR sweep is shown below. The peaks give the relative amplitle. The signal is
plotted, then t using:

Bi _ v s B1

S(t)= M -t
®) kBest k " (B" Bo)2+ B2

+aH+b (4.8)

where the signal is proportional to the component of the magnetization pergndicular to B .
The peak height, M, from this t is proportional to the 3He's relative polarization, so a di er-
ence in heights indicates a loss. One peak is the magnetic eld \upsvep" (increased through
resonance) and the other is the \downsweep". They should both be maximon at the same
magnetic eld strength. That they are not is an artifact of the electronic s.

S

£

E

>

w
[ I I I I I |
13 14 15 16 17 18 19

Src: Kluttz Magnetic Field (G)
Figure 4.5: Example of NMR scan data used to gauge the helium polarization.
4.3 EPR

We use the technique of Electron-Paramagnetic-Resonance (EPR) in nasuring the 3He's po-
larization, and in detecting the frequency between themg levels. This involves the application
of yet another oscillatory magnetic eld, with a frequency in MHz, via another pair of coils.
These are the EPRyg eld and coils respectively.
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The EPRRr eld's frequency (FM-frequency modulated EPR), or eld stren gth (AM-amplitude
modulated EPR), can be varied to obtain the signal we desire. For the ¢ studies, we will be using
FM-EPR, varying the frequency until we observe emissions corrgsonding to a speci ¢ energy
level transition (\ D2") in the alkali metal we wish to examine. In Rb, this light corresponds to
the 5P3-, ! 5S;-,; = 780nm transition.

We search for the EPRsg frequency for which maximum D light is emitted. This indicates
that we are driving alkali metal valence electrons out a particular enegy state (mg). This is a
hyper ne energy level splitting, involving the electrons' interaction with nuclear spins, and thus
is dependent upon which alkali metal isotope is being used. During ER, the EPRgg eld is
applied throughout to drive the transitions.

Using D> light as an indicator of driving mg levels is an indirect method. Optical pumping
polarizes the majority of the alkali metal valence electrons into a partcular mg level (see
above). If this level is 100% populated, there are nd, emissions. The EPRr eld destroys
this polarization exciting electrons out of the polarized state. Collisons further excite some
electrons to the higher states, whereby their decay emissiond(;) are observed. Put simply,
a peak in D, emissions tells us that we have driven the electrons out of the statéhey would
otherwise be in. The EPRge frequency necessary to excite an electron from that state, is then
proportional to the energy gap between the states. We typically drive hemg = " 3! mg =" 2
transition.

Figure 4.6: Example AM-EPR sweep data used to show the various alkali transitions galiable
to measure. Note that some peaks contain multiple unresolved transitiog, and that some peaks
are too far to the left or right to be seen.

Knowing the condition to apply to drive the transitions means we also have found the levels'
energy di erence. We know what the energy di erence should be undr the in uence of our













































