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a b s t r a c t

A new class of open single-mode cavities, the nonradiative (NR) resonators, has recently been proposed in
order to overcome the limitations of standard cylindrical cavities and Fabry-Perot resonators at millime-
ter wavelengths. This paper presents the first applications of a NR resonator in W-band pulsed electron
paramagnetic resonance spectroscopy. It consists of a cylindrical cavity having a lateral aperture that rep-
resents about 35% of its total height. Electron-spin-echo measurements performed on different samples
show that the signal-to-noise ratio and the optimal pulse length obtained with the proposed device are
comparable to those obtained with the closed cavity used in the commercial W-band spectrometer, at
both cryogenic and room temperature. Similar results have been obtained for paramagnetic species opti-
cally activated by means of an optical fiber inserted in the aperture of the resonator. The insertion losses
estimated for the probe employed with the NR resonator are higher than those of the commercial probe,
hence, demonstrating that the proposed cavity holds the promise of improved resonator performance.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

In electron paramagnetic resonance (EPR), the highest absolute
sensitivity for samples with low and moderate losses is expected to
be obtained by the use of single-mode resonators, where the active
region of the device is of the order of the resonant wavelength
[1,2]. At W-band and higher frequencies, the state-of-the-art in
terms of minimum detectable number of spins and shortest
p-pulse length is given by the cylindrical metallic cavity operating
in the TE011 mode [3–13]. The basic structure of the cavity is rep-
resented by a cylindrical volume delimited by metallic walls and
plungers [14]. One of the simpler excitation configurations of this
resonator is based on a small coupling hole [15]. The size of the
hole is chosen to permit a complete transfer of energy from the
external feeding system to the resonator – the so-called critical
coupling – for common working conditions. As a rule, the coupling
between source and resonator increases with the diameter of the
coupling hole and decreases with the thickness of the wall in
which the hole is drilled. However, a hole with small diameter is
preferable in order to minimize the perturbation of the resonance
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mode. The ideal coupling hole should thus have a diameter and,
consequently, a thickness that is much smaller than the resonant
wavelength. For microwave radiation at standard EPR wave-
lengths, these constraints do not pose serious difficulties, whereas
at millimeter wavelengths they can become critical. A typical cou-
pling hole for a W-band TE011 cavity has a diameter of 0.8 mm and
thickness less than 50 lm [3]. The construction of the cavity is
often complicated by a series of thin slits, necessary for radiofre-
quency or optical excitation of the sample. The height of the slits
must also be much smaller than the employed wavelengths. At
W-band frequencies, the slits have a typical height and mutual dis-
tance of ca. 0.2 mm [3,4]. Therefore, the rescaling of this design to
shorter wavelengths is not trivial. Even when these difficulties
have been overcome by the adoption of ingenious technical solu-
tions, the results do not satisfy theoretical expectations [9,16].

Many of the complications related to the construction of a cylin-
drical cavity are avoided using Fabry-Perot resonators. However,
this is achieved at the expense of lower filling factors and sensitiv-
ities. The magnetic field generated in these open multi-mode de-
vices is also considerably weaker than that obtainable with the
cylindrical single-mode cavity [3,4,9,17–19].

At centimeter wavelengths, there have been several studies
dedicated to the construction of single-mode resonators with an
open structure, such as the slotted tube resonator [20] and the
loop-gap resonator (LGR) [21]. Rescaling to W-band frequency
and beyond such devices poses similar problems as for the stan-
dard cylindrical cavity, due both to the complexity of their struc-
ture and their expected relatively low performance. For instance,
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Fig. 1. (a) Schematic three-dimensional view of the proposed NR resonator and of
the excitation waveguide. The polarization of the electric field of the incoming
radiation is also shown. The pink shaded region indicates the volume accessible to
the radiation. The cyan shaded regions represent the mobile plungers. (b) Axial
cross-section of the resonator and of the excitation waveguide, along the direction
of the excitation waveguide. The dimensions of the cavity are indicated. The
undulated arrows represent the incoming and the reflected radiation. (c) Azimuthal
electric field of the TE011 mode in half of the axial cross-section of the resonator,
calculated for a case in which r = 1.9 mm, l0 = 4.1 mm, l = 1.3 mm, to which
corresponds a resonance frequency of 93.96 GHz. The corner between the
cylindrical waveguide and the parallel-plate waveguide has been rounded, with
radius of curvature rr � 3� 10�2k0. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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in the case of the most sophisticated LGR, the absolute W-band
sensitivity is expected to be comparable to that of a cylindrical
TE011 cavity with relatively modest quality factor [22]. An exten-
sive discussion of the basic characteristics of open single-mode
resonators proposed for EPR applications can be found in the pop-
ular treatise by Poole [23].

