Chapter 11

Sample Resonators for Quasioptical EPR
A Practical Guide for Biological Applications
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Abstract: A review of sample holders and sample cavities for application of quasioptical
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1. INTRODUCTION AND OVERVIEW

There has been a remarkable growth of high-field, high frequency (HF) EPR
methods over the past decade (for recent reviews see (Earle e al, 1996a;
Doubinski 1998; Earle and Freed 1999; Eaton and Eaton 1999; Smith and Riedi
2000)). Specirometers based on standard waveguide-based designs operating at
frequencies vp to 150 GHz are now commercially available. At higher
frequencies, the spectrometer designs that are currently in use have been more
diverse, although they seem to be converging o a standard bridge design based
on quasioptical methods that is also commercially available.

However, a much wider variety of cavity and sample arrangements are
currently employed in EPR specirometers at the highest fields, and a number of
new and interesting devices are still under active development. The broad range
of options and opportunities available motivates the need to survey the different
sample cavities that may be used in quasioptical EPR for investigators in the
field.

The choice of sample arrangement for quasioptical EPR depends strongly
upon the application for which it is intended, as well as the design of the EPR
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bridge. The most important considerations in selecting a design include one or
more of the following: (1) signal sensitivity, either concentration or absolute
sensitivity, (2) sensitivity to grain size in powder samples, (3) millimetre-wave
field strength at the sample, (4) isolation between cavity and detector or
oscillator, (5) compatibility with overall spectrometer design, including
reflection, transmission, and broadband designs, (6) provision for magnetic field
modulation, rf irradiation for ENDOR, sample illumination, sample alignment,
sample rotation, or application of electric ficlds, and (7) easc of sample handling
and fabrication. Any given cavity design may be optimal for only a selected few
of these criteria; thus, it is worthwhile to prioritize the desired performance
characteristics for a given application before selecting which type of cavity is to
be used.

This chapter is an effort to survey the growing varety of options that arc
currently available for accommodating samples in quasieptical high-field EPR
applications. Afier a review of the general contributions of cavities io sensitivity
in the context of high-frequency EPR, we survey the cavity configarations that
have been most frequently and successfully applied to biological sysiems. The
particular strengths and weaknesses of each design will be briefly presented and
compared, and where possible, quantitative information will be given to assist
the reader with specific designs for new sample types and EPR frequencies. The
chapter concludes with the presentation of a method for designing cavities for
aqueous samples, a problem of considerable importance for high-field EPR of
biological samples.

2, CAVITY CONTRIBUTIONS TO SENSITIVITY

2.1 Absolute Sensitivity

Of the varions criteria used to evaluate cavity performance, the most
important is sensitivity. Here, only the cavity contributions to overall
spectrometer sensitivity will be considered. The most common measure of high-
field spectrometer performance is the absolute semsitivity, which is defined as
the minimum number of spins N, that give a signal-to-noise ratio of 1 for a line
with a 1 G line width and a 1 Hz detection bandwidth. Neglecting saturation
effects, Mnia is given by the expression (Poole 1983; Earle ef al., 1996a)
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where Vs is the sample volume, kg is Boltzmann’s constant, s is the sample
temperature, g is the electronic g-factor, 5 is the total electron spin, I is the
nuclear spin, £is the Bohr magneton, @ is the electronic Larmor frequency, Aw
is the linewidth, At is the Zeeman field modulation amplitude, AH,, is the
derivative peak-to-peak linewidth, 7 is the filling factor (defined below), @ is
the loaded cavity 3, Tp is the effective detector noise temperature, Af is the
detector input bandwidth, P is the incidemt mm-wave power, and M is a
matching factor that depends upon the type of cavity (reflection, transmission, or
induction, as discussed in further detail below):
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where f; and B; are cavity input and output coupling factors, and 5, =B, =0 for
a reflection cavity). In the case of the induction mode cavity, “input” and
“output” may refer to different polarization states at a single coupling element
such as an iris or coupling mirror, and are equal for cylindrically symmetrical
clements.

To facilitate comparison of the effects of cavity properties and geometry on
sensitivity, the filling factor 1) into two contributions following Poole 1983:
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where V¢ is the cavity volume and the ficld intensity factor Ry = (HDHKHSY s
the ratio of the average squared value of the “useful” H field (i.e. the component
orthogonal to the spectrometer field) over the sample compared to the average
squared H-field in the cavity.

Poole 1983, has calculated the Ry parameter for the two single-mode cavities
that are most commonly used in waveguide-based EPR, namely a cylindrical
TEqr, and a rectangular TE,qy; cavity, containing point, cylindrical, and caviiy-
filling samples. In order to compare these cases with quasioptical cavilies, the
“flat” sample type has been added, and calculations of Ry for the Fabry-Pérot
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and non-resonant sample holders carried out for all of these of the sample types.
The results are shown in Table 1.

Typical dimensions were used for each of the cavities shown in Table 1, and
scaled according to wavelength as follows. The TEg,; cylindrical cavity was
taken to have radius a and length d=2a, so that A = 1.52 g at resonance, and V¢
= 1.88A". For the TE,q; rectangular cavity with cross-sectional dimensions ¢ and
b=a/2 and length d=2a, A = ¥2a at resonance, giving V¢ = 0.354)%. The TEMygs
Fabry-Pérot resonator was assumed to have a beam waist w = 2 at the sample,
which was aiso taken as the effective radius 10 define the cavity volume, Vi, =
37.7A° Finaily, the non-resonant holder was taken to have a cylindrical shape
with radius equal to 2A and length of 6), giving the same effective volume as
the Fabry-Pérot cavity.

Table 1. Field Intensity Factor Ry and Volume Ratio Vy/ V- for Selected Typical
Cavity and Sample Configurations

Cavity type Sampie Type'
Point Cylindrical Flat
Ru LSS Ry VsiVe
Cylindrical 106 51 0.0050 1.0 0.015
TEqy, i
Rectangular 2.00 1.0 0.028 1.0 0.089
TE\y
Fabry-Pérot 24 1.3 0.00074 1.0 0.0067
TEMooq
Non- 24 1.3 0.00074 1.0 0.0067
resonant

{a) For cylindrical and fiat sample types, upper number is field intensity factor
Ry and lower number is volume ratio V/'Ve

Recent work at Comnell University on Fabry-Péror resonators has focused on
reducing the effective resonator volume in order to maximize the achievable B,
at the sample. In one syslem that is currently under test, the beam waist w = A at
the sample. The longitudiral mode number q = 4. Under those conditions, the
effective resonator volume is Vo = mA® which should be compared with the
standard cavity designs discussed above. Initial results from simple pulse
experiments at 95GHz using this developmental resonator have shown great
promise, but more work needs to be done to characterize (ully the performance
of this novel design. QOur point in mentioning this provisional resonator design
is to indicate ways in which Fabry-Pérot resonators can compete with standard
cavity designs. We will not discuss it further here.

The sample geomctries were also scaled according to wavelength, as
follows: (1) point samples were situated at the point of highest B, (2) cylindrical
samples (e.g. a sample in a capillary tube) were taken to have radius r= AJ1S5,
and situated along the axis of cylindrical cavities, at the beam waist but
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transversc to the beam direction in Fabry-Pérot resonators and non-resenart
holders, and along the a dimension through the centre of rectangular cavities; (3)
thin layer samples were taken to have thickness A/50, situated perpendicular to
the z axis (d dimension) of cylindrical or rectangular cavities and perpendicular
to the beam propagation direction in Fabry-Pérot and non-resonant systems; and
(4) cavity-filling samples were assumed to fill the volume of each cavity type as

defined above.
To compare the absolute sensitivity of different cavities using the information

in Table !, we collect all of the contributions in Eq. [1] that do not depend
explicitly upon cavity parameters (i.e., detector and sample characteristics, input
power, Hyoa / AF, etc.) into a constant & so that we may write

N pin — (4}
oz v}

Since higher sensitivity corresponds to smaller Ny, a figure of merit (FOM)
F,, may be defined for comparing the absolute sensitivities of different cavities
under cquivalent conditions

11
Fy=MRy0; = (5]
C

With this definition, Ny, = K/F,, and a higher FOM corresponds to a lower
Niio and greater sensitivity. This FOM is tabulated for cach cavity type
described below in Table 2, together with the FOM for concentration sensitivity
and B, field, described in the next two sections.

Absolute sensilivity is most important for samples that are only available in
small amounts, such as single crystals, or samplés for which the volume is
limited by availability, high dieleciric losses, or electrical conductivity. Many
samples of biological importance fall into this category. The limiting factor in
these cases (neglecting saturation effects) is the magnitude of the rf field at the
sample, and the sensitivity becomes proportional to B,

2.2 Concentration Sensitivity

Concentration sensitivity is defined as the minimum number of spins per
unit volume that give a signal-to-noise ratio of 1 for a line witha 1 G line width
and a 1 Hz detection bandwidth. Rewriting Eq. [4] to represent this quantity
gives
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ifz.uﬂ'_ = K,\(__KC_I_]_) [6]
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this leads to a somewhat different FOM for concentration sensitivity,

V. 1
F. = MR, Q, =5 — {7
c w QL Vo ]

This figure is also tabulated for each cavity type below. Eq. [7) shows that
the sample volume Vi plays an important role in determining the cavity
conceatration  sensitivity. Concentration sensitivity is therefore the most
appropriate figure of merit for samples where the volume is not restricted, such
as powder samples. It is also important when the sample permits a high cavity
Q. as is generally the case for low dielectric Joss solids and liquids. There are
two major sample types of biological interest for which it is most desirable to
optimize concentration sensitivity, as outlined in the following two subsections.

221  Low Lass Samples

For low diclectric loss samples, the best swrategy is to boost the
concentration sensitivity by filling the sample-holders to the maximum
practicable extent, thus maximizing Ve/V¢ in Eq. [7]. In this case, single-mode
and overmoded resonators are often the most effective solutions, and cven non-
resonant sample holders can become competitive under the right conditions.

