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Abstract
The Gordon coupler was introduced for use in EPR experiments at liquid helium 
temperatures. It provides an evanescent wave incident on the iris of a microwave 
resonator. Match of power incident on the coupler to the resonator is obtained by 
variation of the amplitude of an evanescent wave that arises from displacement of a 
dielectric wedge in a tapered waveguide. Reduced microphonics from helium bub-
bling was reported. The Gordon coupler was subsequently extended from cavity res-
onators to loop-gap resonators, initially at helium temperatures but later for aqueous 
samples. Plastics with low dielectric constants, usually Teflon, were used. Here, we 
extend the Gordon coupler for application in X-band five-loop–four-gap resonators 
using fused quartz, sapphire, or rutile dielectrics, noting that the size of the coupler 
can then be commensurate with dimensions of dielectric loop-gap resonators as well 
as dielectric tube resonators. Finite-element modeling of electromagnetic fields has 
been carried out, and use of a capacitive iris that interfaces with the Gordon coupler 
reduces pulling of the resonant frequency when matching the resonator.

1 Introduction

The Gordon coupler was introduced in 1961 [1]. The basic idea was to insert a 
tapered block of dielectric material into a tapered section of microwave waveguide 
as shown in Fig. 1. Translation of the dielectric taper along the waveguide resulted 
in a region that was beyond cut-off, giving rise to an evanescent wave. If the iris of a 
resonant cavity were interfaced with that region, coupling of power from the wave-
guide could be obtained. A screw arrangement permitted movement of the dielectric 
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taper to change the coupling. Additional improvements were introduced by Issacson 
[2] and Berlinger [3]. The structure is widely used to vary the coupling between 
a waveguide and a resonant microwave cavity in pulse and continuous wave EPR 
spectroscopy.

Froncisz and Hyde introduced the loop-gap resonator (LGR) to the field of EPR 
in l982 [4]. The sample was placed in a conductive one turn loop of metallic rib-
bon that closed on itself and was interrupted by one or two gaps. The notation one-
loop–one gap, or one-loop–two-gap LGR was introduced. Since it was an ideal 
dipole resonator, it was placed in a cylindrical conducting shield to reduce radiation. 
These authors coupled microwave power to the LGR by a coaxial cable terminated 
by an inductive loop centered over the sample loop.

An interesting question was addressed by Britt and Klein [5]: could the Gordon 
coupler be used with a loop-gap resonator? They describe placement of an LGR in 
a microwave cavity oscillating in the rectangular  TE102 mode and use of a Gordon 
coupler to introduce microwave power to the cavity. In this arrangement, the walls of 
the cavity serve as the radiation shield.

Other strategies were subsequently developed: Ohba et al. [6] introduced X-band 
microwave power from a Gordon coupler through a 3  mm diameter hole drilled 
in the radiation shield. Ichikawa et  al. [7] increased the hole size in the radiation 
shield to 10 × 8 mm, which was so large that it could hardly be termed an iris. These 
authors introduced the words “distributed coupling.” Gallay and van der Klink 
[8] placed the LGR without shield directly in the evanescent field of the Gordon 
coupler.

Meanwhile, Wood et  al. [9] developed the three-loop–two-gap resonator. The 
central loop was configured for the sample, and flux returned through the outer 
loops. They called their structure a “controlled return flux” resonator. Radiation 
was greatly reduced and a radiation shield was no longer necessary. Oles et al. [10] 
described a distributed coupling arrangement from a Gordon coupler to one of the 
outer loops of this resonator.

In this paper, we continue to develop technology for use of a Gordon coupler 
to introduce microwave power to an LGR with an inner loop containing a single-
crystal rutile dielectric resonator (DR). The hypothesis is tested that use of a con-
ventional slotted iris between the wall of an outer loop of the five-loop–four-gap 
resonator [11] and the Gordon coupler becomes feasible if the dielectric constant 

Fig. 1  Cross-sectional view, left to right, of dLGR (purple), capacitive iris, reduced-size rectangular 
waveguide, sapphire wedge (pink), waveguide taper, and standard WR90 waveguide. The taper length of 
both the wedge and waveguide is 40 mm. Other dimensions are shown in Table 2
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of the Gordon coupler is sufficiently high, see Fig.  2. In this way, dimensions of 
the coupler and the resonator become more commensurate. A large dielectric con-
stant requires a small microwave waveguide, which is an advantage when coupling 
to small LGRs, including the dielectric loop-gap resonators (dLGRs) that currently 
are under development in our laboratory [12]. A further motivation for this project 
is that it was apparent to us that the geometry is favorable for the use of an iris 
with capacitive rather than inductive coupling, which previous work suggests would 
reduce pulling of the resonant frequency when the coupling is varied [13].