The above considerations, together with the recent impetus in
the development of high-frequency EPR spectrometers operating
over the entire millimeter wavelength range, have stimulated the
search for novel single-mode resonators.

Open resonators based on the concept of a nonradiative (NR)
structure have been demonstrated to be a valid alternative to the
standard single-mode cavities [16,24,25]. In the context of electro-
magnetic devices, a NR structure can be defined as an active region
of similar size to the employed wavelength k, shielded by a metal-
lic surface having large apertures. In contrast to closed cavities,
where the apertures which permit external excitation of samples
are as small as possible in order to avoid significant redistribution
of the modal fields, the aperture in a NR structure represents an
essential element for the field distribution and confinement prop-
erties. The constraint limiting aperture size to be much smaller
than k does not apply to NR structures, where it can be comparable
to the resonant wavelength [16]. Despite the largely open charac-
ter of the structure, the NR configurations can support trapped (i.e.
nonradiating) modes. Such modes can be isolated, namely placed
in the frequency spectrum below the cutoff of the modes propagat-
ing away from the structure, or embedded in a continuous spec-
trum of propagating modes. In the latter case, the trapped mode
is usually decoupled from the propagating modes by symmetry
reasons, such as opposite parity with respect to a symmetry plane
[26]. An ante litteram version of a NR cavity was presented early in
the 70’s within the framework of optically detected magnetic res-
onance (ODMR) studies at X-band and Q-band [27–29].

Since in a NR configuration the apertures are essential features
of the structure, they cannot be considered (and treated) as pertur-
bations. The design of the cavity and the calculation of its modal
field must take into account the final open structure. As a general
rule, it is possible to demonstrate that the NR resonators can sup-
port trapped modes with field distribution similar to that of the
TE011 mode of the closed cylindrical cavity. This is the case for
structures with rotational invariance, which are indeed compatible
with transverse electric (TE) modes [16].

Amongst the possible NR structures, the TE011 mode resonator,
resembling a cylindrical cavity split into two parts, has been
already proved competitive at millimeter and submillimeter wave-
lengths [30]. In this device, the limiting height of the aperture is k0

2 ,
with k0 the resonant wavelength, whereas the overall size of the
resonator is of the order of k0 [31]. Hence, this resonator combines
the minimum active volume typical of a single-mode cavity with a
largely open structure resembling a Fabry-Perot resonator. More-
over, the open structure simplifies the excitation of the resonator,
minimizing the distortion of the modal fields. It also permits radio-
frequency and optical irradiation of the sample without the need of
a modified design.

In the work presented here, the open NR cavity has been em-
ployed in W-band pulse EPR measurements. We discuss the results
obtained compared to those for a commercial closed cavity. In par-
ticular, we demonstrate that the development of NR resonators,
while not yet completely explored, is at a mature stage and ready
for state-of-the-art application at millimeter and submillimeter
wavelengths.

The arguments treated in the paper are organized as follows.
Section 2 introduces the essential theoretical aspects at the base
of the proposed device. Section 3 describes the resonator. The elec-
tromagnetic characteristics of the resonator and of the overall
experimental set-up are discussed in Section 4. Several types of
EPR measurements on different samples are discussed in Section
5, together with the performance of the resonator in each case.
Finally, in Section 6 some conclusions and an outline of the direc-
tions for further development of NR resonators are given.

2. General aspects

The structure of the NR resonator is shown schematically in
Fig. 1a, where the pink shaded regions represent the volume acces-
sible to the radiation. The cyan shaded regions represent the mova-
ble plungers. The axial cross-section and dimensions of the
resonator are shown in Fig. 1b.

The cavity is composed of two parallel metallic plates kept at
the distance l, having coaxial holes of radius r. The holes are closed
by plungers, whose relative distance is indicated by l0. The distance
of the holes from the closest side of the plates is indicated by t.