222 Aqueous Samples

A broad selection of biologically important samples fall into a category
where the sample has low spin concentration and high dielectric loss (e.g.,
agueous samples) but is not severely limited in terms of its volume. In this case,
optimal concentration seasitivity is most desirable, but there are additional
constraints on the size of the sample that are imposed by its loss characteristics.
For such cases, the Fabry-Pérot resonator is typically much more competitive
than single-mode resonators. This can be undersiood by the foliowing
qualitative argument. Suppose that the characteristic distance by which the E-
field may penctrate the sample at a given frequency is &. In order to avoid the E-
field lines in a cylindrical TEqu cavity mode, the sample must occupy a region
within a distance 8 of the cavity axis, with cross-sectional area n8°. In the Fabry-
Pérot, the sample must occupy a region within a distance 8 of a node in the E-
ficld standing wave, with thickness 25. Thus, the factor V/V, in Eq. (7] is
proportional to &A for the Fabry-Pérot, but proportional to %A% for the
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cylindrical resonator. The higher the losses in the sample arc, the smaller 8
becomes, and the bigger is the advantage of the Fabry-Pérot for lossy samples.
A procedure for optimizing Fabry-Pérot resonators for this type of sample is
discussed in Section 7 of this chapter.

2.3 Reflection vs. Transmission Mode

Both transmission and reflection cavitics have been utilized in high-field
EPR applications. The carliest quasioptical spectrometers tended to rely more
upon transmission cavities because of the simplicity of their construction, and
because of the additional complications of constructing the quasioptical circuitry
necessary 10 operate a reflection cavity. However, reflection cavities are
intrinsically more sensilive than transmission cavities as Eqs. [2] show. For the
reflection and induction cavities, sensitivity is optimized when the cavity is
criticalty coupled, i.e., when P=1 and all incident power absorbed in the cavity.
In this case. M=1/2. For a transmission cavity, sensitivity is optimized when
Bi=P;=1/2, so that half the power is abserbed in the cavily, one quarter is
reflected, and one quarter transmitted. Under these conditions M=1/8. Thus,
according to the FOM given in Eqgs. [2], one might expect a reflection cavity to
be four limes more sensitive than a similar cavity operating in the transmission
mode, assuming all other cavity characteristics could be kept equal.

In practice, such an advantage may be difficult to realize, since this analysis
does not lake into account other influences that both transmission and reflection
cavities can have on spectrometer sensitivity. For example, the local osciliator
{LO) power cannot be independently controlled in transmission mode, in the
absence of an rf bucking scheme, which may limit the dynamic range of certain
homodyne detectors. Similarly, complications can arise from the need to duplex
the radiation that is incident upon and reflected from a reflection cavity.
Adventitious reflections from guasioptics or the cavity can lead to significant
standing wave problems that impede cavity tuning and can strongly impact the
syslem sensitivity. :

2.4 RF Magnetic Field

The power dissipaled by the cavity can be written in terms of the input
power as follows:

Py =CFy (8]

where C”is a matching factor that depends upon the cavity configuration
{transmission, reflection, or induction) as detailed below. Using the definition of
unloaded cavity Q.
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_ 2n(energy stored in cavity) 2nkE,

9]
energy dissipated percycle E, {
the dissipated power is simply Ea;,, divided by the cycle time,
2ncE,
P = < (10]
diss AQU
The energy stored in the cavity can be calculated as
Ve(B) V(B!
E. =_l._.‘[ BlV = C( C)—_— C< S) [11
2y Ve 2y 2uR,

The unloaded cavity Q is related to the loaded cavity { as follows for
transmission, reflection, and induction cavities:

“(1+8) e

0 = Qo
1+ B XL+ B,)

An expression for the average (root mean squared) mm-wave ficld at the

sample, By = 1/(Bj) then follows from Eqs. (8] and [10}-(12]:

A0,CR, 1"
Es;—[!i_Q_L__i} F:)HZE 1'-’0”2 [13]

eV,

where C = C’ 04/Qy depends upon the cavity configuration as follows:
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=___4_I3|_,_
Crns (1+B|+Bz)z
_ 2B
=67 e

.
M+ B

The proportionality constant K is tabulated for each cavity/sample geometry
assuming critical coupling in the reflection mode in all cases.

2.5 Comparison of Cavities

To summarize the results of this section, the absclute and concentration
sensitivity FOM are tabulated with the B, ficld proportionality factors defined
above in Table 2. 1t should be noted that all of these quantities are scaled relative
to the wavelength A to facilitate comparison of different cavity types at a given
frequency. Thus, in order to calculate an absolute value for Nug of Nmo/Vs
according to Eq. {1], it is necessary to divide by the indicated power of A (in S1
units), and similarly for calculating absolute B, ficld using Eq. [13]).

Table 2. Comparison of figures of mexit for different cavity configurations

Type FA(AY Fo (V). K (TW? 0 107

Pt Cyt. | flat Cyl. flat Pt Cyl. flat
TEy: | 1410 | 678 [ 133 1 2 194 | 135 | 060
TEye | 1412 | 706 | 706 | 20 63 194 | 137 | 137
F-P 20 | 43 |33 {ooo2s | 0025 |15 {01l |00%
o 1 03 |02 |oi |oo00r |0I1249 [0028 | 0.02] 0.018

It is apparent from Table 2 that single-mode cavities offer the best absolute and
concentration sensitivity as well as the largest B, field for a given input power
when compared Lo traditional Fabry-Pérot designs. However, at the very shoriest
wavelengths, fabrication of rectangular cavities with high Q factors are virtually
unknown at these wavelengths. In contrast, single-mode cylindrical cavities
have been fabricated al frequencics up to 360 GHz, and can offer over two
orders of magnitude beiter sensitivity than open resonators for point and
cylindrical samples. This advantage is less dramalic for the flat sample
geometry. In fact, samples with very high diclectric losses typically must be
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much thinner than the “fla’” sample gecometry assumed in Table I, in which
case, the FOM for cylindrical and Fabry-Pérot cavities become comparable.
Reduced dimension Fabry-Pérot resonators {discussed above) may even surpass
the performance of cylindrical cavities under otherwise similar conditions.

As Table 2 also shows, single mode cavities afford the largest H, field for 2
given input power. This is mainly a consequence of their high Q factors and the
relatively small cavity velumes, which tends to concentrate B, at the sample.
Accordingly, the relatively low @ and large V¢ of the typical Fabry-Pérot cavity
assumed in Table 1 make it very uncompetitive for pulsed applications in
general. As we have discussed above, however, the Cornell group has recently
employed 2 non-standard Fabry-Pérot resonator with w = A that addresses these
shortcomings and leads to B, fields approaching those of cylindrical cavities for
the same input power.

3. QUASIOPTICAL CAVITY COMPONENTS

Because of the flexibility of quasioptical design in EPR application, there are
three distinct ways in which radiation may be introduced to the sample in a
quasioptical EPR system: via (1} single-mode waveguide, (2) overmoded
waveguide, or (3) free-space propagation as a Gaussian beam. We bricfly review
these methods of propagation as they pertain to cavity coupling.

3.1 Waveguide Propagation

At frequencies up to about 150 GHz, it has been possible to utilize
conventional single-mode waveguide, which may be coupled to single-mode
rectangular or cylindrical cavities, overmoded resonators (usually cylindrical),
and even Fabry-Pérot resonators {(Grinberg er al., 1983; Burghaus er al., 1992).
However, al higher frequencies, transmission losses through single-mode
waveguide become prohibitive for use with superconducting magnets where the
length of guide can easily exceed 2m. This has emcouraged the usc of
overmoded waveguide, for which losses scale roughly as the inverse of the
characteristic cross-sectional area L.

Overmoded smooth circular guide has been used at frequencies from 110
GHz up to 660 GHz (Miller e al., 1989; Krzystek et al., 1996) however, most
groups now employ corrugated waveguide,(Smith et of., 1995; Earle ef al.,
1996b; Fuchs er al, 1999; Hassan et al, 2000; Smith and Riedi, 2000) which
previously had found extensive use in plasma fusion experiments where it was
necessary to propagate very high mm-wave power with very low loss on the
order of 0.01 dB/m.(Doane 1985) Corrugated guide has lower transmission loss
than smooth guide, and propagates a single hybrid HE,, mode (a linear
combination of the TE,; and the TM,; modes) when excited by a Gaussian
beam. This mode alse maintains high polarization purity and is relatively
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insensitive to distortions within the pipe, both of which are important for use
with high-field EPR cavities.

Waveguides, both corrugated and smooth, may be connected to the sample
holder or EPR cavity in a number of ways. Non-resonant sample holders may be
placed directly in the waveguide, or inside of small gaps belween waveguides.
Comugated waveguides produce a nearly Gaussian beam at the output (see next
section, 3.2), and may thercfore be coupled directly to the Gaussian beam in an
open resenator, of 10 guasioptical components. Alternatively, a conical born or
taper (section 3.3 below) may be used to convert the radiation to single-mode
waveguide, which may then be introduced into the cavity by waveguide
coupling methods.

3.2 Gaussian Beam Propagation

Another method for introducing radiation into a quasioptical sample cavity is
free-space propagation of a Gaussian beara (Goldsmith 1982; Goldsmith 1998),
which is illustrated in Figure 1. The electric field intensity follows the
dependence exp (—pz/wz). where p is the radial distance from the direction of
propagation, and w is a position-dependent parameter governing the radius of
the ficld distribution. A fundamental Gaussian beam is completely characterized
at a given frequency by the beam-waist wg, which corresponds to the /e width
at the narrowest part of the beam. The beam radius w at some distance of
propagation z away from the beam waist will be

142

2
w=wy| 1+ £
Zg (15)

and the radius of curvature R at a distance z from the beam waist is given by

2
R=z 1+(£"—) [16]
Z

where zz is the Raylcigh length (also called the confocal distance) given by w? /
7.

