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Introduction 
The majority of RF coils are formed from inductive lengths of copper in various 
geometries, which are tuned to resonance by incorporation of appropriate capacitors. 
Volume coils are based on geometries which have a (co)-sinusoidal variation in 
azimuthal current distribution to produce a homogeneous transverse RF field [1]. An 
alternative approach is to design a cavity resonator, in which the resonance frequency is 
determined by the material properties (in particular the relative permittivity) and the 
dimensions of the structure. Advantages of such designs include simplicity and 
robustness, the lack of multiple lumped elements, and very low losses. Such devices 
have found much use in electron paramagnetic resonance [2], but only with the advent 
of very high magnetic fields for human/animal/biochemical studies have the dimensions 
of cavity resonators become relevant for magnetic resonance. Historically, it is 
interesting to note that the probe used in the very first NMR experiments was a cavity 
resonator [3].  
 
 
Theory 
A cavity resonator is a very simple structure formed by a piece of hollow metal 
waveguide, with dimensions comparable to the wavelength, which is shorted at both 
ends. Normally the cavity is rectangular or cylindrical, as shown in Figure 1.  
 

 
Figure 1. Basic geometries of (left) a rectangular cavity and (right) a cylindrical cavity. 

 
Within such a cavity a large amount of energy can be stored in standing wave patterns 
arising from multiple reflections from the cavity walls, alternating between electric and 
magnetic fields which are 90o out-of-phase. There are a large number of different TE 
(Transverse Electric) modes and TM (Transverse Magnetic) modes. The subscripts m, n, 
and p represent the number of periodic half-waves in the x-, y-, and z-directions, 
respectively. For a rectangular waveguide the following equation describes the resonant 
frequencies of both TEmnp and TMmnp modes.  
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with m,n ,p  being the mode numbers and a, b, d being the corresponding dimensions; μ 
and ε and  are relative permeability and permittivity, respectively. For a rectangular 
cavity, the TM110 mode is the lowest possible mode, followed by either the TE101 or TE011 
mode depending upon the particular geometry. TE modes are the most useful since the 
magnetic field is maximum at the centre of the cavity, which also corresponds to the 
volume of minimum electric field.  
 
For a cylindrical cavity both TE and TM modes exist with resonance frequencies given 
by: 
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defined in terms of Bessel functions Jm(Xmn)=0 and J'm(X'mn)=0. 
 
From equation [1] we can calculate that, for example, an air-filled cubic metallic structure 
of dimensions 70 x 70x 70 cm would be necessary to resonate on a 7 Tesla system, and 
53 x 53 x 53 cm at 9.4 Tesla! Dimensions are similarly unrealistic for air-filled cylindrical 
cavities. Therefore, we either need to think about dielectric-filled, or dielectric-based, 
cavity resonators, and/or more sophisticated geometries of cavity resonators: both 
approaches are considered in the following sections.  
 
Metal-based cavities 
A number of different cavity resonators have been proposed in the MRI literature, 
including toroidal [4-7], gapped-toroidal [8;9], and designs based on magnetroms [10-17].  
 

 
Figure 2. (left) The basic form of a toroidal coil made of a single piece of wire, in which 

the magnetic component of the RF field is entirely contained within the structure. (centre) 
A solid implementation of a toroid, with a shorted coaxial cable forming the central 

conductor [6]. (right) A gapped-toroid in which the sample is placed in the gap between 
the two shorted ends of the toroid [9]. 

 
 
The major disadvantage of such coils for standard NMR experiments is the variation in 
the radial field strength from the centre of the coil outwards, although the very strong B1 
gradient has been used for MR microscopy and RF-encoded diffusion measurements [5], 
as shown in Figure 3.  
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Figure 3. (left) The dependence of signal intensity on radial position for a toroidal coil [5]. 

(right) Measurements of diffusion coefficients using the RF gradient and a MAGROFI 
[18] pulse sequence. 

 
TEM and re-entrant cavities 
The TEM coil of Vaughan et al. [19;20] has found extensive use, particularly at high 
fields, and consists of a coaxial cavity, which can also be considered as a coaxial line 
shorted at two ends and joined in the centre by a capacitor. In practice the central 
capacitor is split into a set of parallel coaxial rods. Thus, the largely inductive coaxial line 
(cavity) is shorted on both ends, and is resonated with primarily-capacitive open ended 
coaxial line elements. Re-entrant cavity designs are based upon back-to-back coaxial re-
entrant cavities which are bridged by a series of parallel structures, with appropriate 
tuning capacitors [21].  
 

 
 

Figure 4. (left) Basic form of a coaxial cavity and its realization as a TEM cavity 
resonator. (right) Corresponding form of a re-entrant cavity, and its MR-relevant 

equivalent. 
 
Dielectric cavity resonators 
Cavities can also be formed from materials with high dielectric constant, which require 
no lumped elements. The field distribution in dielectric cavity resonators is similar to the 
field distribution in hollow metal resonators of the same shape if the difference between 
the permittivity of the resonator and that of the surrounding space is large. For a 
cylindrical resonator with radius a and height h, the two lowest frequency modes are the 
TE01δ and HEM11δ, with the respective values given by: 
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The field patterns of the two modes are shown below.  
 

 
 

Figure 5. Transverse and axial views of the B1
+ fields from a circular dielectric cavity 

resonator. (a) and (b) TE01δ  mode, (c) and (d) one of the degenerate HEM11δ modes. 
 
 
By perturbation theory it can be shown that the field patterns are not distorted 
significantly by the introduction of a central hole for sample access. Clearly the TE01δ  
mode can be used only with the height-axis aligned perpendicular to the B0 field, and 
therefore is of limited practicality for in vivo imaging [22], although for ex vivo samples 
the sample itself can act as a resonator [23]. In contrast, the two degenerate HEM11δ 
mode can be used with the height-axis parallel to B0, and driven in quadrature. 
Aussenhofer et al. have used degenerate circularly-polarized HEM11 modes to image the 
wrist at 7T (298.1 MHz), with water as the dielectric [24], with in vivo images shown in 
Figure 6.  
 
 
 

 
  
Figure 6. (left) A quadrature HEM11 resonator with two inductive coupling loops used for 
impedance matching. (right) Adjacent slices from the human wrist using the water-based 

cavity resonator. 
 
In MR microimaging the higher frequencies (400-900 MHz) in combination with the 
smaller diameter magnet bore means that high permittivity materials need to be used. 
Neuberger et al. [25] used ceramic discs of barium strontium titanate, which has a 
relative permittivity of 323, on a vertical bore 14.1 T (600 MHz) system.  An alternative 
material for a DR is CaTiO3, єr value 156, which is much more widely available at lower 
cost [26].  
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From cavities to waveguides - travelling wave experiments. 
 
By removing the end caps from a cavity, one obtains a metallic waveguide structure, 
which can support different travelling, as opposed to standing, wave modes. TE and TM 
modes both exhibit cut-off frequencies, ie a frequency below which a standing wave 
mode cannot be formed. The intriguing area of travelling wave excitation [27-29], 
discussed in detail in the next lecture, relies on the fact that the cutoff frequency for the 
TE11 mode is just lower than the Larmor frequency for 7 Tesla systems loaded with the 
human body, and significantly lower for 9.4 Tesla, at which field the TM01 mode can also 
propagate. The propagation properties of these modes can be significantly affected by 
the insertion of dielectric cavity resonators, with the fields able to be steered and 
concentrated, neatly combining the worlds of waveguides and cavities.  
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