Neglecting the finite lateral extension of the plates, the struc-
ture of Fig. 1a has rotational invariance about the longitudinal axis
of the cavity. It supports therefore transverse electric modes with
no azimuthal dependence. These modes can be generically indi-
cated as TEc

0 modes, where the superscript c refers to the cavity.
Consider now a hypothetical TEc

0 mode trapped in the central
volume of the cavity. Such a mode cannot transfer energy to the
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cutoff-less transverse electromagnetic (TEM) modes propagating
along the plates, since the TEc

0 mode does not have common field
components with the TEM modes [16,26]. The radiative decay of
the TEc

0 mode requires a coupling with the TEw
0 modes propagating

along the parallel-plate waveguide (indicated by the superscript
w), whose cutoff kcutoff is given by

l ¼ kcutoff

2
: ð1Þ

When the resonant wavelength k0 of the TEc
0 mode is larger than

kcutoff ; namely when l < k0
2 , such coupling vanishes and the TEc

0 mode
behaves as a completely confined mode. A resonance with wave-
length k0 can be obtained with cavities having dimensions of the
order of k0. Accordingly, the maximum height l of the aperture in
the open resonator of Fig. 1a can represent up to half of the cavity
height (Eq. (1)).

The typical electric field distribution of the TE011 mode of the
open NR cavity is shown in Fig. 1c for a case in which 2r

l0
� 0:93

and l
l0
� 0:32, as calculated with the finite-element software Multi-

physics 3.4 (Comsol, Se). The sharp corner between the cylindrical
waveguide and the parallel-plate waveguide has been rounded
with radius of curvature rr

k0
� 3� 10�2, in order to obtain a more

realistic configuration.
The electric field distribution is qualitatively similar to that of

the analogous mode of the closed cylindrical cavity, the main dif-
ference being in the field outside the cylindrical volume of the cav-
ity. The fraction of the electromagnetic energy outside this
cylindrical volume, and its decay length, can be controlled by vary-
ing l. In the case of Fig. 1, this fraction is about 11% of the total
energy. Despite the large aperture of the structure, the mode is
mainly confined inside the cylindrical volume. Outside this vol-
ume, the field decreases exponentially, because the region between
the parallel plates is effectively a waveguide below the cutoff for
the resonance mode. In the symmetry plane at a distance 2r from
the axis of the resonator, the maximum amplitude of the electric
field is about 4.9% of the maximum amplitude at a distance r, i.e.
on the boundary of the cylindrical cavity, and about 2.7% of the
absolute maximum. In the case considered, the finite lateral exten-
sion of the resonator becomes irrelevant when it is larger than
twice the diameter of the cylindrical region. On the other hand, a
reduced lateral extension of the cavity can be exploited to couple
the resonator to an external feeding system. Such a situation is
illustrated in Fig. 1a. Here, the cavity holes are drilled close to a
side of the plates, where the excitation waveguide is placed. For
a given level of coupling, the required length t (see Fig. 1b) of the
8 mm

1.3 mm

a 

Fig. 2. Schematic representation of the 94 GHz resonator described in the text. (a) Side v
the single plate. The narrower part of the hole, which represents the cylindrical cavity, h
5 � 0.5 mm mechanical standard. (c) Detail of the plunger and of its threaded region. T
coaxial hole of 0.9 mm is drilled in the plunger, allowing the insertion of the sample ho
excitation region between the cavity and the edge of the plates de-
pends on the field structure of the waveguide and on the quality
factor of the resonance [23]. In order to avoid a leakage of the
incoming radiation along the plates, the polarization of the wave
must be orthogonal to that of the TEM mode of the plates, as
shown in Fig. 1a. In this manner, the radiation is completely re-
flected outside the resonance.

A practical solution to control the coupling level is to change the
position of the waveguide relative to the active region of the cavity
[32]. This excitation scheme does not require the use of any com-
ponent with critically small dimensions, as shown in the next
section.

In EPR applications, the essential figures of merit of the resona-
tor are given by the unloaded quality factor Q0 and by the power-

to-field conversion factor �B ¼
ffiffiffiffiffiffi
hB2i

P

q
, where the brackets indicate

the average over a period of the radiation, B the magnetic induction
field, and P the power dissipated in the resonator. The signal-to-
noise and the square root of the absolute sensitivity in the contin-
uous wave measurements are indeed proportional to Q0 and �B,
respectively [23]. Similar general rules are difficult to establish
for the various pulsed techniques, where it is, however, expected
that �B plays a predominant role [33–35]. On the other hand, the
influence of these quantities on the time resolution of the spec-
trometer can be easily formulated. The quality factor is inversely
proportional to the ringing time of the resonator, the main element
in the dead time of the spectrometer, whereas the conversion
factor is inversely proportional to the length of flipping pulses [23].