Many published papers describing Gordon couplers bring the microwave power, 
the matching control, and the sample entry from the top, thereby making the struc-
tures suitable for insertion into a cylindrical Dewar. In the geometry considered 
here, where the intent is to study aqueous samples, this compact geometry is no 
longer required.

Published papers show Gordon couplers that are somewhat intuitive in design. 
Here, we use analytic and finite element modeling of electromagnetic fields. Simple 
analytic equations for the  TE10 mode are applied to the rectangular waveguide sec-
tions and the iris. Finite-element simulations were done using ANSYS High Fre-
quency Structure Simulator (HFSS) (Canonsburg, PA) version 17.1 running on a 
Dell Precision Tower 7910 with dual 12 core Intel Xeon E2-2670 v.3 2.3 GHz pro-
cessors with hyper-threading and 512 GB of RAM. The birefringences of the single-
crystal rutile and sapphire were simulated in ANSYS HFSS by setting the appropri-
ate values of the dielectric tensor (relative dielectric constant and loss tangent) for 
each of the three spatial dimensions of the crystal.

Fig. 2  Zoomed cross-sectional view from top of dLGR showing one large LGR inner loop and four small 
outer loops with conductor shown purple, rutile dielectric resonator blue, Teflon sample holder white, 
aqueous sample red, reduced-size rectangular waveguide brown, and sapphire wedge pink. Dimensions 
are shown in Table 2
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The relative dielectric constant of single-crystal rutile is 165 parallel to the c-axis 
(the (001) direction) and 86 perpendicular and the loss tangent is  10–4 parallel to the 
c-axis and 8.5 × 10−5 perpendicular [14]. The relative dielectric constant of sapphire 
is 11.59 parallel to the c-axis and 9.40 perpendicular, and the loss tangent is 6.5 × 10−6 
parallel to the c-axis and 1.8 × 10−5 perpendicular [15]. Fused quartz and Teflon were 
analyzed as homogeneous materials.

2  Gordon Coupler Theory

The Gordon coupler consists of four elements, shown in Fig.  1, between the res-
onator and the standard waveguide: an iris, a reduced-size waveguide section, a 
tapered waveguide section between the reduced-size section and the standard wave-
guide, and a moveable dielectric wedge that fills the reduced-size waveguide and is 
tapered down to zero at the standard waveguide. Because the  TE10 mode propaga-
tion is independent of the short E-plane waveguide dimension, the taper of both the 
waveguide and wedge must occur in the long H-plane waveguide dimension. In the 
simplest design, the short E-plane dimension of the waveguide is constant. When 
the wedge is fully inserted into the reduced-size waveguide, the wedge dielectric 
permits the  TE10 mode to propagate between the standard waveguide and the iris. 
The iris size is typically chosen under this condition to produce maximum coupling 
to the resonator, under conditions of minimum Q value. As the wedge is withdrawn 
from the reduced-size waveguide, the  TE10 mode becomes evanescent (non-propa-
gating, beyond cut-off) in the empty part of the reduced-size waveguide. The electric 
and magnetic fields in this region have an ej�t±�z dependence [16] where � is the 
radian frequency, z is the axial waveguide position, and the propagation constant

In this equation, a is the H-plane (long) waveguide dimension of the reduced-size 
waveguide and c is the speed of light in vacuum. This constant is real and its inverse 
�−1 represents the axial exponential decay length of the fields. By adjusting the 
dimension a , �−1 can be designed to produce a suitable wedge travel, e.g., 1–2 cm, 
that results in maximum to minimum coupling, e.g., 4�−1 ≅ 15mm . When the 
wedge is inserted, the relative dielectric constant �r of the wedge material multiplies 
the 

(
�

c

)2

 term in Eq.  (1). Then, � becomes imaginary and the wavelength of the 
fields in the waveguide is given by �g =