Gaussian beam propagation has been used by some groups to transmil mm-
waves over a significant distance via a series of lenses separated by the sum of
their focal lengths.(Lynch et al., 1988; Budit er al., 1989; Cardin et al., 1999}
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Figure 1. Parameters of a Gaussian beam

In such systems, the beam may be introduced directl y into the sample cavity
by passing it through a pantially reflective mitvor.(Lynch er al., 1988; Budil er
al., 1989; Cardin er al., 1999; Rohrer ef al., 1999) A free-space Gaussian beam
may also be launched from an overmoded waveguide by passing the radiation
through an appropriate taper section attached to the guide. (Earle er al., 1996b;
Smith et al,, 1598)

3.3 Conical Horns and Tapers

Conical horn antennas and conical tapers are very important for cavity
design because they allow interconversion between “overmoded circular
waveguide and either single-mode wavcguide or a Gaussian beam with very low
insertion loss (typically < 0.25 dB). Thus, it is possible in principle to match
different cavity designs with the different propagation methods that may be
employed by the spectrometer. Examples of their application are depicted in
Figure 2.

There is a rather large literature on the design, fabrication, and modeling of
corrugated horns, which have found widespread use in radar systems.(Goldsmith
1982; Goldsmith 1998) Conical homns most typically use corrugations 1o
improve mode matching and polarization characteristics. They are usually
manufactured by electroforming copper on an aluminum mandrel and then
etching away the aluminum, although corrugated conical sections may be
machined directy in some cases. It has
been shown that horns with narrow flare angles (typically less than 5°) convert
the TE,, mode to a fundamental Gaussian mode with >98% efficiency; the
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Gaussian output beam bhas a waist wy = 0.6345a, where a is the aperture radius
of the horn.(Wylde 1991)

Figure 2. Scalar conical hon antenna (a} coupling to a Gaussian beam, and conical taper
(b) coupling into a semiconfocal Fabry-Pérot cavity.

The distance from the aperture to the beam waist is

R

7= e 17

1+ AR, /n(0.64350)
and the beam waist is given by
0.6435a
T — > [18]
. [u(0.6435a) ]
+ ————r—————

AR,

where z is the distance from the beam waist to the horn aperture, R, is the radius
of curvature of the beam at the aperture {equal to the slant length of the feed
horn), and a is the aperturc radius. For a cone half-angle of 6, we have
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sin0=a/R, . Egs. [17] and [18] can be applied to either the larger or the

smaller aperture of a conical laper using the convention that R, < 0 at the larger
end. Thus, at the larger end of a taper, by analogy with a horn antenna, the
effective beam waist is some smali distance inside the horn; at the smaller end of
2 (truncated} conical feed, the beam waist is projected a small distance outside
the horn. When 0 is sufficiently small, it is possible to broadcast the min-waves
directly from the horn into a Fabry-Pérot cavity mode.

3.4 Focusing Elements

Occasionally, coupling between either waveguide or free-space modes of
propagation and an open cavity has been achieved via a coupling lens, which is
usually fabricated from a dielectric material with grooves cut in the surface to
make an artificial quartcr-wavelength matching layer.(Jones and Cohn 1955)
The grooves significantly reduce the power reflected by the lens. Off-axis
mirrors are generally preferable to lenses as focusing elements in mm and sub-
mm wave instrumentation where performance is critical, but they are typically
not used in cavity design because of space considerations. Lenses have the
advantage of compactness and ease of manufacture, but generally offer worse
performance than mirrors in terms of astigmatic amplitude, insertion loss,
standing waves, cross-polar effects, and limited bandwidth. For example, the
insertion loss of a feed horn-lens configuration is about 1dB at 90 GHz, and
increases at higher frequencies. This disadvantage is frequently offset by the
compactness of a coupling Iens, which offers the flexibility of swilching
between waveguide-based cavities and open cavities as needed,

3.5 Beam splitters

Although freestanding wire grid polarizing beam splitters are essential
Components of the circuitry in quasioptical EPR spectrometers, they are not used
in cavities for a number of reasons, (A closely related structure, the polarizing
mirrer, can be incorporated into the cavity design as described in the next
section). However, several of the more ¢laborate reflection cavity designs in the
literature do use nonpolarizing beam splitters in the form of a sheet or slab of
dielectric material such as Mylar. Such beam splitters are most typically used as
power dividers (or -3 dB couplers) with an incident angle of n/4.

Since the reflection coefficients of a dielectric slab for vertical and
horizontat polarizations are in general quite different, simple division of power
without complicating phase effects can only be achieved when the inpu
polarization is either paralle] or perpendicular to the plane of incidence, with
vertically polarized input (perpendicular to the plane of incidence) most
typically utilized and the thickness of the dielectric is adjusted 10 give the
desired reflection and transmission coefficients for this polarization. One can
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construct a —3 dB coupler for a reasonably broad frequency range by choosing a
dielectric with an appropriate permittivity € (see (Goldsmith 1998) for details)
and adjusting the thickness to a half-wavelength.

3.6 Partially Reflective Mirrors

Many cavities in current use are based on partially reflective mirrors. The
most common application utilizes a planar, partially reflective mirror in
conjunction with a spherical mirror to form a semiconfocal Fabry-Pérot
resonator. The planar mirror is placed as near as possible to the beam waist of
the Gaussian beam mode that is set up in the cavity. The main advantage of this
type of arrangement is that incident Gaussian beams may be aligned with the
fundamental cavily mode and directly coupled into the cavity, greatly improving
the coupling and avoiding losses due to mode mismatch, mode conversion, and
scattering thai are associated with other coupling elements such as irises.(Matsuj
etal, 1993).

Figure 3 depicts the most common kind of nonpolarizing mesh utilized in
quasioptical EPR cavities, a so-called “inductive” mesh of flat conducting wires.
The most important grid parameters that determine mirror reflectivity at a given
frequency are the grid spacing g and the width of the wires 2a. Most of the
earlier cavity designs used free-standing, electroformed meshes of flat Cu, Ag,
or Au wire approximately 50 p in thickness with 40-100 wires cm™',
commercially available from Buckbee-Mears (St. Paul, MN).

However, there are several problems in the application of commercially
available meshes to quasioptical EPR. The first major difficulty is that
freestanding meshes are significantly affected by Lorentz forces that arise from
the 1-100 kHz modulation field used in cw-EPR. The resulting motion of the
mirror can lead to large offset signals in the lock-in amplifier, significantly
deteriorating the dynamic range and the signalto-noise ratio of the EPR signal.

The most common approach to reducing the mesh motion has been to fix it
1o a suitable flat dielectric support surface. This solution has proved
unsatisfactory for a number of reasons. It is rather difficult to achicve  thin and
even coating of adhesive that allows the mesh to be applicd flat, and even very
thin layers of adhesive in the active area of the mirror can significantly affect its
performance. Such difficulties can be avoided by using adhesive only around the
edge of the dielectric window, or by holding the mesh against the window with
tension (Ulrich 1967) but this leaves the mesh very susceptible to breaking at
lower temperatures due to the different expansion coefficients of the metal and
dielectric.

A second significant difficulty is that the wires in commercially available
meshes are rather thin, which Jeads 10 a significant frequency dependence of the
mesh's effective reflectivity. In multifrequency spectrometers, it therefore
becomes necessary to change thc sample cavity mirrors in order to achieve
comparable performance at different wavelengths.
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Figure 3. Schematic diagram of resonant inductive mesh

The frequency dependence of inductive grids can be understood in terms of
its characteristic transmission line impedance Z, (Marcuvitz 1951). For a grid of
flat, perfectly conducting wires sandwiched between two different dielectric
materials, the effective impedance is given by (Goldsmith 1998)

Z _ . 3) Ma| © B
— —— ] —_— ————
Z Jm"(l ncsc( Py P [19)

in which w= g/A is the reduced frequency, and™

2 172 .
h = w, (201
(#+@J

where the two dielectric layers have refraciive indices n) and ny, respectively,
and wy is a dimensionless empirical parameter that models the observed resonant
property of inductive meshes, typically about 0.80-0.85 in value.

The resonant behavior of inductive meshes is responsible for the frequency
dependence in their reflectivity. The sharpness of the resonance depends
strongly on the g/2a ratio that describes the grid proportions, as illustrated in
Figure 4. Values of g/2a < 2 produce a much sharper resonance near wq, which
is accompanied by a telatively broad range of frequencies over which the mesh
reflectivity is essentially constant. Unfortunatei Y. commercially available
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meshes have gf2a ratios that are more typically 5 or greater, leading to
appreciable frequency dependence of the reflectivity. Thus, commercial meshes
are less suvitable for application in the more recent broadband and
multifrequency guasioptical EPR bridge designs.

Several groups have recently introduced alternatives to the electroformed
meshes that significantly improve the bandwidth, performance and durability of
meshes for use in EPR cavities. The Cornell group has recently fabricated
mirrors using Cu foil and commercial photo-ciching kit such as is used to
fabricate circuit boards. Since the smaller g/2a ratios require Jarger values of g
and a to produce a given reflectivity in the 0.5-3 mm wavelength range, the
resulting patterns are large enough that the template for the photo mask can be
produced on a standard 600 dpi laser printer with reascnable accuracy. Care
must be taken to select g and a values that are integer multiples of the printer
resolution to avoid moiré effects on the printed pattern. This procedure produces
a relatively thick, durable mectal mesh that is far less susceptible to Lorentz
forces and the physical demands of mounting the mirror in the cavity.

0 0.1 0.2 0.3 0.4 05 08 0.7 0.8 09

Reduced frequency = g/h

Figure 4. Reflectivity vs. reduced wavelength for different g/2a ratios. Note the broad
region of nearly constant reflectivity in the curves at lower values of g/2a.

A grid pattern with appropriate g/2a ratio can aiso be deposited
photolithographically onto a suitable substrate such as a quartz window using
standard microfabrication techniques. This arrangement can provide cven
greater mechanical stability and better handling than the free-standing foil,
although the metal thickness deposited using such methods is typically much
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less than the skin depth at mm-wave frequencies, leading 1o higher resistive
losses in the conductor. Such difficuities may be avoided by clectroplating
additional metal onto the deposited patiern, which can be accomplished to a
thickness of 2 um or more without significant distortion of the pattern.

