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Electron Paramagnetic Resonance

EPR is a spectroscopic technique to measure microwave absmptby a
free electron.

Two main elds are applied:

I Ho: a static magnetic eld which is swept slowly across the
resonance condition

I Hi: time-varying microwave eld spatially orthogonal toHo in a
cavity

De nitions:

I A material is said to beparamagnetic if it does not retain any
magnetization without an applied magnetic eld, and returnsa a
base state when the magnetic eld is removed.

I Microwave absorption occurs in the neighborhood of the rezance
condition

!=Ho
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Basic EPR Bridge

Work has been done to optimize all components of the basic EPRoridge to be more
quantitative.

I High quality Microwave Oscillator

I Precision Delay Line

I Uniform DC magnetic eld over ROI

I Uniform RF magnetic eld over ROI in resonator cavity

No work has been done to optimized the uniformity of 100 kHz eld modulation over the
ROL.
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Field Modulation
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Importance of Uniform Field Modulation

I SIN Optimization:

I Resonance line height/line shape compromise

Biggest signal has distortion of the line
Purest line has small signal

With non-uniform eld modulation and under/over modulatio n

combination is created
I General issue of Quantitative Results:

Very di cult to get consistent spectrum heights and widths

between laboratories

I E ective sample lengths are reduced because of eld

in-homogeneity.

I Experiments where Field Modulation is in the Physics:
Adiabatic Rapid Passage Experiments { in-homogeneity is inthe

physical response

It may be possible to completely over modulate the entire spegin,
collect the harmonics and recreate the pure spectrum. Only it

uniform elds!

Saturation Transfer creates a signal 90 out of phase of modulation
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Hand Optimizations
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General EM Problem

a krwbdh e

De ne Geometry

De ne Source

De ne Boundary Conditions

De ne How the Geometry Reacts to a Point Source
Integrate Step 4 over Step 2
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Rectangular Geometry

I 100 kHz incident magnetic eld
I Hinc = Hy

I 1.27 x 2.54 mm inner
dimensions

I 0.05 mm thick slot
I 0.635 mm slot depth
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De ne Source

Using the Electric eld prole a
Magnetic Current can be found:

i E,=M;

MS

E.
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Variation of Output versus Depth of Slot s o

Waveguide
Evanescent Modes

Sidabras
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Rectangular
| Normalize Green's Function to Ansoft data for a single
0.5 slot De ne Solution

Adjust Green's Function integrand points for slot
depths 0.1 to 0.8

! Obtain Ansoft data for slot depth 0.1 to 0.8 CGreens|runctions
Example

Boundary Conditions

Use FindMinimum function to minimize error between

Dyadic Green's
Ansoft data and Green's Function, adjusting Green's anction
function amplitudes Dyadic GF
| Plot amplitude deviation. Formulation
Rectangular
Solutions
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Born's Approximation
Interesting trend: Plot Down Axis
— Multiple Slots
Stot RMSE Slot Interactions
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Equivalence Principle
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. Coupling into
De ne Solution e

Evanescent Modes
Sidabras

i All solutions are time-harmonic electromagnetic elde !
De ne Geometry

I From separation of variables we obtain the form of solutiorfer a Rectangular

rectangular waveguide called the scalar wave equation: De ne Source
. [ Dene Solution
= ( A COS(kxX) + B Sin(kxx))( C COS(kyy) + D S|n(kyy)) elhz Boundary Conditions

Green's Functions
Example
Dyadic Green's
Function
Dyadic GF
Formulation
Rectangular

&
1
ol |2

<
1

Solutions

Now de ne the vector wave equationdVl and N Rectangular

Born's Approximation
Plot Down Axis

For propagation in theZz'direction: Multiple Slots

Slot Interactions
Mutual Coupling

Acknowledgments
emn(h)2

r
=1rr omn(h)2

M emn
N omn

whereMemn represents the H eld in aTEmn while Nomn represents the
H eldina TMmn



Boundary Conditions

I Dirichlet Boundary Conditions
f Momn =0
i Nemn=0
I Neumann Boundary Conditions
fr Memn =0
h r Nomn = 0

For nding H eld solutions, Neumann Boundary conditions areused.

Solutions includeM emn and Nomn.
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How a Geometry can be Excited

Green's Functions is an integral kernel useful in solving
non-homogeneous boundary-value problems.

I Three Types of Green's Functions:
I Scalar : Solves scalar elds.

I Vector : Solves elds which account for direction and magnitude.
I Dyadic : Solves elds which account for direction, magnitude and
vector relationships.

The dyadic Green's functions were chosen to be used in thenfadation
of this problem. The advantages are that a full solution set igbtained
by knowing the dyadic Green's function kernel and the source
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Example

The Scalar Green's function for free-space is:

o ikjﬁ ﬁoj
GoRiR) = £y

Using the Green's Function multiplied by the source functioon can
nd the magnetic vector potential:

RR%(RO)elkjﬁ R
4 0

A(R) = iR 7

From their the elds of the geometry can be
found:

E= il A+ 2r(r A
1
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Dyadic Green's Function Overview

A Dyadic is formed by a pair of vector functionsD = A B. It is formed by a vector
multiplication called the Kronecker product ().

