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Abstract An overview of the most recent developments in high-frequency high-

field electron paramagnetic resonance (EPR) instrumentation is given. In particular,

the practical choices concerning sources, detectors, resonators, propagation systems

as well as magnet technology are discussed in the light of various possible appli-

cations. Examples of particular homodyne and heterodyne quasi-optic EPR systems

illustrate the potential for future developments in EPR technology.

1 Introduction

In the last few decades, an increasing number of electron paramagnetic resonance

(EPR) spectrometers have been developed employing microwave frequencies

significantly higher then the ‘‘conventional’’ X- and Q-band range (i.e., 9 and

35 GHz). The microwave bridge in these instruments typically uses technology

deviating from the traditional waveguides and coaxial lines, and the magnetic field

is generated using superconducting magnets. We will (somewhat arbitrarily) define

EPR spectrometers operating with frequencies starting from 90 GHz and magnetic

fields around 3 T and upwards as ‘‘high-frequency high-field (HF)-EPR spectro-

meters’’. The motivation to develop these instruments is usually driven by one of the

following experimental requirements.

1. Increased g-resolution: As in nuclear magnetic resonance (NMR), the spectral

resolution of the Zeeman interaction is proportional to the applied field and

frequency. One can only benefit from this effect, however, when the line widths

in the EPR spectrum are ‘‘field independent’’. Metalloproteins, in which the line

width is dominated by g-strain, do not show any improvement in g-resolution at

higher magnetic fields. In fact, the increased line width may wipe out hyperfine
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structures, thus deteriorating the overall spectral resolution. For radicals in

solution and solid state, in general, the line width is dominated by residual

hyperfine interaction, which is field independent. Therefore, radical EPR

applications benefit particularly from going to higher fields.

2. Higher (Absolute) Sensitivity: As long as it is possible to use single-mode

resonators, the cavity volume will scale down with increasing frequency.

Consequently, for constant (small) sample size, going to higher frequencies will

increase the filling factor of the cavity very rapidly. For non-lossy, non-

saturating samples, the absolute sensitivity theoretically increases proportional

to x7/2 at constant incident power. The concentration sensitivity (sample

volume scales with cavity volume) should theoretically increase proportionally

to x1/2 [1, 2]. In practice, however, it often proves difficult to approach these

theoretical limits.

3. Study of Motional Dynamics: When the movement of paramagnetic species

induces spectral changes proportional to the external magnetic field, the

dynamics of these movements can be studied best at progressively increasing

magnetic fields. Dynamics of which the spectral effect can be characterized as

‘‘fast exchange’’, when studied at low frequency, will change their regime to

‘‘slow exchange’’ when studied at high frequency. A multi-frequency study will

enable a full characterization of the kinetic and thermodynamic parameters of

such a dynamic process. In particular, the study of spin label dynamics

intensely benefits from the multi-high-frequency approach, since here, also the

geometrical factors are accessible in the analysis [3, 4].

4. Study of High-Spin (EPR ‘‘Silent’’) Species: In high-spin systems with a

substantial zero-field interaction studied at 9 or 35 GHz, often only a limited

number of EPR transitions are within reach of the microwave quantum. For

half-integer spin systems, this situation results in very complicated EPR spectra,

which are spread over a large field range. For integer spin systems, these

transitions may even be ‘‘spin forbidden’’, which makes the paramagnetic

species ‘‘EPR silent’’. Higher and higher frequencies eventually will create a

situation where the electron Zeeman interaction will dominate over the zero-

field splitting. This will result in greatly simplified ‘‘first-order’’ EPR spectra in

which the zero-field interaction can be treated as a perturbation that shows up as

a splitting pattern. Therefore, in particular, high-spin transition-metal com-

plexes are successfully studied using multi-high-frequency EPR.

5. Orientation Selection and Spectral Resolution in Double Resonance Experi-

ments: Paramagnetic species, of which the EPR spectra, e.g., at X-band, are

dominated by hyperfine interactions, are often difficult to study using electron-

nuclear double resonance (ENDOR). This is because the spectral features

corresponding to the canonical orientations are not well resolved. This problem

can be alleviated by increasing the microwave frequency and magnetic field.