It can thus be concluded that, as a general criterion, the optimal
Q0 of a resonator corresponds to the maximum value compatible
with the dead time of the spectrometer, whereas the highest pos-
sible value is desirable for the conversion factor. The performance
of the proposed resonator will be assessed in terms of both these
quantities.

3. Experimental set-up

The concepts discussed in Sect. II have been employed to design
a cavity resonating around 94 GHz. The structure of the cavity is
illustrated in Fig. 2. It is composed of two copper plates separated
by a distance of 1.3 mm and holes of 3.8 mm diameter in each plate
aligned coaxially. Movable copper plungers of 3.7 mm diameter are
accommodated in the holes (Fig. 2). The sample holder is a stan-
dard fused quartz tube of 0.6 mm internal diameter and 0.84 mm
external diameter, inserted in the cavity through a 0.9 mm hole
3.7 mm

0.9 mm

M5 x 0.5 mm

26 mm

3.8 mm

14 mm

M5 x 0.5 mm

8 mm

c b 

iew of the two plates. The coaxial holes are indicated with dashed lines. (b) Detail of
as a diameter of 3.8 mm. The initial part of the hole is threaded according to the M
he part of the plunger delimiting the resonant cavity has a diameter of 3.7 mm. A
lder.
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drilled along the cylindrical axis in one or both plungers. The
empty cavity resonates at 94 GHz for a distance of 4.1 mm between
the plungers, in agreement with the numerical modeling. In the
presence of a sample holder, for which a dielectric constant of
e � 3:8 is assumed, the same resonance frequency is obtained
reducing the distance of the plungers to about 3.4 mm. In these
working conditions, the lateral aperture of the cavity represents
about 38% of its total height.

Fig. 3 shows the cavity, both as an exploded view (Fig. 3a) and a
partially assembled view (Fig. 3b). The distance between the plates
is blocked by an aluminum spacer on the back flange of the reso-
nant assembly. The metallic surfaces surrounding the active region
of the resonator were optically polished. The optimal length of the
excitation region was found empirically, since the final quality fac-
tor of the mode was not known a priori. In the case considered, in
which the radiation propagated along a WR-10 W-band wave-
guide, an adequate coupling level was obtained drilling the cavity
at 1.4 mm from the boundary of the plates. The waveguide was
oriented in order to have the electric field parallel to the plates,
as shown in Fig. 1a. Such a configuration allowed critical coupling
conditions to be achieved for all the investigated low-loss samples.
The resonance frequency was controlled by the separation of the
plungers.
4. Electromagnetic characteristics

The electromagnetic characteristics of the resonator were inves-
tigated by means of a custom-made microwave bridge working in
the interval 93.18–95.26 GHz. Around 94 GHz, the typical quality
factor close to critical coupling was QL = 2700 for the cavity having
two plungers without the axial holes, which corresponds to an un-
loaded quality factor of Q 0;exp = 5400 � 400. The uncertainty of the
latter value indicates the variability observed for different mea-
surement conditions. The conversion factor for the axial field,
defined as the root mean square of Bz in the point of maximum
amplitude of the magnetic field, is calculated from the observed
quality factor and from the field distribution of the resonance
mode obtained from numerical modeling. For Q0;exp = 5400 � 400,
�Bz = 14.3 � 0.5 G/W1/2. Such values can be compared with those
of an ideal case, calculated considering only the ohmic losses in
the conducting walls (copper resistivity: 1.724 lX cm), given by
Q0;th = 7017 and �Bz;th = 16.35 G/W1/2. The difference between the
observed and calculated values can be ascribed to the imperfect
level of finishing of the surface of the resonator and to a residual
irregularity in its geometric configuration. The difference increases
when the plungers are drilled to accommodate the sample holder.
In this case, Q 0;exp = 4500 � 200 and �Bz;exp = 13.1 � 0.3 G/W1/2.
Fig. 3. (a) Plates composing the resonator, with arrows marking a plunger and the exci
inserted.
The theoretical figures of merit of the NR resonator can be com-
pared also to those of a closed cylindrical cavity, which represents
a natural term of comparison for the proposed device. The theoret-
ical quality factor and conversion factor of a standard copper cavity
with optimal aspect ratio are Qcc