An additional complication with dielectric-backed meshes is that the
dielectric support can also act as a planar Fabry-Pérot interferometer because of
the partial reflections from the dielectric discontinuities al the window surfaces.
Thus, care must be taken in designing the suppost thickness, With a little
forethought, it is possible to design the dielectric support so as to have high
reflectivity over the frequency range cormresponding to the resonant transmission
“dip™ of the metal grid, thus extending the bandwidth over which a given design
reflectivity applies. The matrix method preseated in Section 7 may also be used
to calculate the reflectivity of a given mirror-dielectric combination for design

purposes.

4. QUASIOPTICAL INDUCTION MODE
CAVITIES

Since a number of recently constructed quasioptical EPR specirometers
operate with induction mode cavities, it is worthwhile to devote some attention
to how this type of cavity is characterized. Induction-mode EPR was described
in 1961 by Teaney et al. (1961), but did not enjoy very widespread application
in waveguide-based spectrometers, perhaps because of the difficulties in
constrycting the appropriate bimodal cavity that is required (Portis and Teaney,
1958). At quasioptical frequencies, induction spectroscopy has been applied in
transmission cavities at 130 GHz, and introduced to reflection cavities by the
groups of Freed (Earle et ai, 19962,b) and Smith (Smith er al., 1998).

The advantage of quasioptical cavities for induction mode spectroscopy is
that the same physical entry point may be used as both an input and an output
port if polarization encoding is employed. In this case, the polarization states
distinguish the cavity input and output ports, and the cavity can be considered 1o
be bimodal. Since quasioptical polarizers offer excellent isolation between
perpendicular linear poiarizations, there is no need for an isolator between cavity
and detector, which greatly improves the system noisc figure. Quasioptical
induction mode cavities are also easily scaleable with frequency.

The properties of induction mode cavities are best understood in terms of the
Jones matrix representation, which is a useful analytical method for describing a
wide variety of different quasioptical systems.{Lesurf, 1990) This formalism is
analogous in some ways to the standard equivaient circuit (Poole, 1983) and
transmission line models (Wilmshurst er al., 1962) used to describe waveguide-
based EPR spectrometers, cxcept that il takes explicit account of the polarization
state of the radiation. The polarization state is expressed in terms of 2 column 2-
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veclor representing the mm-wave E fields in the vertical and horizontal
directions, for which some important special cases are shown in Figure 5.

Jones matrix representations for transmission and reflection mode EPR
sample resonators have been derived by Budil et al., 2000 and are reproduced in
Table 3. These representations embody a number of important properties
required for a quasioptical cavity to operate effectively in induction mode. Most
importantly, the cavity must have cylindrical symmetry; that is, the same Q and
coupling factors for two orthogonal linear polarizations. In this case, the
reflected or transmitted EPR signal is circularly polarized, and circularly
polarized incident radiation may be coupled directly into the cavity. This
requirement limits the types of single-mode cavities that can be practically used
in induction mode spectroscopy to end-coupled cylindrical cavities and open

5) (a) len)

vertical horizontal  circular

Figure 5. Vector representations of different mm-wave polarization states in the Jones
matrix formalism.

A second, related feature implicit in these representations is that the cavity
does not introduce any coupling between the two polarization modes other than
the EPR signal itself, although one could model cross-coupling effects in a
straightforward way with Jones matrices containing off-diagonal entries similar
to those given in Table 3, but independent of %.

Table 3. Jones matrix representations of quasioptical.n'ansmission and reflection cavities

Transmissi BB, (1-mQx nQx
TANSMLISSION m _ nQLx l— n]Q,_x
B . B
a-p| Ta-m eE  Gopy "k

Reflection il*ﬂj B _B .
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4.1 Transmission Mode

To illustrate the use of a transmission cavity in induction mode, we form the
simple matrix-vector product representing the interrogation of a perfectly
matched sample-containing cavity by a vertically polarized mm-wave beam:

l[l—inQLx n0,x }(Eo]=&(“i"9£x) 21]
4\ -nox 1-mga ko 4 -n@.x

This output beam is the superposition of a vertically polarized “carrier” and
a circularly polarized EPR signal proportional to NQx (¢f Figure 5). To wtilize
such a cavity in induction mode, one would place a horizontal polarizer in front
of the cavity so that only the EPR signal is “seen” by the detector. This feature js
particularly useful in pulsed applications where the detector must be protected
from high input power, and polarizing grids offer excellent isolation between the
two linear polarizations.

Budil er al (2000) have demonstrated that this arrangement also affords
phase discrimination of the EPR signal when used with a homodyne detector,
since the effective phase lag between the carrier (which functions as the local
oscillator) and the circularly polarized signal can be controlled by varying the
angle of the polarizer or input waveguide. Explicitly, the detected signa} can be
expressed as

|Es|” =a? cos?0

+arby [(cos 20+ "™ —sin 20" Jsin o, 1 [22]

+ b;[((x:m )2 + (X'm)z):,sinz o,

where 8 is the angle of the polarizer with respect (o the vertical, w,, is the field
modulation frequency, and ar and by are constanis. The first, time-independent
term represents the transmitted source power at the detector, which exhibits the
expecied cos’0 dependence upon the detector orientation. The sin{t,,1) term
detected by a lock-in amplifier contains both absorption and dispersion terms,
which are weighted according a haif-angle relationship between the detector
angle and the effective phase of the spectrum. Thus, it is possible to observe a
pure absorption signal, but not a pure dispersion signal.
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4.1.1 Reflection and Induction Modes

Figure 6 show two quasioptical circuits that represcnt the simplest possible
implementation of a reflection cavity in a quasioptical homodyne detection
system. In such systems, a fraction of the source power is diverted into a
reference arm with an adjustable path length. For the simple systems shown in
Figure 6, this may be accomplished by splitting the beamn with a polarizing wire
grid, and utilizing a rooftop mirror in the reference arm to rotate the polarization
of the reflected mm-waves by an angle of /2 so that it passes back through the
grid to the detector. The phase of the reference signal is adjusted by changing
the position of the rooftop mirror.

Figure 6. Two greatly simplified schemes illustrating the application of a reflection
cavity in quasioptical spectrometers: (a) induction mode and (b) polarizing interferometer
maode.

Much more sophisticated reflection mode configurations bascd on
quasioptical Faraday rotators have been described in which the signal and
reference beams are physically separated (Smith e al, 1998: Smith and Riedi,
2000), affording better control over signal phase and stray reflections. However,
the simple designs shown in Figure 6 do serve to illustrate the requirements for
cavities in this type of system. Figure 6a shows an induction mode specirometer
in which the sample is irradiated with linearly polarized mm-waves and a
circularly polarized EPR signal emerges from the cavity. Only one lincasly
polarized component is reflected from the grid into the detector, where it is
mixed with the referenced signal. The most important feature of the induction
mode arrangement is that power reflected from the cavity does not appear in the
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induction mode signal, in the absence of cross-coupling terms. This greatly
reduces possible signal degradation due to modulation of the cavity parameters.

The polarizing interferometer design shown in Figure 6b is nearly identical,
but includes a quarter-wave transformer (QWT) between the sample arm and the
polarizing grid. Although a diclectric quarter-wave plate can be used in this
capacity, most practical broadband implementations of the polarizing
interferometer scheme utilize either a polarization-transforming reflector (Earle
et al., 1996a.b) or a Martin-Puplett interferometer {Smith er af., 1998: Smith and
Riedi, 2000) to accomplish the quarter-wave transformation.

The QWT has 1wo effects: first, the incident radiation is converted to
circolar polarization, effectively doubling the mm-wave power at the sample
(assuming the circular polarization is the correct one for the given sign of
¢lectronic g factor). Secondly, the circularly polarized EPR signal is converted
1o a linear polarization before being reflected into the detector, so that all of the
signal power can in principle be utilized, Despite this apparent advantage,
imperfections in the quarter-wave transformatiop and adventitious standing
waves between cavity and QWT can offset these advantages, and better isolation
between EPR signal and input power offered by the induction design is often
preferable,

5. SURVEY OF HIGH-FIELD CAVITIES

5.1 Non-resonant Sample Holders

A common sample treatment, particularly in the earliest high-frequency
spectrometers,(Milller er al., 1989) has been”to place the sample in a non-
resonant holder. Typically the holder is fabricated from a diclectric material
with a cylindrical well that holds the sampic between two windows in the beam
path of a transmission spectrometer, usualtly in a small gap between cylindrical
wave guides. More recent applications utilize a cylindrical metal “sample
bucket” that functions essentially as a short length of smooth-walled cylindricai
waveguide directly attached to the input waveguide and placed against a flat
mirror for use in a reflection spectrometer.

The major advantage of non-resonant sample holders is that they work over
a very wide range of frequencies (Hassan ef al, 1999; Hassan et al., 2000) and
are thus a natural choice for samples in broadband multifrequency studies. A
second significant advantage of non-resonant bucket designs is that they afford
considerably simpler sample handling and loading than sample resonators.

Because there is no amplification of the mm-waves at the sample, non-
resonant devices have very low absolute sensitivity compared to sample
resonators. Nevertheless, they can also provide reasonably good concentration
sensitivity for low loss powders, liquids, and frozen samples, where it is possible
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to fill the non-resonant structure with sample, so that the effective @ product
remains high. Non-resonant holders may also have some advantages for certain
types of large-grain powders, where large sample volumes may be required to
average out polycrystalline effects (Poolton er al., 2000). Non-resonant systems
may also be effective for high loss samples such as thin films, or samples in
which the losses are dominated by magnetic effects (as opposed to dielectric
losses). Finally, such sample holders are less susceptible to saturation effects
because of the low B, field, and may be useful in spectrometers where it is
inconvenicnt to attenuate the source power reproducibly.

A number of difficulties have been encountered with non-resonant bucket
sample holders, particufarly in the transmission mede. Inevitably there are
reflections from the surfaces of the sample holder that can increase radioactive
losses or lead to standing waves that interfere with signal detection. Mode
conversion in the bucket or surrounding waveguide can also produce admixtures
of absorption and dispersion signals. The inability to control the carrier power
independently of the signal power at the detector can also saturate the detector.
Some of these problems can be circumvented by employing an induction
spectrometer design with a non-resonant holder.(Smith er al., 1998)

5.2 Single Mode Cylindrical Cavities

Single mode cylindrical cavities have become standard in waveguide-based
EPR spectrometers at frequencies up to 140 GHz.(Brezgunov ef al, 1991;
Burghaus ef al., 1992; Becerra et al.,, 1995; Disselhorst er al., 1995) A single-
mode resonator with Oy = 3000 is available for use with the commercial Bruker
95 GHz specurometer (Schmalbein er al., 1999) and this is typical of many W-
band single-mode cavities that had previously been described in the literature.