2�

Im(�)
 . The larger the dielectric constant of 

the wedge, the smaller the a and the smaller the �−1.
Other considerations for matching the resonator to the standard waveguide are the 
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and the characteristic impedance ( V
I
 ) of the waveguide for the  TE10 mode [17],

In Eq. (2), � =
√

�0

�0
 is the wave impedance of free space and � =

c

f
 is the free 

space wavelength. In Eq.  (3), b is the E-plane (short) waveguide dimension. To 
maximize coupling between the standard waveguide and the reduced-size wave-
guide with the wedge in place, the Z0 of the standard waveguide ( �r = 1 ) can be 
matched with the Z0 of the reduced-size waveguide with the wedge in place. The 
value of this impedance is 521Ω . It follows from Eqs. (2) and (3) that when b is 
fixed, the characteristic impedance is matched when

where a′ is the H-plane dimension of the dielectric-filled reduced-size waveguide 
and a is the corresponding dimension of the standard waveguide. Table  1 shows 
values of various parameters that result for different dielectric materials under this 
impedance-matched condition. Despite the impedance match, the taper and wedge 
will produce a reflected  TE10 mode [18, 19]. This was verified with the finite ele-
ment simulations. When critically coupled to the resonator, the standing wave in 
the wedge was observed to be a larger amplitude when the reduced-sized waveguide 
dimension satisfied Eq. (4) than when the H-plane dimension was chosen to match 
the wave impedance, Eq. (2). This dimension is shown in Table 1, labeled aw with 
the corresponding exponential decay lengths. Also shown in the table is the cut-off 
dimension ac of the waveguide filled with the dielectric materials. At this dimension 
the propagation constant is zero, Eq. (1). This implies that the fields are axially uni-
form [20–23]. This dimension is also important for iris design as described below. 
The cut-off condition never appears in the taper for any wedge position.

(3)Z0 = 2
b

a
ZTE

(4)a
�

=
a

√
�r

,

Table 1  TE10 waveguide parameters at 9.5 GHz with various dielectric materials

Material �
r

a(mm) �−1(mm) a
w
(mm) �−1(mm) a

c
(mm)

WR90 1 22.9 – 22.9 – 15.78
Teflon 2.08 15.85 – 12.65 6.73 10.9
Fused quartz 3.78 11.76 5.61 8.74 3.34 8.12
Sapphire 11.59 6.71 2.36 4.74 1.583 4.63
Single-crystal rutile 165 1.780 0.570 1.230 0.393 1.228



1270 R. R. Mett, J. S. Hyde 

1 3

3  Iris Considerations

In Ref. [13], the authors explore properties of inductive and capacitive irises used 
for coupling between the waveguide and loop-gap resonator. It was found that capac-
itive irises are preferable for several reasons including lower frequency pulling, a 
smaller resonator mode perturbation, and lower stored energy in the iris. In gen-
eral, it was also found that an inductive iris can be characterized as a slot along the 
H-plane that is shorter than the cut-off dimension ac and a capacitive iris has a cor-
responding slot length larger than ac . This is because the primary electromagnetic 
mode in the iris can be characterized as a TE (transverse electric) mode [13]. When 
the iris length is close to ac , the iris becomes resonant, which, in most situations, is 
undesirable because the stored energy in the iris fields becomes large.

For a Gordon coupler, it is clear that the iris length cannot be larger than the 
dimension of the reduced-size waveguide. For an iris not containing a dielectric, this 
implies that the iris is inductive, see Table  1. This fact has been corroborated by 
finite element simulations. Frequency pulling can be characterized in several ways 
including the difference between the critically matched frequency and the eigen-
mode resonance frequency Δf = fm − f0 , the change in fm with respect to Q , the 
change in fm with respect to sample volume, and the change in fm with respect to 
tuning adjustments. From Ref. [13], Δf  is negative for an inductive iris and positive 
for a capacitive iris. In addition, |Δf | is about three times smaller for a capacitive iris 
than an inductive iris. Because of the Lorentzian and Lorentzian-derivative LGR 
conductance and admittance curves as seen by the iris, all types of frequency pulling 
tend to be proportional to Δf  . Finite-element simulations indicate that inductive 
irises with wedge materials fused quartz and sapphire work reasonably well with the 
dLGR when designed for constant wave impedance as previously described. Mono-
tonic coupling decrease was seen with wedge distance from the iris. Quartz required 
about three times the wedge travel to achieve a similar coupling variation as sap-
phire, consistent with the values of �−1 shown in Table  1. For iris dimensions 
0.6 mm × 4.5 mm, the coupling factor � ranged from 6.9 to 0.68 over wedge posi-
tions 0–14.0  mm, respectively, from the iris for quartz. For the same iris size, � 
ranged from 6.1   to 0.66 over wedge positions 0.4–4.0 mm for sapphire. The fre-
quency pulling Δfm