0;th = 9759 and �Bcc
z;th = 19.38 G/W1/2,

respectively. The high theoretical quality factor of a closed cylin-
drical cavity can be explained in terms of its higher active

volume/surface ratio, since Q 0;th ¼ 2
d

R
vol

H2dVR
sur

H2
t dS

, where d is the skin

depth in the conductor, H the magnetic field, Ht its component tan-
gential to the conducting surface, and S the surface delimiting the
active region of the resonator [14,36,37]. A comparison between
the above conversion factors shows that

�Bcc
z;thffiffiffiffiffiffiffiffiffiffi
Qcc

0;th

q ’
�Bz;thffiffiffiffiffiffiffiffiffiffi
Q 0;th

p : ð2Þ

Such a property indicates that, despite its largely open structure, the
active volume of the open NR resonator is very similar to that of the
closed cavity and thus close to the minimal one. The conversion fac-
tor is indeed related to the active volume V of the resonator through

the expression �B ¼
ffiffiffiffiffiffi
hB2i

P

q
/

ffiffiffiffiffi
W
V �P

q
¼

ffiffiffiffiffiffiffiffi
Q0

x0 �V

q
, where W is the total elec-

tromagnetic energy stored in the cavity and x0 the angular reso-
nance frequency [2,23]. Eq. (2) allows a rapid comparison
between the conversion factor of a standard cavity and that of the
NR resonator, once the related quality factors have been
determined.

The presence of the sample holder reduces slightly the quality
factor of the cavity (Q 0;exp) to�4300 � 200. The corresponding con-
version factor is �Bz = 16.6 � 0.4 G/W1/2, which is higher than that of
the empty cavity due to the field concentration induced by the
holder [23].

In the EPR set-up used here, the resonator was inserted at the
end of a custom-made probe composed of part of a K-band wave-
guide joined at each end to part of a W-band waveguide through
tapered regions. The overall length of this circuit is about
165 cm. The typical insertion losses of the probe operating around
94 GHz are of the order of 2.7 dB. The transmitted signal is also
affected by standing waves having a periodicity of about
115 MHz and dynamics of about 7 dB.

EPR measurements with the NR resonator were made using a
commercial W-band spectrometer (Bruker, Elexsys E680), com-
bined with an Oxford Instruments superconducting magnet. The
obtained results were compared with those obtained using the
commercial probe head of the spectrometer, composed of a prop-
agation circuit exciting a closed cylindrical TE011 cavity. The inser-
tion losses of the probe at around 94 GHz are of the order of 1.5 dB.
tation region. (b) View of the assembled resonator, with the quartz sample holder
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In this case, the standing waves have a periodicity of about
100 MHz and dynamics of about 1.3 dB.

The use of a resonator in variable measurement conditions
requires a continuous control of the resonance frequency and of
the level of the coupling, which can change due to mechanical
relaxation or thermal drift. In the case of the NR cavity, the reso-
nance frequency was fine-tuned moving only one of the plungers.
The consequent asymmetry of the cavity with respect to its lateral
aperture does not correspond to a similar asymmetry in the field
distribution, as normally observed for standard TE011 cavities,
where the maximum of the axial magnetic field is equidistant from
the plungers. In the NR resonator described here, the lateral aper-
ture acts as trapping element for the field, which tends to be locked
to this aperture. Such behavior is illustrated in Fig. 4, which shows
the axial magnetic induction field Bz along the axis of the resonator
for two configurations with symmetric and non-symmetric plung-
ers. The symmetric configuration corresponds to the cavity loaded
by the sample holder, for a resonance frequency of 94.04 GHz. The
distance between the plungers is here 3.4 mm. The removal of the
sample holder increases the resonance frequency by 1.63 GHz. To
re-establish the initial resonance frequency, it is necessary to dis-
place one of the plungers by about 0.7 mm, as shown in Fig. 4.
Despite the resulting large asymmetry of the structure, the maxi-
mum of the axial magnetic field experiences only a minimal dis-
placement. A sample placed at the level of the aperture is subject
to the maximum magnetic field in all the common working condi-
tions, taking into account that the resonance frequency variation
observed when lowering the temperature to cryogenic values is
only about 300 MHz.