Cylindrical cavities have the advantage that they can be designed with
reasonably high Q as well as very large filling factors, so that they typically
afford the maximum mm-wave B, field for a given input power. As Table 2
shows, such cavities can offer several hundred times better sensitivity than
standard Fabry-Pérot resonators. This also makes them desirable for pulsed
methods that require the largest possible B, field, such as time-domain EPR and
pulsed ENDOR (Prisner et al., 2001) and dynamic nuclear polarization (DNP)
(Becerra et ol., 1995). Weis et al. (1999) have recently described a special cavity
for high-ficld DNP and ENDOR at an EPR frequency of 140 GHz that consists
of a flat helical wire wound into a structure thai functions as a cylindrical TEy,
cavity. The helical structure permits irradiation of the sample with 'H and "’C
nuclear frequencies.

Cylindrical cavities bhave also been designed for fairly wide-band
performance. Hill er al. (1999) have reported a tunable TEq,, cylindrical cavity
operating in transmission mode from 30 to 120 GHz. The group at Greaoble
{Seck and Wyder, 1998) has reported a continuously tunable wide band single-
mode cavity operating from 40-60 GHz in reflection mode for EPR and ENDOR
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applications. The coupling is adjusted by moving a Teflon tuner positioned just
above the cavity hole, and the reported @y varied from 4000 at 40 GHz to 1000
at 60 GHz.

Among the disadvantages of single-mode cylindrical cavities is that they
may be difficult to manufacture because of their relatively small size in
comparison to the radiation wavelength. Until recently, there had been a
common perception that the upper limit on frequencics at which such resonators
could be applied coincided with the practical upper limit for waveguide-based
technology, or about 140 GHz.

Nevertheless, the excellent performance of single-mode resonators at or
below 140 GHz has spurred researchers to develop similar devices at cven
higher frequencies. There have been recent reports of single-mode cylindrical
cavities operating at 180 GHz with a Q of several thousand,(Rohrer et al., 2001)
at 270 GHz with Q) = 1000 (Smith and Riedi 2000), and most recently at 360
GHz (Disselhorst and Schmidt 2000). These initial efforts suggest that
cylindrical cavities with reasonably high Q can be designed and fabricated even
at very high frequencies. These developments may greatly exeend the frequency
range over which cylindrical cavities significantly outperform Fabry-Pérot
resonators, for which the reported finesse values have often been
disappointingly low compared with the theoretical maximum.

It is not yet clear what the practical frequency limit may be for the
application of cylindrical cavities. This is further support for the authors’
position that there is a broad frequency range over which waveguide and optical
techniques may be used. Ultimately, the dimension of the sample capillary tube
may impose the final constraint, particularly for low-concentration samples
requiring a farge volume.

5.3 Fabry-Pérot Interferometers

~

Quite a2 number of high-frequency EPR spectrometers have been based on
variations of the basic Fabry-Pérot interferometer {FPI), (Lynch et al., 1988;
Bamnes and Freed 1997; Smith er al., 1998; Cardin ef al., 1999; Fuchs et al.,
1999; Moll et al.. 1999; Rohrer e al., 1999). In practical applications, FPIs have
been constructed from two spherical mirrors {confocal arrangement) (Haind] et
al., 1985). or a combination of one planar and one spherical mirror
(semiconfocal arrangement) (Lynch et al., 1988; Budil er al., 1989). It is also
possible to form a resonator from two partially reflective planar mirrors,
although this arrangement is not typically used in EPR applications.
Nevertheless, some of the design principles discussed below implicitly utilize
the interferometric properties of a planar window-sample-window arrangement.

The wide appeal of the Fabry-Pérot resonator for high-field EPR is
altributable to a number of features. The performance of Fabry-Pérot devices in
the millimetre-wave regime has also been extensively characterized in other
contexts (Clarke and Rosenberg 1982); so that there was a large pre-existing
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knowledge base for EPR applications. The design is quite compatible with
systems based on Gaussian beam optics, and semiconfocal resonators permit
direct coupling of a beam into the cavity. Particularly important is the
cylindrical symmetry of the Fabry-Pérot resonator, which makes it uscful in
simple induction-mode designs, as well as a number of detection schemes that
utilize polarization-encoding schemes that require the cavity to support circular
polarization.

Open resonators are quite flexible, and can accommodate enhancements
such as optical illumination for studying photosynthetic systems (Mbdbius,
2000), crystal rotation (Earle and Freed, 1999), application of rf fields for
ENDOR (Burghaus er al., 1988) and field-jump coils for stepped-field ELDOR
and similar classes of experiments. Finally, reasonably high @ values can be
attained with Fabry-Pérot resonators for a broad range of sample characteristics,
including high-loss aqueous samples as discussed below. This feature makes the
Fabry-Pérot resonator aliractive in cases where absolule sensitivity is an
important criterion.

The importani figure of merit for Fabry-Pérot resonators is not the cavity Q,
but rather the finesse ¥ = Q/m, where m is the number of half-wavelengths
between the mirrors. The theoretical upper limit for the cavity finesse is
determined by the resistivity of the metal in the mirrors, and is about 1600 at
100 GHz and about 900 at 300 GHz for gold. In practice, additional resistive
losses in mirror mesh material, imperfect coupling to the principal cavity mode,
and scattering from the mirrors or irises becomes significant. As Table 4 shows,
most reported practical EPR implementations of the Fabry-Pérot resonator have
a finesse that is considerably smaller than the theoretical maximum.

Another polential disadvantage of conventional Fabry-Pérot resonators is
that their effective volume is much larger than that of a single mode cavity. The
delocalization of the mm-wave field energy over the cavity volume gencrally
leads to a smaller B, field for a given power.

Table 4. Reported Fabry-Pérot resonator fingsse for existing quasioptical
FPR spectrometers as a function of frequency

Frequenc Finesse Ref

Y

90 500 (Smith eral., 1998)
110 80 (Rohrer et al., 1999)
180 260 (Smith ez al., 1998)
220 40 {Rohrer et al., 199%)
270 180 (Smith et af., 1998)
330 30 (Rohret ef al., 1999)
360 130 (Fuchs et al., 1999)
600 40 (Mot et al., 1999)
250 50 (Earle er al. 1996)
170 40 (Earle et al., 1996}

220 40 (Cardin et al., 1999)




378 David E. Budil and Keith A. Earle

In addition to losses from the mirrors or coupling elements, Fabry-Pérot
cavities are also susceptible to imadiative losses from the sample cavity,
including scattering by the sample, and apertre effects. Itregularly shaped or
highly scattering samples can severely limit the performance of Fabry-Pérot
resonators, and performance is by far the best for planar samples. It has proved
possible to moum tubes containing liquid samples transversely in Fabry-Pérot
cavities in cases where the tube dimension is either much larger (Budil ez al,
1993) or much smaller than the irradiating wavelength; van Tol (2002) has
reporied good sensitivity with agueous samples in transverse capillaries about
100um in diameter.

Aperture effects are related the so-called “edge taper” of Gaussian
beams,(Goldsmith 1998) which can be used to define the fraction of the beam
power that is included within a finite aperture. An aperturc with a radius
r = L.3w will transmit about 98% of the power in a fundamenta! Gaussian beam, .
and one with r= 2w will iransmit 99.99% of the power. Because of the multiple
reflections in a resonator, the radius r of a Fabry-Pérot mirror must typically be
at least 2 5w before diffraction losses due to aperture effects become smaller
than the resistive losses in the mirrors. (Goldsmith 1998) The requirement of a
large aperture makes the mirrors somewhat bulky and difficult 10 operate in a
cryostal, and if the mirrors are manufactured from metal, their size can also lead
to significant eddy current losses in the modulation field.

At higher 7 values, the Fabry-Pérot cavity also requires more exacting
mechanical tuning of the mirror separation, which renders the cavity tune highly
scnsitive to small temperature fluctuations and vibrations. Another difficulty
with high finesse resonators is that they may require a means of adjusiing the
coupling in order to accommodate for samples of different dielectric loss
properties. The simplest implementations of the-Fabry-Pérot resonator have not
allowed for variable coupling, although several advanced resonator designs are
now available which do provide this flexibility, as discussed below.

Radiation may be coupled into a stmple Fabry-Pérot cavity either through
apertures in the mirrors, or by making one or both mirrors partially reflective.
The first such resonators applied in high-field EPR utilized coupling apertures.
(Grinberg et al., 1983; Haindl er al., 1985; Lynch er al., 1988) A convenient
approximation for the aperture diameter d at critical coupling is d = A/3, where A
is the radiation wavelength.(Goy 1983) More typically, a significantly larger
aperture has been used. At 250 GHz, large coupling apertures were used in order
to accommodate a wide variety of sample types in the cavity.(Lynch ef al.,
1988) Under these conditions, the cavity (O, is dominated by irradiative losses,
i.e., Qp = Or << Qp and the cavity becomes quite insensitive to the contribution
of sample dielectric loses to Qy.

In practical applications, the sample should be placed as close as possible to
the beam waist in the cavity in order (0 maximize the H, field at the sample. A
resonant mode should be selected that avoids confocal separation of the mirrors
{i.e., with each spherical mirror placed at distance zc from the cavity beam
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waist). At this particular mirror scparation, many of the resonator modes are
degenerate, which may lead to significant losscs due to mode conversion.
Operation of the resonator away from the confocal separation eliminates such
losses by exploiting the dispersive character of the resonant modes.

5.4 Variable-coupling Cavities

In an ideal system, there is effectively no signal from the cavity away from
an EPR resonance. This is achicved either by using some type of bimodal cavity
with perfect isolation between the modes, or by perfectly matching the cavity to
the EPR bridge. Thus, 2 means of maiching the resonator to the rest of the
spectrometer circuit is highly desirable in quasioptical systems, just as in
waveguide-based systems.