ΔQ
 was found to be 2.5 kHz for quartz and 0.81 kHz for sapphire 

over the beta ranges given above. In both cases, the eigenmode unloaded Q was 
10,200. When the sapphire wedge position was moved from 0.4 mm to 0, � increased 
to 30 and the frequency pulling Δfm

ΔQ
 was  −61 kHz over this tuning range because of 

the dielectric loading of the iris.
One of the goals of this work was to use a capacitive iris with the Gordon cou-

pler. Perhaps, the simplest method of making the iris capacitive is to place dielec-
tric in the iris slot. Rutile was found to produce insufficient coupling. However, 
fused quartz and sapphire were found to be practical. In choosing the iris length 
equal to the H-plane dimension aw of the reduced-size waveguide, see Table 1, it 
was found in both cases that the electromagnetic fields in the iris were exces-
sively large. The problem was worse for sapphire than for fused quartz. This is 
because aw is relatively close to the cut-off dimension ac as indicated in Table 1. 
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To reduce the problem, a can be made larger at the expense of a smaller wave 
impedance. For sapphire, if a is 6.5 mm, the cut-off frequency is 6.8 GHz. The 
wave impedance with the wedge in place is 158 Ω compared with 521 Ω for the 
WR90 waveguide. The mismatch causes a larger standing wave in the taper. How-
ever, adequate matching can be achieved. The exponential decay length in the 
empty reduced-size waveguide for a = 6.5 mm is �−1 = 2.3 mm. For the iris and 
resonator parameters shown in Table 2, � monotonically decreased from 1.24 to 
0.063 over the wedge travel from 0.6 mm to 4.0 mm, respectively. The frequency 
pulling Δfm

ΔQ
 was only 0.34 kHz over this tuning range compared with 0.81 kHz for 

the inductive iris (as given in the previous paragraph). The electromagnetic fields 
in the iris and in the dLGR loop closest to the iris were also substantially smaller 
than for the inductive iris.

An alternative solution with a sapphire wedge is to maintain a = 4.74 mm, use 
this as the iris length, place dielectric material in the iris with �r = 22 , and use the 
constant wave impedance design. Such a material is available from TCI Ceramics, 
Inc. (Bethlehem, PA), an affiliate of National Magnetics Group, Inc. The presence 
of EPR signals would need to be investigated.

In the finite element simulations, it was noticed that if the wedge is withdrawn 
past the reduced-size rectangular waveguide and partly into the taper, the reduction 
in coupling slows. This is because as the waveguide dimension a gets larger in the 
taper, the exponential decay length �−1 , see Eq. (1), becomes larger, increasing the 
required travel to produce the same attenuation. In a practical design, this is a con-
straint on the length of the reduced-size waveguide and the limit of the wedge travel.

Table 2  Five-loop–four-gap 
dLGR and coupler dimensions 
(mm) and properties

Description Quantity

Sample tube id 0.25
Sample tube od 0.51
Sample volume (nL) 135
DR diameter and length 2.66
Inner loop diameter 9.66
Outer loop diameter 1.2
LGR length 1.4
Gap width 1.4
Gap thickness 0.076
Shield length 10
Iris length 6.5
Iris width 0.6
Iris thickness 0.3
Reduced-size waveguide length 3
Taper length 40
f
0
(GHz) 9.5086

Q
0

6393

Λ
(
G/W

1∕2
) 43.2
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Another phenomenon noticed in the finite element simulations is that the cou-
pling strength as a function of wedge position is monotonic for an inductive iris. 
Maximum coupling occurs when the wedge is against the iris. For a capacitive iris, 
however, this is not the case. Maximum coupling occurs when the wedge is about 
one iris width away from the iris. In the last few tenths of a millimeter, the coupling 
decreases. This is because the presence of the wedge increases the capacitance of 
the iris through the fringing fields near the iris. Since a larger capacitance corre-
sponds to a smaller iris width, the coupling is decreased. This fact also provides a 
constraint on the wedge travel in a practical design.