As described above, the coupling level can be adjusted moving
the resonator with respect to the excitation waveguide. In our case,
such a solution was unpractical. A more common alternative is to
perturb the excitation region of the resonator, where the fields of
both the resonance mode and the propagating wave overlap [23].
At W-band, the latter approach has been effectively implemented
by the research group of Möbius [3]. In this approach, the excita-
tion waveguide was slotted in order to accommodate a Teflon strip
having a tapered profile and a silver plated tip. The level of the cou-
pling was therefore controlled moving the plated tip around the
coupling hole. A similar construction was adopted for the open res-
onator considered here. The terminal part of the W-band wave-
guide was longitudinally slotted along one of its largest sides.
The width of this slit was about 0.5 mm. The strip was obtained
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
0.0

0.2

0.4

0.6
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)

Axial position  (mm)

Fig. 4. Axial magnetic field Bz along the axis of the resonator for two different
positions of the upper plunger and identical resonance frequency (see text). The
zero of the abscissa axis refers to the lower plunger. The insets show the electric
field distribution on half of the axial cross-section of the resonator for the two
conditions, corresponding to the solid and dashed curves.
using a Teflon foil (0.3 mm thick). The tip of the Teflon strip was
coated with a silver paste. The size of the conducting tip was about
1 mm, whereas the typical length of the strip was about 15 mm.
The strip was moved along the slit in the waveguide by means of
a translation mechanism, as indicated in Fig. 5. With this solution,
the critical coupling was easily obtained for the various measure-
ments discussed in the next section. However, the strip introduced
non-negligible insertion losses depending strongly on its shape,
which can easily exceed 2 dB.

The structure of the probe head employed in this work is shown
in Fig. 5a. Fig. 5b illustrates the mechanisms used to adjust the cou-
pling level and the resonance frequency, both controlled from the
top of the probe head. The plunger was rotated by means of an
attached lever. The total displacement of the lever along the direc-
tion of the incoming radiation corresponds to rotation of the plun-
ger by approximately 30�. The resulting variation of the length of
the cavity was sufficient to compensate the variation of the reso-
nance frequency observed for the measurement conditions used.

5. EPR results

The EPR measurements were performed on several representa-
tive samples in order to evaluate the performance of the resonator
under different working conditions.

A first series of measurements was realized at room tempera-
ture on a powder of c-irradiated calcium formate, which is a stan-
dard sample employed for dosimetry [38]. The insertion losses of
the probe head were minimized removing the mechanism
controlling the coupling level, which is not necessary for room
temperature measurements. Fig. 6 shows the electron-spin-echo
(ESE)-detected signal of the radical generated by the c irradiation,
together with the signal of the same sample obtained with the Bru-
b 

Fig. 5. (a) Detail of the probe head with the resonator and the mechanisms which
control the resonance frequency and the coupling level. (b) Schematic drawing of
the resonator and the excitation set-up (see also Fig. 1b). The dashed arrows link
corresponding elements in the picture and the sketch. In particular, the arrow on
the left links the mechanism controlling the coupling level and the sketch of the
dielectric strip, the arrow on the right links the mechanism controlling the
resonance frequency with the movable plunger. The solid arrows indicate the
possible displacements of strip and plunger. The sample holder is not shown for the
sake of clarity.
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ker cavity. For both cavities, the parameters of the spectrometer
were p

2 pulse length pp=2 = 188 ns and a delay between pulses s
=700 ns. The receiver gain was 24 dB (open cavity) and 33 dB (Bru-
ker cavity).

Fig. 7 shows the integrated intensity of the ESE signal as a func-
tion of the pp=2 pulse length for a fixed microwave power.

On the basis of the curves reported in Figs. 6 and 7, the optimal
pulse length for a given microwave power is the same for both res-
onators, while the signal-to-noise ratio is better by a factor 3 for
the open cavity. This discrepancy can be qualitatively explained
considering the different sample position inside the resonators.
The sample holder extends along the entire height of the open cav-
ity, whereas it can just touch the lower flat surface of the commer-
cial cavity. In the latter case, the bottom sealing of the sample tube
further reduces the active volume for the sample. Such differences
can lead to diverse behavior of the optimal pulse length, related to
the average of the field amplitude over the sample, and of the sig-
nal-to-noise ratio, related to the average of the field intensity. A
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Fig. 7. Integrated intensity of the ESE signal versus pp=2 for the NR resonator (black
curve) and the Bruker cavity (red curve) for a given microwave power (different
from the one used in Fig. 6). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
more quantitative analysis would require a detailed knowledge
of the structure of the commercial cavity.