At conventional microwave frequencies, coupling is most commonly
achieved by mechanicaily changing the effective size of the coupling hole. At 94
GHz, it proved possible to use an oversized aperture and vary the coupling for
different samplc types by using a sliding dielectric wedge in front of the
coupling aperture.(Haind! er al., 1985) At higher frequencies, such a scheme
becomes impractical due to the small dimensions of the required waveguide
discontinuities and one is restricted to substitution of mirrors with different
aperture diameters for coarse tuning. However, a number of aliernative
strategies have evolved that permit more flexible, continuous tuning of the
coupling for basic Fabry-Pérot resonators.

54.1 Polarizing Cavity Mirror

Another approach to variable coupling in a Fabry-Pérot cavily is to utilize a
polarizing reflector for one of the mimors. The effective reflectivity of this
mirror is then adjusted by rotating the polarization direction relative to the
polarization of the input beam. The perfermance of such a cavity has been
analyzed by Reijerse et al. (1998) and Budil er af. (2000). The analysis shows
that the signal measured perpendicular 10 the polarization of the incident beam is
oblained with sensitivity proportional to (Q))'?, where Q. is derived from the
coupling parameter for the mirror in the co-polar direction. The corresponding
Jones matrix for this case may be derived by analogy with the equivalent circuit
analysis given by Portis and Teaney 1958,
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in the frame where the incident beam is polarized along the vertical direction.
Such a cavity should be useful in time-domain spectrometers where it is desired
to isolate the detection circuitry from high-powered source pulses. At the
moment, freestanding wire-grid polarizers, or more specifically the required
tensioning frames, are too bulky to permit easy implementation of this technique
at high fields. A wire grid deposited on a diclectric substrate, by analogy to the
meshes described in section 3.6, would be the most useful device for a practical
implementation of this scheme.

54.2 Interferometric Coupling

Another means of varying the coupling is lo use an adjustable
interferometer. At 250 GHz, this technique is the quasioptical analogue of the
common X-band practice of tuning a resonator by mechanically varying the
effective impedance of the resonator iris to provide optimum coupling for a
given sample. In the quasioptical case, the effective impedance is varied by
changing the spacing between two thin sheets of Mylar, which has low losses at
these frequencies. The transmission line equations suitable for analyzing a
quasioptical circuit, where the symmetry axis of the interferometer is parailel to
the optical axis may be written down using the transfer matrix formalism
discussed in Section 7.

543 Shunt Cavities

Barnes and Freed have developed a vnique Fabry-Pérot resonalor at 250
GHz that is designed to accommodate a thin, disc-shaped sample with the
normal to its flat surface perpendicular to the field direction. This geometry is
specifically designed for ordered aqueous samples sich as membranes or fibers,
where it is desirable to study the sample at the canonical field orientations of 0°
and 90° with respect to the ordering axis of the sample. As in the simple
transmission cavity, aqueous samples must be carefully placed at an E-field
node in the cavity standing wave pattern, and kept thin enough to avoid the
substantial dielectric losses that occur when the sample extends to a region of
non-negligible E-field. .

The two spherical mirrors of the Fabry-Pérot cavity and the sample are
actually placed with their symmetry axes transverse to the magnet bore, and the
beam propagating along the bore is coupled into the cavity by a pair of closely
spaced diagonal dielectric bearn splitters, as shown schematically in Figure 7.
This scheme was implemented within the constraints of a warm bore diameter of
only 45 mm.

Variable coupling into the cavity is achieved interferometrically by moving
the dielectric beam splitters relative to each other, while the cavity is tuned to
resonance by adjusting the mirror spacing with a rod-driven cam. 1t was found
that the dielectric sheets in the tuning interferometer should be of the same
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thickness, with an optimal value of about 0.25mm for 250 GHz. This sheet
thickness allowed a wide range of coupling when the spacing between the
sheets, d, was varied. Thinner sheets under-coupled the resonator for all values
of d, and thicker sheets reduced the resonator © unnecessarily. The empty cavity
finesse was approximately 30, comparable to reported in-line Fabry-Pérot
resonators at this frequency (¢f Tuble 4).

Figure 7. The "shuat" Fabry-Pérot cavity. Left-hand side shows schematic depiction of
Gaussian beam in cavity. Right-hand side is drawing of an implementation by Barnes and
Freed (Barnes and Freed 1998). (A) and (J) are input and output lens collars, (D) and (E)
are coupling window mounts, (B) and (H) are the transverse mirsors, (G} is the sample
mount. (C), and (I} are cams to move the mirror spacing and sample placement,
respectively, and (F) is a screw 1o tune the coupling window spacing.

5.5 Whispering Gallery Mode Resonators

The groups at Pisa have developed innovative resonators for high-field EPR
known as “Whispering Gallery” mode resonators.{Annino et af., 1999; Annino
et al., 1999a; Annino et al., 2000; Annino et al., 2000a) Such resonators consist
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of a disc of dielectric material constructed and situated so that the microwave
radiation propagates around the outside of the disk. Whispering gallery mode
resonators are typically relatively easy to manufacture and have the advantage
that they can be scaled to very high frequencies. Thus, many of the impediments
to efficient coupling that are encountered in this frequency range for other types
of resonators may be circumvented.

Whispering mode galleries can bc designed to afford a much higher
effective cavity @ than most other types of resonators. One reason for this is
that dielectric losses in the resonator material can be much lower than the losses
in waveguide- or mirror-based cavities, which are ultimately limited by resistive
losses in the conducting materials used to construct them. For configurations in
which the sample is placed around the rim of the resonator, filling factors as
large 1 = 0.1 have been reported.{Annino et al., 2000) Thus, in certain optimal
cases, the factor O that determines sensitivity may be much greater than that of
the other types of resonators discussed above. It has been suggested that the
sensitivity could be optimized for this type of resonator by fabricating the
resonator itself from the sample (Annino er al., 2000a) This method could
potentially be very sensitive, although limited to samples with a relatively
narrow range of dielectric properties.

In fact, the whispering gallery mode resonator is not very uscful for samples
with appreciable dielectric losses. Because a traveling wave is set up around the
rim of the structure at resonance, both magnetic and electric ficlds penetrate the
sample region, so that dielectric losses in the sample can affect the resonator Q
quite significantly. A second potentially important limitation of this device is
that it is not always feasible o place the sample material arcound the rim of the
resonalor.

5.6 Cavities for Crystal rotation -+

There have been relatively few studies of single crystal rotations at very
high EPR fields in comparisen with low-field studies. The first report of a cavity
designed for crystal rotation at 94 GHz was a waveguide-coupled Fabry-Férot
resonator mounted transversely in the magnet bore (Haindl er al, 1985). This
open resonator design has been extensively utilized in the investigation of
photosynthetic systems (Burghaus et af., 1992; Hofbauer ef al., 2001} because of
the relative ease of sample illumination with this design. At 95 GHz, it has also
been possible to accomplish single crystal rotation with a TEy,; cylindrical
cavily. (Disselhorst er al., 1995)

At higher frequencies, the relatively small dimensions of cylindrical cavities
present some formidable design challenges. One solution to this problem is to
use an oversized resonant cavity, as described by Hill er al. (1999) for
multifrequency single crystal studies in the 30-120 GHz range. At the very
highest frequencies, however, the only practicable accommodation for crystal
rotation seems to be a Fabry-Pérot resonator. Earle and Freed (1999). have
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given a detailed description of a single-axis goniometer designed for operation
with a Fabry-Pérot resonator at 250 GHz, shown schematically in Figure 8 The
device was implemented with a warm bore diameter of 45 mm.

b
o g4—

>
-'i'!m
J o

£5)

Figure 8. Single-crystal rotation within a Fabry-Pérot cavity. A: sample rod, B: pinion, C:
rack, D upper spherical mirror, E: boitom spherical mimror, P: pinion, G: vacunm feed
through control rod, H: vernier dial.

The orientation of the spectrometer field By in this figure is along the axis of
the resonator, and that of the linearly polarized B, field is perpendicular to the
resonator axis. Sample rotation is accomplished via a support rod fabricated
from Rexolite (cross linked polystyrenc). The orientation of the support rod is
perpendicular to the By ficld, but it may be varied with respect to the B, field
direction. This feature allows optimization of the rotation axis with respect to
the B, direction in cases where the transition probability may be orientation-
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dependent, as in transition metals. Rotation is accomplished by a rack and pinion
drive that is always operated in the direction indicated by the arrow in Figure 8.
The drive is lubricated with molybdenum disuifide or Apiezon ‘T grease at
room temperature, and graphite at low temperature. Space constraints limit the
travel of the rack to approximately 300° degrees of rotation, which is ample for
collecting rotation data in one plane. A knife-edge vernier scale allows the
rotation setting to be read to at least $0.3°. The significant scattering from
support rod does reduce the transmitted power in comparison with simple
transmission Fabry-Pérot designs; however, the reported finesse of =40 is quite
comparable. Double O-ring seals for the actuator shaft, mirror, and support
assembly permit evacuation of the apparatus, and the housing of the cavity and
goniometer was fabricated from G-10 resin (garolite) to minimize heat
conduction for use of the goniometer at or below 77K. This resonator has been
applied 10 single-crystal studies of transition metal ions in inorganic crystals
such as Ni doped CdCls at temperatures down to about 250 K. (Misra et al,
2001)

6. FIELD MODULATION

Magnetic field modulation is a serious technical issve for high field cw EPR.
The main problem is the increased Lorentz forces on the modulation coils
resulting from coupling to the much larger spectrometer fields employed. Direct
mechanical contact between the modulation coils and the cavity components (or
sample) has caused significant problems in a number of systcms, presumably
because of the large forces involved and the high sensitivity of the cavity to very
small dimensional changes. It is therefore advantageous to isolate the
modulation coils physically from the resonator when the bore diameter is large
enough to permit such a separation.