HF-EPR spectra usually are dominated by the anisotropic Zeeman interaction

and facilitate orientation selection by adjusting the magnetic field at ‘‘canonical

positions’’. Also, the ENDOR frequencies of the various nuclei will be

separated better and better at higher and higher frequencies. Therefore, high-
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field ENDOR is a very powerful tool in the study of radical enzymes as well as

metalloproteins.

Early high-field EPR spectrometers were usually built with one of these benefits

in mind. The recent book of Möbius and Savitsky ‘‘High-field EPR applications on

proteins and their model systems’’ [5] provides an excellent review on the evolution

of high-field EPR instruments and various technical aspects. For completeness, we

will reproduce the properties of early ‘‘first-generation’’ high-frequency EPR

spectrometers from their review in the form of Table 1. The early projects to

construct a high-frequency EPR spectrometer were mostly aimed at strong

paramagnetic samples, such as radicals and concentrated paramagnetic crystals

[6–12].

Lebedev et al. [13–16] were the first to systematically explore the application of

HF-EPR for diluted paramagnetic systems such as spin labels. In 1977, they

constructed the first high-sensitivity EPR spectrometer at 150 GHz using a single-

mode TE011 cylindrical resonator reaching an absolute sensitivity of 4 9 107 spins

[17]. With this spectrometer and its successors, they extensively studied radicals and

spin-labeled compounds with special interest in g-resolution and dynamics. Another

milestone was reached in 1988 by Freed et al. [18], who built the first 250 GHz

continuous-wave (CW)-EPR instrument [18]. Again, spin label studies were the

motivation to develop the instrument. Their ‘‘1-mm EPR’’ spectrometer employed

oversized waveguides and polyethylene lenses to propagate the millimeter waves. In

this sense, they built the first ‘‘quasi-optical’’ EPR spectrometer. CW and pulsed

EPR as well as ENDOR at 95 GHz (W-band) was realized for the first time by

Schmidt et al. [19–21] and Möbius et al. [22–24]. In 1996, the Bruker company

introduced the first commercial pulsed (and CW) EPR spectrometer at 95 GHz [25,

26]. Further developments in millimeter-wave (mm-wave) components at W-band

allowed for improvements in excitation power and detection sensitivity [27]. The

95-GHz EPR spectrometer provides the optimum compromise between sample

handling and absolute sensitivity. The technicians from the Donetsk Physical-

Technical Institute (Ukraine), who were instrumental in the development of the

mm-wave bridges (95–150 GHz) of the Lebedev group, introduced pulsed mm-

wave bridges at 95 and 130 GHz using high-power impact avalanche and transit

time (IMPATT) amplifiers (200 mW at 95 GHz and 50 mW at 130 GHz). These

instruments were produced on a commercial basis and found their way to several

laboratories in the world [28–33]. The increasing interest in higher-frequency EPR

spectrometers ([200 GHz) has stimulated the systematic application of quasi-

optical techniques in mm-wave propagation and resonator coupling and was

initiated by Smith et al. [34] and Freed et al. [18, 35]. Currently, these groups are

also exploring the benefits of high-power (1 kW) W-band excitation. To control

these high powers and maintain a very short system dead-time, advanced quasi-

optical techniques have proven to be essential [36, 37]. Also pulsed EPR at

frequencies higher than 150 GHz (using quasi-optical spectrometers) is being

pursued in an increasing number of laboratories [38–42].

Although the most recent developments are focused on pulsed and time-resolved

techniques, with high-sensitivity detection, the interest in wide-band HF-EPR to
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study strongly paramagnetic samples remains. Brunel et al. [43–45] realized a multi-

frequency HF-EPR spectrometer, which is optimized for the study of high-spin

systems and radical species. Several laboratories followed similar schemes and

developed multi-high-frequency instruments dedicated to a particular class of

samples [46–49]. These setups do not need to be particularly sensitive and are less

suited for work on diluted species and double resonance experiments. On the other

hand, the microwave propagation system in these spectrometers can be kept

relatively simple, which facilitates the implementation of multi-frequency operation

and sample change. In this review, we will discuss the different components of a

high-field, high-frequency EPR spectrometer and illustrate the various choices that

can be made and their effect on the range of EPR applications that can be handled

with a particular spectrometer.