The low temperature performance of the NR resonator was as-
sessed measuring the ESE-detected EPR spectrum of a Cu(II)–octa-
ethylporphyrin complex dissolved in chloroform [39]. The
spectrum (at 20 K), recorded using the complete probe head shown
in Fig. 5, is compared to that acquired using the commercial cavity
in Fig. 8. The same optimal pulse parameters were used for both
the measurements, pp=2 = 188 ns, and s = 800 ns, as well as the
same receiver gain. In this case, the signal-to-noise ratios obtained
for the two cavities are essentially the same. The analogous perfor-
mance of the two resonators under these measurement conditions
is attributed to the use of the mechanism controlling the coupling
level in the NR probe head.

The performance of the open cavity at low temperatures was also
investigated by measurements on a single-crystal sample by ELDOR-
detected NMR [34,40]. Fig. 9 shows the ELDOR-detected NMR spec-
trum of the [RhCl6]4� complex in AgCl single crystal [41,42], ob-
tained at 5 K for an orientation close to that of the largest principal
g-value. The ELDOR-detected NMR experiments were performed
using the pulse sequence (HTA)m 2-t1-(pp=2)m 1-s-(pp)m1-s-echo, based
on rectangular pulses [43]. HTA indicates a high turning angle pulse
with variable microwave frequency (m2), whereasm1 indicates a fixed
microwave frequency. t1 and s indicate the separation between the
different pulses. The sequence used was composed by a (HTA)m2

pulse of 4 ls separated by 1 ls from the 480 ns pp=2, which was sep-
arated by 1.52 ls from the 960 ns pp. Another periodsof 1.52 ls sep-
arated the pp pulse from the echo.

Several lines due to the hyperfine interactions with neighboring
35/37Cl, 107/109Ag and 103Rh nuclei can be observed in the 0–20 MHz
region [42]. However, their detailed analysis is beyond the scope of
this work.

The open structure of the NR resonator is particularly suited for
illumination of the sample, which is essential for the study of para-
magnetic species that are optically activated. The optical access to
the sample can be simply obtained inserting an optical fiber
between the plates of the resonator. The efficiency of the optical
excitation increases reducing the distance between the fiber and
the sample. However, a minimum distance must be kept in order
to avoid perturbation of the cavity resonance. For the NR cavity,
the TE011 mode is almost completely confined within 2 mm from
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Fig. 8. ESE-detected signal of a frozen solution of Cu(II)–octaethylporphyrin in
chloroform at 20 K obtained with the NR resonator (black curve) and with the
Bruker cavity (red curve). Measurement parameters: pp=2 = 188 ns and s = 800 ns.
The receiver gain was the same in both cases. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 9. ELDOR-detected NMR spectrum of the [RhCl6]4� complex in AgCl single
crystal at 5 K, measured in the NR cavity. Measurement parameters: static magnetic
field B0 = 2.7731 T, microwave frequency m1 = 94.042 GHz. The (HTA)m2-t1-(pp=2)m1-
s-(pp)m1-s-echo sequence (see text) was composed by the following time intervals:
4 ls-1 ls-480 ns-1.52 ls-960 ns-1.52 ls. The spectrum is an average of 3 scans.
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the boundary of the cylindrical region. Beyond this distance, the
resonator is insensitive to any extraneous element.

A similar experimental arrangement was employed for the
room temperature characterization of the triplet state of pentacene
molecules dispersed in a single crystal of p-terphenyl [44]. The ESE
signal is shown in Fig. 10, together with that measured with a
modified version of the Bruker probe head. In the latter case, exci-
tation of the sample with nanosecond pulses from a frequency-
doubled Q-switched Nd:YAG laser was performed by use of an
optical fiber running through the long rod of the sample holder
until it reaches the top of the quartz tube or rod carrying the sam-
ple [45]. The signal-to-noise ratios for the two cases, which also
depend on the efficiency of the illumination, were essentially the
same. In agreement with previous measurements, similar values
of the optimal pulse lengths were also observed.
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Fig. 10. ESE-detected signal of a pentacene-doped single crystal of p-terphenyl after
nanosecond laser pulse excitation. The results obtained with the NR resonator and
the commercial cavity are shown as black and red curves, respectively. The same
measurement parameters were employed for both resonators. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this paper.)
The ease of lateral sample illumination, made possible by the NR
resonator, is particularly advantageous in the study of opaque sam-
ples, where the number of paramagnetic centers generated by the
light is expected to be proportional to the illuminated surface.