4  DLGR Design

Eigenmode solutions were used to do most of the design because the solution 
method outputs the resonance frequency, which changes with any geometrical 
dimension change. Critical coupling to the waveguide is typically achieved by 
adjusting the iris dimensions such that the Q of the coupled resonator is half the 
value of the Q of the resonator with no iris (i.e., the iris filled with conductor). Once 
this is achieved, driven mode with a solution frequency equal to the eigenmode fre-
quency and a narrow frequency sweep can be used to verify critical coupling. The 
critically matched driven solution is typically very close to the eigenmode solution 
in terms of frequency and fields.

The dLGR was designed with an AWG32lw Teflon sample tube (Zeus Industrial 
Products, Inc., Orangeburg, SC), which holds 135 nL in the 2.66 mm length of the 
DR. This size aqueous sample causes the unloaded eigenmode Q value of the DR to 
be 6393 (as shown in Table 2), about half that of the single-crystal rutile DR with 
no sample, 11,185. As described in Ref. [12], to achieve maximum dLGR resonator 
efficiency with this high Q value, the mutual inductive coupling coefficient between 
the DR and LGR must be made small. One way to achieve this is to increase the 
inner radius of the LGR, in this case to 9.66 mm. A resonator efficiency of 43.2 G/
W1/2 was achieved with the Gordon-coupled dLGR simulation as shown in Figs. 1 
and 3. This is very close to the 43.9 G/W1/2 value predicted in Ref. [12] for this 
sample. For this case, the behavior in terms of frequency and radiofrequency (rf) 
fields of the DR inside the dLGR is very close to an isolated DR. Figure 3 shows 
the   TE10 mode in the WR90 waveguide propagating in from the right. The sapphire 
wedge concentrates the rf magnetic field as the mode travels farther into the thicker 
part of the wedge. The higher amplitude magnetic field at the base of the wedge and 
the reduced-size waveguide excites the iris and the fields in the resonator. The DR 
is relatively weakly mutually inductively coupled to the inner loop of the LGR and 
further concentrates the rf magnetic field.

The dLGR provides an ability to optimize the coupling to the DR (by changing 
the inner loop diameter) independently of the coupling to the iris (by changing the 
outer loop diameter or the number of outer loops). This three-stage coupling system 
permits an adjustment of the magnetic field strength near the iris independently of 
the iris dimensions width and length. The lower the magnetic field strength of the 
dLGR near the iris, the lower the coupling between the dLGR and the waveguide. 
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Such adjustment permits the iris opening to be relatively large, which lowers the 
stored energy of the capacitive iris and lowers the frequency pulling while maintain-
ing adequate coupling between the resonator and the waveguide. Higher Q values 
require lower stored energy around the iris compared with the resonator, and also 
lower coupling strength to the waveguide. The presence of the sapphire in the iris 
permits the iris to be capacitive, but also causes the optimum iris width to be smaller 
than without the dielectric.

5  Discussion

A feature of the presented Gordon coupler and dLGR design is that the entire struc-
ture from the dLGR to the standard X-band waveguide is symmetric from top to bot-
tom with a magnetic field null along the symmetry plane. This permits the structure 
to be cut along this plane with no rf leakage. It permits the wedge to be supported 
by posts that can travel along the symmetry plane. It also permits the structure to be 
made in two halves and assembled. We envision the metallic outer structure being 
machined out of a nonconductive material such as  Macor® and plated thin enough 
to allow modulation field penetration and thick enough to contain the rf fields. The 
LGR can be a metallic insert.

This work has been motivated by the hypothesis that physical displacement of a 
dielectric, as in a Gordon coupler, to match microwave power incident on an EPR 
sample resonator will result in reduced microphonics compared with use of a metal-
lic slug or screw.
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Fig. 3  Cross-sectional view of Fig. 1 except showing the magnitude of the peak rf magnetic field, red 
maximum to blue minimum, in a logarithmic scale. The dLGR is critically coupled with 1  W input 
power. The peak field in the dLGR is 86.3 G and the peak field in the WR90 is 72.3 mG. This corre-
sponds to a resonator efficiency of 43 G/W1/2. The single-crystal rutile DR contains a AWG32sw sample 
tube with 135 nL of liquid water (see Ref. [12])
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