2 Sources

The choice of microwave source is, of course, strongly related to the required power

and frequency range. Also, the requirement of pulsed operation will be relevant to

the choice of the microwave oscillator.

2.1 Klystron and Gunn Oscillator

In the last decade, the traditional microwave source in EPR, i.e., the klystron, has been

phased out and replaced by the Gunn oscillator. The advantages of the klystron (very

low-phase noise, high power, frequency control) have been offset by their poor

availability and declining reliability. Recent developments in Gunn oscillator

technology enabled the development of devices matching the performance of

klystrons with the additional advantage of solid-state operation (low power

consumption) and low replacement costs. Up to 150 GHz, both klystrons [22] and

Gunn oscillators [22, 50, 51] can be employed in high-frequency CW-EPR

spectrometers. For pulsed operation, however, they are less well suited. Gunn output

powers are rather low (typically 50 mW at W-band) and high-frequency CW klystrons

have a limited lifetime [23].

2.2 Multiplied Sources

In recent years, mm-wave and terahertz technology has been revolutionized by the

use of varactor multipliers [52–55]. These devices are typically used in multiplier

chains or ‘‘frequency extenders’’. At the input of these assemblies, a source in the

‘‘lower frequency range’’ for which power amplifiers are readily available (currently

up to 95 GHz) is amplified and fed into, e.g., a chain of doublers. This way, in

principle, frequencies can be generated in the THz range. For frequencies up to

600 GHz, appreciable powers can be reached (in the mW range). Usually, the low

frequency input can be generated from very stable sources (including synthesizers,

phase-locked Gunn or yttrium iron garnet (YIG)-based oscillators). Varactor

multipliers can cover an extended frequency range (full waveguide band) and are
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therefore well suited to be incorporated in EPR sources as well as in test-and-

measurement sweep generators. A multiplication scheme has the additional

advantage that, due to the non-linearity of these devices, the isolation of a pulsed

excitation signal (i.e., the on/off ratio) is increased considerably ([50 dB) [56]. The

ease of operation and the possibility to integrate these devices in heterodyne as well

as homodyne configurations lead to the expectation that these may be the sources of

the future. Several groups already have integrated these designs in their HF-EPR

spectrometers [38, 41, 42, 56].

2.3 IMPATT Oscillator

IMPATT oscillators have been developed and employed especially in the former

Soviet Union. Although IMPATT diodes are primarily used in noise sources, they

can be successfully used as phase stable oscillators when they are injection locked to

a stable (low-power) signal. Lebedev et al. [16, 57] in Moscow can be regarded as

the pioneers of high-frequency EPR. Their success was partly due to the use of an

excellently designed microwave bridge based on an injection-locked IMPATT

oscillator [16, 57] operating at 140 GHz. The IMPATT technology also has been

successfully adapted to enable pulsed operation. The Donetsk Physical-Technical

Institute (Ukraine) constructed several pulsed EPR bridges operating at 95 and

130 GHz with output powers of 200 and 50 mW, respectively. In combination with

a single-mode resonator, these bridges enable excellent performance in pulsed EPR

applications including pulsed ENDOR [28].

2.4 Very High-Power Sources up to 140 GHz

In some applications, very high microwave power is needed. Griffin et al. [50, 58]

have been experimenting successfully using a gyrotron to irradiate electron spins at

130 GHz in a dynamic nuclear polarization (DNP) experiment in combination with

solid-state NMR. As an EPR source, however, gyrotrons are less suited because of

their relatively high amplitude noise and problems in implementing pulsed

operation. Extended interaction klystron (EIK) amplifiers at 95 GHz have been

used by Freed et al. (Cornell) [36] and Smith et al. (St. Andrews) [37, 59]. The EIK

amplifier can deliver a peak power of 1000 W at 95 GHz! Theoretically, with this

power one can imagine performing pulse experiments with 1 ns p/2 pulses that

excite a complete EPR spectrum (of a spin label). This opens a whole new window

of motion dynamics, as demonstrated by Freed et al. [3]. The microwave technology

to handle these high powers requires a completely new approach to suppress

unwanted reflections and damage to the detection system. This radical approach is

followed by Smith et al. in the ‘‘HYPER Project’’ [37, 60].