Another class of EPR techniques requiring the illumination of
the sample is that of optically detected magnetic resonance
(ODMR) [46]. The common feature of such techniques is that the
resonance is observed as a variation of an optical signal (optical
absorption or emission) from the sample. For photoluminescence
intensity detected ODMR measurements, a requisite for a good
sensitivity is the high efficiency in the collection of the emitted
light. In the NR resonator, the light excitation can be obtained
inserting an optical fiber along the sample holder, whereas a bun-
dle of collecting fibers can be inserted between the parallel plates,
almost completely encircling the active region of the resonator.
The compact structure of the resonator allows the use of a reduced
number of fibers, by which the emitted light can be collected with
large solid angle coverage. Significant improvements can be
expected in the ODMR detection by the use of NR resonators.

6. Conclusions and perspectives

The above comparative analysis demonstrates that, at W-band
frequencies, the probe based on the NR resonator has similar or
better performance than that of the commercial system based on
a standard closed cavity. Taking into account the different insertion
losses of the propagation circuits employed in the two resonators,
this result shows that the performance of the NR resonator under
different experimental conditions is better than that of the closed
cavity provided with the spectrometer. Although the theoretical
quality factor and conversion factor of the standard closed cavity
appear to be better than those of the NR cavity, the figures of merit
achievable at millimeter wavelengths can be easily superior for the
NR resonator, due to its simple modular structure. The situation
becomes even more favorable for such resonators, with respect
to a standard open cavity based on thin slits, because of the addi-
tional losses introduced by such apertures.

These conclusions are supported by the indirect comparison
with the single-mode cavities with the highest quality factor devel-
oped to date. At W-band, the highest merit factor (Q 0 = 7400)
reported for a closed cavity is that of a TE011 gold cavity [13]. For
most common materials the quality factor is not higher than
Q0 = 6000 [4], which is close to the value obtained in this work.
The presence of the slits compromises significantly the merit
factor, which is reduced to approximately Q 0 = 5000 or less
[4,12,22], hence lower than the values obtained with the NR reso-
nator described in this paper. It is worthwhile to note that lower
quality factors, but better conversion factors, can be obtained with
dielectric NR resonators [47].

At shorter millimeter wavelengths, the construction of a stan-
dard cavity becomes rather complex. On the contrary, the proposed
resonator offers ample margins for miniaturization. The results
reported herein suggest that submillimeter wavelength NR resona-
tors can be produced using simple technology. Recent results have
confirmed such expectations, a quality factor of Q0 = 3300 at
285 GHz has been obtained for a resonator constructed following
the same design concept, and promising preliminary results have
been obtained for the same type of resonator at 350 GHz (Annino,
unpublished results). These results compare well with the 275 GHz
TE011 cavity built by the Leiden group [7,9]. In its closed version,
this cavity exhibits a quality factor Q0 ’ 3000 [7], whereas the
version including the slits for external irradiation reaches a merit
factor Q 0 ’ 2000 [9].

The benefits offered by the NR structure are not limited to the
construction and performance of the resonator. Considerable
improvements can also be made regarding the coupling control,
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which suffered significant insertion losses in the investigated set-
up. The origin of these losses is attributable to the long interaction
region between the stripe and the mode propagating along the
waveguide, which causes dielectric absorption and field distortion.
On the other hand, the control of the coupling requires a field per-
turbation just in the excitation region, namely between the cylin-
drical cavity and the boundary of the plates. In the NR resonator
this region is relatively extensive, 1.4 mm in the investigated
system, and easily accessible. In principle, the excitation of the res-
onator can be effectively controlled inserting a dielectric strip in
this region orthogonal to the propagating mode. Preliminary tests
at W-band have shown that a dielectric strip with a tapered profile
can change the coupling level from about 50% of the available
power to beyond the critical coupling with negligible insertion
losses.

The open structure of the NR resonator can be exploited in more
complex experimental arrangements. In addition to the reported
case of NR resonator enabling the rotation of the sample about
two orthogonal axes [26], a NR cavity is currently under develop-
ment for application in ENDOR spectroscopy. The preliminary re-
sults obtained with a slightly modified version of the resonator
discussed in this paper show that the sample can be irradiated
by a radiofrequency field with high efficiency, without influencing
the microwave response of the resonator.

In conclusion, the design philosophy based on the NR structure
solves the dichotomy which characterizes the present status of
millimeter wavelength resonators, where the properties of the
open Fabry-Perot cavities – simple but scarcely efficient – are at
the opposite extreme to those of the closed single-mode resonators
– efficient but complex to build. With their unique combination of
simplicity, versatility, and high performance in different experi-
mental conditions, the open NR resonators hold the promise of
overcoming old problems and solving new challenges in high-field
EPR spectroscopy.
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