_ _ ABxRR  A(ByRY  AB,%2
D=A B=4% ABW* AB,99 ABy2 5
A;Bx2%  A;By2y A;B 22

When creating the Dyadic Green's Function, two Green's Funtions are combined to make
the dyad. This tensor has no real meaning or insight unit it isacted on by another vector.

It is expected that once we knowa)(ﬁ; ﬁo) the eld due to any current distribution can be
found by a summation process or by an integration.
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Dyadic Green's Function Formulation for Rectangular Waveg uide

I For rectangular coordinates, the characteristic functioobtained by
separation of variables is:

= (Acos(ksx) + B sin(kyy))(Asin(kex) + B cos(kyy))e'™

I Using the Method ofEm, one can nd the dyadic Green's Function
which must follow the Neumann Boundary Conditions

_ _ h [
rr Gm(R:RY) kGmR®RRY=r T ([RRY
Ar  Gm(R:RY=0
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Dyadic Green's Function Formulation for Rectangular Waveg uide

I Using the Ohm-Rayleigh method to nd the coe cients and
function for the Kronecker product, the Greens Function is
obtained:

= _ P P h_ _ _ _ i
g - ik 1 1 @ )
Gm(R;RY) = 2 120 neo —kgﬁ Ngmn(h)Angn( h)+ M gmn(h)Bogmn( h)

wherekg = (k? k22 and

h _ i

A, - N T (R 0
Agmn( h) = f hNSmn L(R R )i
0 = R 0
B Smn( hy= n e | (R R9

I To nd the magnetic eld one integrates over the closed surfae of

the source.

_ H = _
Hyiz)= o g Gma(xyizix%y%2%) F(x%y%2%ds
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Comparison with Ansoft Data
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Rectangular Solutions @ 1 mm from center

Habs

Hx

H;
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Born's Approximation

The Born Approximation states that if a wave is expressed aseh
sum of an incident wave and a scattered wave, the scattered wea
can be ignored.

When the wavelength is much smaller than the incident slot, the
scattered wave is insigni cant and can be ignored.

In this case, the slot is much much smaller than a wavelength and
the Born Approximation is not a valid approximation.
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Born's Approximation Weedide
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Instead, the singleMs lament solution is convolved with a Gaussian function to properly Mutual Coupling
form the solution. Acknowledgments

Single Slot:

If the solution is convolved with a step function with width d: large error
If the solution is convolved with a step function with width 2 5d: small error
If the solution is convolved with a Gaussian function: very snall error.



Plot Down Axis

—P
RMSE= L 0, (Ansoft[i]  Greerji])?
Slot depth 0.5. Single Slot.

iz
Used Gaussiare 1777 RMSError = 0:0057311
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Slot Interactions
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Mutual Coupling Visual

Coupling into
Waveguide
Evanescent Modes

Sidabras

De ne Geometry
Rectangular

De ne Source
De ne Solution

Boundary Conditions

Green's Functions
Example

Dyadic Green's
Function

Dyadic GF
Formulation
Rectangular

Solutions
Rectangular

Born's Approximation
Plot Down Axis

Multiple Slots

Mutual Coupling

Acknowledgments



Mutual Coupling

If the slots were driven from independent sources, superjiims would
work. Since all slots are driven with a single incident wavené the
electric eld in the slot is dependent on eddy currents formely

scattered waves, the results are non-trivial.

Single Slot Normalized with 1.784 a.u.

Distance Depth L Depth R Modi er R Modi er L RMSE
0 0 0.5 0.0 1.0 0.096337
0 0 0.3 0.0 0.43389 0.088439
0 0 0.1 0.0 0.224044 0.126732
Two Slots 0.1 inches from center Normalized with 1.843 a.u.
Distance Depth L Depth R Modi er R Modi er L RMSE
0.1 0.5 0.5 1.0 1.0 0.136126
0.1 0.5 0.3 0.777138 0.575079 0.127874
0.1 0.5 0.1 0.551037 0.402691 0.153966
Two Slots 0.05 inches from center Normalized with 1.825 a.u.
Distance Depth L Depth R Modi er R Modi er L RMSE
0.05 0.5 0.5 1.0 1.0 0.111971
0.05 0.5 0.3 0.76191 0.557207 0.117694
0.05 0.5 0.1 0.538679 0.395432 0.152520
Two Slots 0.01 inches from center Normalized with 1.648 a.u.
Distance Depth L Depth R Modi er R Modi er L RMSE
0.01 0.5 0.5 1.0 1.0 0.125180
0.01 0.5 0.3 0.74371 0.58318 0.098753
0.01 0.5 0.1 0.520451 0.422969 0.094087
Two Slots 0.002 inches from center Normalized with 1.379 a.u
Distance Depth L Depth R Modi er R Modi er L RMSE
0.002 0.5 0.5 1.0 1.0 0.156362
0.002 0.5 0.3 0.674539 0.652061 0.126921
0.002 0.5 0.1 0.456045 0.499202 0.124818
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Mutual Coupling Visual
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Future Work

Start writing nished work

Characterize Mutual Coupling problem

Continue research post-graduation
- : .
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