A second significant problem with a number of different cavity
configurations is eddy current heating resulting from the high field modulation
amplitudes that are often required for the broad lines that can occur at high EPR
frequencies. As is the case at lower frequencies, this effect can be minimized by
fabricating the cavity walls or resonator mirrors with the minimum amount of
metal possible. One strategy that has been successfully employed for spherical
Fabry-Pérot cavity mirrors has been to flash a layer of chromium (for improved
adhesion) onto a plano-concave spherical lens with the appropriate radius of
curvature and then sputter a thick layer of noble metal (several skin depths for
high reflectivity) on top of the chromium flash to define a diffraction-limited
reflecting mirror.

At high fields, one does have greater flexibility in the choice of modulation
frequency than at X-band. The 100 kHz commonly employed a1 X-band
corresponds to the frequency at which the 1/f noise associated with mixers starts
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to become negligible. The InSb mixers or Schottky heterodyne systems more
commonly used at higher EPR frequencies do not have this constraint, and
moduiation frequency may be advantageously reduced as low as | kHz,
although microphonic signals can be significant at such low frequencies. For
very broad lines, where the amplitude of the magnetic field modulation may be
only a small fraction of the line width, there are some advantages to dispensing
with magnetic field modulation altogether in such cases and using alternative
methods for signal processing.

7. A MATRIX METHOD FOR LOSSY SAMPLES

A major challenge in applying high-field EPR to biological samples near
physiological temperatures has been its lack of sensitivity for aqueous samples
due to the significant diclectric losses of water at millimetre-wave frequencies.
Although the dielectric oss tangent of water generally decreases with frequency
above 20 GHz, it is still necessary to avoid overlap of the sample volume with
the £ field in the resonator. Thus, the lower sample volume required at smaller A
tends 10 reduce the gain in sensitivity that would otherwise result from lower
dielectric losses.

As noted in Section 2.2.2, open resonators offer some geometric advantages
for minimizing E-field overlap with the maximum possible sample volume. In
simplest terms, this derives from the fact that the E-ficld nodes are planar or
nearly so in such resonators. Therefore, despite the much lower FOM typically
obtained for Fabry-Pérot cavities, they become competitive for very thin, Jossy
samples. It has proved possible to design sample cells for a Fabry-Pérot
transmission cavity that afforded an absolute sensitivity of 10° spins Gauss™
under favorable conditions,(Earle and Freed 1999) which is adequate for studies
of many aqueous samples of biological interest. In their initial demonstration of
a cavity design for aqueous samples, Bames and Freed 1997 described a cell
consisting of a thin layer of water sandwiched between two dielectric windows
mounted transversely in a FPL. A similar sample cell has been utilized at 220
GHz by Cardin ez al., 1999,

Spectrometer sensilivity depends strongly upon the sample geometry in
aqueous samples, and especially upon the thickness of the aqueous layer and
surrounding windows. Bames and Freed carried out an analysis based on
transmission line reflection coefficients to calculate sensitivity for different
cavity geometries, but did not give details of this method. Earle et ai. (2001)
have recently described a similar transfer matrix method that can be appliedtoa
wide variety of cavity design problems involving samples with high dielectric
loss (including solvents other than water) and different dielectric materials, We
present a summary of the method here and demonstrate some simple
applications.



386 David E. Budil and Keith A. Earle
71 Basic Transfer Matrix Method

The transfer matrix method was originally developed for analyzing
transmission lines.(Collin, 1992; Budil ef af., 2000) ks applicability to cavity
design derives from the fact that individual Gaussian modes propagating through
space are reasonably well represented as waves on a transmission line.(Born and
Wolf, 1980) For this approximation to apply, the sample should be placed as
close as possible to the beam waist in the cavity, where the beam divergence is
slow and the phase front is essentially planar. Similarly, beam growth ousside of
the sample region may be neglected with the use of one or two spherical mirrors
that are correctly maiched to the phase front curvature of the beam. Given that
most Fabry-Pérot resonators are operated in a regime where the phase front at
the location of the curved mirror is in the near field of the beam waist, i.e.,
where the beam divergence is limited, wransmission line methods offer a useful
approximation to a more rigorous analysis including corrections for beam
growth within the sample and cavity.

An optical clement is represented by a two-by-two matrix M, which relates
the input and output E-ficlds and B-fields of the element as follows:

(z){)-C o)
B, B, c DAB,

A useful property of this representation is that the output fields for a given
element are the input fields of the next element. Thus, a series of elements may
be represented by the product of the matrices for each element. The 4, 3, C, and
P elements of a system matrix M,,, are then used 1o calculate the field

transmission and reflection coefficients of the system as follows (Goldsmith
1998): ’

r—'EL— ﬂzom +$-dﬁ-®zm
Ei ’qzou! +3B+ (‘zl'nzoul + fDZin
(25}
t =_EL - zzour

E, A4z, +B+CZ,Z,, +DZ,

out

where E;, E,, and E, are respectively the amplitudes of the incident, reflected,
and transmitted fields, and Z;, and Z,, are the input and output impedances,
which are generally the impedance of free space, Zg = +flq Je, =377Q. The
field coefficients r and ¢ are in general complex-valued; the power transmission,
reflection, and absorption coefficients may be calculated from these as follows:
2=|0?, R=1", and A= 1 - (T+R).
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A wide varicty of open-resonator configurations may be reproduced using
only two basic matrices: the first matrix represents a mirror, and the second, a
dielectric slab, which may be applied to dielectric windows, an EPR sample with
or without dielectric losses, or transmission through free space.

The mirtor matrix is simply the matrix for a shunt impedance Z,, across a
transmission line, with the explicit form (Montgomery er al, 1948; Harvey,
1963; Ulrich, 1967; Goldsmith, 1982; Lesurf, 1990; Budil er al., 2000)

10
M_(Z_):( vz J [26}

The effective mirror impedance Z, is typically small, (Bom and Wolf, 1980)
and is purely reactive (i.e., Zy =iX,) for perfect (i.c., loss-free) mirror.
Complex-valued impedance can be used to account for radiation losses, mode
conversion, and diffraction from an aperture or resistive losses in the mirror
mectal.

The general form for a matrix My representing a diclectric layer is

cosh ikgdJue ‘E- sinh ikyd e

M,(e.p.d) = [27)
‘/E sinhikyd \Jue  coshikyd Jue
7}

in which kg=2m/), is the wave number of the radiation in free space, d is the path
length through the material, € = €1 + ¥,.), where %, is the electric susceptibility
of the medium and &, is the vacoum permittivity, equal to 8.85x10”2F m™. For
propagation through free space, € = €,. and p=po the vacuum permeability,
which has a value of 4mx107 H m™'. Materials with diclectric loss are
represented by a complex-valued permittivity. In the presence of an EPR-active
sample, p = Ro(1+)), where %, is the EPR sample susceptibility.

The general approach is to multiply the transfer mairix representations for a
given configuration of the different celt components. One then uses the resulting
system matrix 10 determine transmission and reflection coefficients T and R.
Finally, sensitivity to EPR absorption or dispersion is obtained by taking the
partial derivatives of T or R with respect to the components %" and x* of the
magnetic  susceptibilily, typically using a numerical forward-differences
approximation. For example, to determine the EPR sensitivity in transmission
mode, 7 would be calculated for the system matrix according to the second of
Egs. [25] assuming x=0 for the matrix rcpresenting the sample. It is then
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recalculated setting ’ or X~ set to some smalf number 5 (typically about 107%)
and the sensitivity approximated as AT/ 5.

Careful optimization of windows and sample dimensions depends critically
on accurale knowledge of £ a1 far-infrared frequencies for the mirrors and
window materials as well as for the sample itself. For dielectric windows,
Goldsmith 1998, has tabulaled ¢ and £” for a variety of useful materials.
Extensive measurements of € have also been made for water as a function of
frequency and temperature.(Afsar and Hasted, 1977; Hasted er al., 1985; Hasted
et al., 1987: Barthel er al., 1990) These results show that both ¢ and g” decrease
with frequency above 20 GHz, but exhibit resonant absorption bands due 1o
intermolecular librations near 10 THz (Hasted, 1973).

For most accurate work, it may also be necessary to consider the solute in
the sample. High-frequency dielectric relaxation spectroscopy has suggested that
¢ is significantly altered at mm-wave frequencies by electrolytes and hydrogen-
bonding solutes such as sucrose or glycerol, which are often added to biological
samples to modify the effective viscosily or to promote glass formation.(Wei
and Sridhar, 1990) Indeed, there is some evidence from dielectric studics that
macromolecules themselves modify the effective € at very high
frequencies.(Wet er al., 1994)

Tabulations of complex permittivity for other solvents of interest are
generally not available in the 150 GHz to 1 THz frequency range. Onc may
often estimale £ using a modified Debye form for selvent dipole relaxation:

Ey~E. 0, 28]

E=¢, +-—
1+iot e,

where  is the angular frequency at which € is 10 be calculated, g is the static
permittivity, €. is the limiting permittivity at infinite frequency, T is the
rotational correlation time of the solvent,-and 0y is the DC conductivity of the
sample, and &, is the permittivity of vacuum defined above. These parameters
have been tabulated for a wide variety of solvents and temperatures (Buckley
and Maryott, 1958); A shost compilation of Debye parameters for a small
selection of relevant sclvents for EPR is given in Table 3.

7.2 Application to Cavity Tuning

The formalism described above will now be illustrated for a basic open
resonator configuration similar to that utilized by Barnes and Freed. The cell,
which is depicted in Figure 9 consists of an aqucous layer of thickness 4
containing the EPR sample with a quariz windows of thickness d,, on either side.
The cell is placed between the mirrors at distances d; and d; from them.
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Figure 9. Schematic diagram of aqueous sample arrangement in a Fabry-Pérot resonator.
The sample is placed between two dielectric windows located at distances d, and d; from
the pastially reflective mirrors of the resonator (dotied lines)

A typical impedance for a practically realizable partiall y reflective mirror with
some resistive losses is Zy, = Zy(0.2—4i) corresponding to a power reflecti vity of
about 97%. Using this value together with permittivity of g, = 4.54 for fused
quartz and g, = 5.5-6.0¢ for water at 250 GHz, we may form a matrix product for
the configuration shown in Figure 9 as follows:

M,iem =Mm(zm)'Md(I'l'd1)' M, (Ed ldy )‘Md (ss'p‘s‘ds)

(291
XMJ(E.J A.d, )'Md(lrl-dz)‘Mm(Zm)

where dy and d, respeclively represent the thickness of the dielectric window and
the sample, and d, and d, are the mirror spacings defined in Figure 9.