2.5 Far Infrared (FIR) Lasers

FIR lasers occasionally have been used in early spectrometer designs. Their

extended frequency coverage makes them well suited for multi-frequency CW-EPR

studies of, e.g., high-spin systems [43, 44]. The relatively high attainable power has
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been used to demonstrate the possibility of performing pulse EPR experiments at

604 GHz [61–63]. Their poor amplitude stability, however, has prevented these

sources form being employed widely.

2.6 Backward Wave Oscillator (BWO)

BWOs are used by several groups mainly focused on the study of molecular

magnetism [46–49]. These oscillators combine a relatively high power with

excellent frequency tuning possibilities. Also, their phase noise is favorable.

Unfortunately, they are poorly available (mainly from sources in the former Soviet

Union), require high-voltage power supplies and have to be operated in a local

magnetic field, which can be easily disturbed by the stray field of the EPR magnet.

Therefore, the use of these devices is rather limited.

2.7 Orotron

The orotron [64], also called ‘‘ledatron’’ [65], is a rather esoteric device, which

functions somewhat like a free electron maser (gyrotron) but does not need a high

magnetic field due to the use of a special grated electrode inside the vacuum tube

[66, 67]. This makes it possible to reach frequencies as high as 360 GHz. Only

Möbius et al. [68] demonstrated the use of the orotron in EPR. It turns out that

pulsed operation for this device is also possible [5]. Up to now, this device has not

been shown to operate as an amplifier.

2.8 Free Electron Laser

The free electron laser is a very versatile mm-wave source because of its high power

and large frequency range. In principle, it is also possible to realize pulse operation.

However, this source is only available in large-scale infrastructures in which it is

primarily used for other applications. The beam properties are usually not optimized

for EPR experiments. Nevertheless, some groups are involved in adapting this

instrument for EPR applications [69]. The future perspective for this project is to

enable high-power pulse EPR experiments at very high frequencies (up to 4 THz).

2.9 Phase Noise Considerations

The most important parameters of a source are its frequency range, power,

amplitude noise and phase noise. Of these, the phase noise has the strongest impact

on the overall performance of the spectrometer, in particular when operating in CW

mode. Although the requirements are somewhat more relaxed in pulsed experi-

ments, phase noise can still affect, e.g., the spectral resolution in Fourier transform

EPR. Therefore, great care has to be taken to minimize phase noise from the source

or to minimize its effects, e.g., by equalizing path lengths in the mm-wave bridge

(see below). Figure 1 shows the phase noise characteristics of commercially

available sources scaled to 90 GHz. For this, the phase noise level is increased by

20 logN, where N is the frequency multiplication factor. A free running Gunn

High-Frequency EPR Instrumentation 801

123



oscillator has a 30 dB per decade frequency dependence. A YIG oscillator

multiplied to 90 GHz has an overall 25 dB better performance. Usually, the

performance of these oscillators can be improved by locking to a crystal. Figure 1

also shows the characteristic of a 100-MHz crystal multiplied to 90 GHz. Indeed, a

phase-locked Gunn oscillator shows a phase noise around -90 dBc at 100 kHz and

-80 at 10 kHz, which is a considerable improvement over the free running

configuration. It would, however, seem more convenient to use multiplied YIG-

based sources since these provide a wider frequency range. As shown in Fig. 1,

these devices show an improved phase noise with respect to the free running (YIG)

case up to 100 kHz. Above 100 kHz, the trend of the free running oscillator takes

over, and locking no longer seems to be an advantage. For CW-EPR, however, the

range from 1 to 100 kHz is most important. Commercially available dielectric

resonator oscillator (DRO) sources show a similar phase noise characteristic. They

are cheaper than YIG-based synthesizers, but are limited to a fixed frequency.

Therefore, they are mostly suited as local oscillators in a heterodyne configuration.

Both stabilized YIG and DRO oscillators are considered the most appropriate

sources for multiplication to mm-wave frequencies [70].