The power transmission coefficient 7is ‘calculated by applying Eqgs. [25] to
the matrix product and it plotted as a function of d, and d, in F igure 10. The
peaks observed in the plot comrespond to the power transmission maxima that
occur when the effective path length through the cavity (including windows and
sample) is near a half-integral number of wavelengths. A plot of reflected power
would exhibit a series of troughs corresponding to the peaks in Figure 10.

The power maxima in the d), d; space are typically quite elongated, with the
approximate long axis of the peak lying parallel to the line dy+d; = constant,
This feature suggests an optimal approach for tuning Fabry-Pérot cavities.
Motion of cither mirror along lines (a) and (a") will in general produce a series
of peaks spaced at A/2, and this qualitative pattern can be observed with the
motion of one mirror over a wide range of fixed positions for the other mirror,
even far away from the transmission maximum.

To move towards the maximum of the peak from arbitrary mirror positions
requires alternating one-mirror adjustments, resulting in a time-consuming and
tedious zigzag approach to the optimal position. It is much more efficient to
make adjustments along the major axes of the transmission peak: specifically
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along the directions of constant dy+d; and constant dij—d,. In other words, the
fastest procedure is to adjust the mirror spacing with a jaw-like symmetric
motion of the two mirrors, parallel to line {(b) in Figure 10, and then move the
sample location refative to the two mirrors, corresponding to adjustment along

line (c).

Table 5. Dielectric parameters for a selection of solvents

Formula TrPC e'e, eJfe, vps
H,0 0.0 88.20 5.00 17.7
10.0 84.00 5.00 16.6

20.0 80.40 5.20 123

300 16.50 5.20 9.3

H,80, 200 110.00 5.00 478
CS,; 200 2.64 2.65 4.5
CHCl, 250 a7 2.09 7.4
CH;0H -109.9 82.17 9.50 812
30.0 31.65 5.50 425

C,H;0H -1426 79 8 2.65x10°
30 23.56 4.2 113

CHy(OH), 25 413 5.4 112
CH.0 20 212 1.9 33
C;H,OH -55.7 47.1 4 1.02x10°
: 20 19 3.2 920
C3Hy(OH); 146 762 4.18 9.61x10"
' 20 341 - 48 1.80x10°
CH,0 _ 4 4.7 0 2.81
CeHy, 20 1.89 (] 7.43
Cety0 1 17.01 2.21 144
CyH, 20 2391 0 7.43
CsHsNH, 20 6.89 0.028 19.6
C,H,0 20 2.954 0 2.18

7.3 Signal Phase Effects

The transfer matrix method also gives some insights into some of the
significant effects that a Fabry-Pérot cavily may have on the EPR signal phase
(that is, the admixture of absorption and dispersion). It has not been widely
ackmowledged in the literature that the observed phase is quite sensitive to both
the mirror spacing and the sample position in the Fabry-Pérot. Figure 11 shows
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the calculated EPR sensitivity to both absorption and dispersion for both
transmission and reflection cavities. For reference, the transmitted or reflected
power is aiso plotted. At the center of the transmission or reflection peak the
sensitivity to the dispersion signal is zero, and one observes a pure absorption
signal. However, small displacements of cither the sample or the mirrors from
their optimal positions can both increase the sensitivity to the dispersion signal
and decrease sensitivity to the absorption signal, leading to an effective phase
shift in the observed EPR signal.

1.5

dzlmm

0.5

d, /f mm

Figure 10. Power transmission coefficient for the cavity shown in Figure 1 as a function
of mirror spacings d; and d;. Dotted lines comespond to various types of cavity mirror
motion: {(a) motion of one mirror with the other one fixed, (b) symmetric motion of the
mirmrors about the sample, (c) and (d) motion of the mirrors in the same direction,
equivalent to motion of the sample relative to fixed mimors.
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Figure 11. Millimeter wave power (solid lines) and EPR sensitivity to absorption (dashed
lines) and dispersion (dotted lines) for mirror displacements (lefi-hand side) and sample
displacements (right-hand side) for transmission mode (top: a and b} and reflection mode
(bottom: ¢ and d). e

7.4 Solvent Effects

The original application of the transmission line analysis carried out by
Barnes and Freed 1997, was to find the optimal sample thickness for an aqueous
sample at 250 GHz. Figure 12a demonstrates this type of optimization for
solvents with different diclectric properties using quartz windows with a fixed
thickness of 0.17 mm. Sensitivity to absorption %” was calculated as a function
of sample thickness for water, methanol, cthanol, and toluene in order to
illustrate cavity behavior for both polar and non-polar solvents. For cach curve,
the mimor spacing was adjusted to maximize semsitivity for each sample
thickness using a onc-dimensional search algorithm (Press et al., 1992).

The curves in Figure [2a can be qualitatively understood as follows. For the
thinnest samples, the sensitivity is limited by the number of spins and thus
increases linearly with sample thickness regardiess of the sample’s dielectric
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Figure I2. EPR sensitivity as a function of sample thickness for various solvemts using a
fixed window thickness of (.17 mm. (a) Seasitivity carves for solvents of different
polarity: water { — ), methanol (---), ethanol (— —), and toluene (— - — ). (b)
Sensitivity curves for water at different temperatures: 20°C ( — ), 10°C(-—), and 0°C (—
—)- Calculated using parameters given in Tables 1 and 2.

losses. However, since these losses depend exponentially upon the beam
path length they become dominant as the sample thickness increases. Thus,
lossy samples exhibit a maximum at smaller thickness, whereas the linear
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increase in sensitivity extends to longer path lengths in low-loss solvents such as
toluene, leading to a maximum at larger sample thickness

and substantially greater concentralion sensitivity. One somewhat surprising
result from the analysis of Earle et al. (2001) is the significant effect of
temperalure on sensitivily for aqueous samples.

Figure 12b shows EPR sensitivity as a function of sample thickness for an
aqueous sample at three different temperatures. When the sample is slightly
thicker than the optimum value, the sensitivity can decrease by as much as a
factor of two upon going from room temperature to 0°. Although this neglects
changes in sample volume with temperature, which would likely compensate for
the sensitivity loss to some degree, this plot illustrates the critical dependence of
EPR sensitivity on sample dielectric properties. Such considerations are
important for temperature-dependent studies in biological samples, where it is
also frequently necessary to freeze a sample in order to obtain magnetic
parameters from the rigid limit spectrum.

Figure 12b also shows that the sensitivity is relatively unaffected for samples
slightly thinner than the optimum value, suggesting that this is a better choice
for the sample thickness when temperature-dependent studies are 1o be
performed in aqueous systems.

We conclude by demonstrating how to calculate quantities such as Q factors
and coupling parameters for different Fabry-Pérot configurations. These
quantitics depend upon the effective input impedance of the cavity contents, i.e.
the free space-window-sample-window-free space clements between the
mirrors, when it is terminated with output impedance Z,,. The effective
impedance can be obtained from the system matrix for the cavity as follows:

_AZ, . t+B

= 30
&, . +D 01

i

The impedance “seen” by the input mirror (an arrangement suitable for a
reflection mode resonator) is then the effective impedance of the cavity contents
when terminated by a perfectly reflecting short (Z,,, = 0):

ZzZ L = 31
C AN {31]

The vnloaded cavity quality factor Qy can be estimated directly from Zyp:

_Im(Z,,)

" Re(Z,)

Q

{321
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and the coupling parameter B for the mirror obtained from the mirror impedance
and cffective cavity impedance as follows: (Montgomery ef al., 1948)

2
B - __IEL [33]

" Z,Re{Z,)

These quantities can then be used to calculate the loaded quality factor of the
cavity, ¢h, for comparison with experimental measurement according to Egs.
[12] For a reflection cavity B, is taken to be zero. Thus, the transfer matrix
formalism can be used to calculate quantities that allow direct comparison with
other types of sample cavity.

For a transmission cavity, the coupling parameters will be different if the
mirvor reflectivity differ, or if the cavity elements are disposed asymmetrically
within the cavity. In order 1o apply the transfer matrix formalism to the
transmission mode case, one should replace the short (Z,, = ¢ in Eq. [30]) with
a second shunt reactance in parallel with the characteristic impedance of the
output transmission line, Z.

8. CONCLUSION

In this chapter, we have presented a comparison of various resonant and
non-resonant structures that may be used to optimize the sensitivity of HF EPR
under various experimental conditions. One of the main points of this review is
that there is no universal sample holder that is the best choice for all
applications. Nevertheless, some general guidelines may be formulated. Very
high-@ resonators analogous to the cavities used in waveguide-based systems
have afforded the highest achicvable sensitivity 1o date, and development of
such devices is still active, especially at the highest frequencies. However, a
number of applications, particularly for biological samples, impose additional
requirements that cannot easily be satisfied by designs based on fundamental
mode cavities. Examples include membrane samples, agueous samples, samples
requiring illumination such as photosynthetic systems, and crystals. For these
applications, the Fabry-Pérot cavity offers much greater flexibility at some cost
in sensitivity if one is limited to conventional designs. The development of
reduced dimension Fabry-Pérot resonators may address some of the
shortcomings of conventional designs and this will be a major area of future
development in our view. In the end, careful experimental design, including
accurate evaluation of absolule versus concentration sensitivity, sample losses
and sample size will all inform the optimum choice of resonant or non-resonant
structure with which to do HF EPR speciroscopy.
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A number of analytical tools that can facilitate the experimental design
process were presented in the hope that they may be of use to the HF EPR
community and perhaps aid the design and development of subsequent gencra-
tions of HF EPR spectrometers with even higher sensitivity than currently
available.

Although this review has concentrated on structures appropriate for CW
work, where appropriate, considerations that are relevant for pulse work have
been included as well. Spectral coverage is the main issue for any but the
simplest of pulsed experiments in HF ESR and these promises to be a major area
of rescarch in the future.
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