3 Detection Systems

3.1 Schottky Diodes

In conventional CW-EPR spectrometers at X- and Q-band, Schottky diodes are the

standard detectors [1]. At higher frequencies, their performance, however,

drastically declines mainly because of increased 1/f noise characteristics. Therefore,

they are rarely used as signal detectors in HF-EPR spectrometers, but more as

diagnostic tools and power meters [34]. However, in applications where a high

Fig. 1 Phase noise characteristics of commercially available sources scaled to 90-GHz center frequency.
Filled diamonds represent the phase noise of YIG-based synthesizers and DRO sources multiplied to
90 GHz (G.M. Smith, pers. commun.)
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dynamic range is of importance, Schottky detectors are preferred even over InSb

bolometers.

3.2 InSb Bolometer

In CW HF-EPR systems, helium-cooled InSb bolometers have been extensively

used because of their unrivaled sensitivity and reasonable dynamic range. Since the

typical bandwidth in which a bolometer can be used is limited to a few MHz, they

are less suited for pulsed detection. Optimal performance is reached when the sensor

is positioned in a single-mode waveguide matched to a feed horn. They are typically

used in a homodyne configuration, i.e., a small local oscillator signal of a few

microwatts at the excitation frequency is applied to provide the proper bias to the

detector. Due to the waveguide configuration, the operation is limited to the

waveguide bandwidth. Untuned InSb mixers can reach a noise temperature of

2000 K at 90 GHz [34]. High-performance CW HF-EPR spectrometers have been

described making use of multiple frequencies and multiple He-cooled InSb mixers

mounted in a single cryostat [34, 71]. Bolometers can also be used in a broadband

configuration when they are mounted in an integrating cavity. These instruments

usually make use of a sweepable source such as a BWO. Although the sensitivity is

reduced, these systems are very well suited for multi-frequency measurements on

magnetic materials [43–45, 72, 73]. Moreover, they are relatively easy to construct

because the microwave propagation system as well as the sample probe head can be

kept very simple.

3.3 Schottky Mixers

In pulsed EPR spectrometers, Schottky mixers are exclusively used because of their

large instantaneous bandwidth. Recent technological developments have pushed the

accessible frequency range to the THz domain. Due to their conversion loss

(typically around 8 dB), Schottky mixers are usually combined with a low noise

amplifier (LNA) in the ‘‘radio-frequency’’ (RF) port. Up to 95 GHz LNAs are

currently available [51, 74]. It should be noted that an LNA increases the sensitivity

to small signals, but, on the other hand, reduces the effective dynamic range of the

mixer. For higher frequencies, often a heterodyne detection configuration is

employed. Here, the mixer serves to convert the detected RF signal down to an

intermediate frequency (IF, which is the difference between the RF and local

oscillator [LO] frequency) below 18 GHz. This IF signal is then amplified using an

LNA. In principle, fundamental mixers (i.e., mixers where RF and LO are in the

same frequency band) are preferable because of their low conversion loss. At higher

frequencies ([150 GHz), however, they are only available as ‘‘single-ended’’

mixers, i.e., they require an external diplexer to combine RF and LO since these will

share the same port. Consequently, the port isolation and amplitude noise

suppression characteristic for double balanced mixers are lost in the single-ended

configuration. Table 2 lists the noise characteristics of typical bolometer and

Schottky mixers. Here, it should be noted that the figures of merit, noise equivalent

power (NEP) and the noise temperature of a mixer, are not directly comparable in
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the EPR context. The NEP of a bolometer is a sensitivity measure relevant to wide-

band incoherent radiation (e.g., in astronomy), whereas the noise figure of a mixer

relates to narrow-band coherent detection (as relevant in EPR). Undoubtedly, the

absolute sensitivity of the astronomical bolometer is unrivaled, but its strongly

limited dynamic range makes it unsuitable for EPR applications.

3.4 Millimeter-wave Vector Network Analyzer (MVNA)

The MVNA developed by the company ABmm has an unrivaled dynamic range and

has been used in several laboratories involved in multi-high-frequency EPR [45, 49,

57, 73]. The sources up to 300 GHz are based on YIG oscillators in combination

with harmonic generators. Alternatively, up to 900 GHz, multiplied phase-locked

wide-band Gunn sources can be used. The detection system consists of harmonic

mixers (pumped by a YIG oscillator or a second Gunn source). The MVNA is

particularly suited as a diagnostic tool to characterize resonators and quasi-optical

systems.

4 Probe Heads

The probe head or sample holder obviously is one of the key components of an EPR

spectrometer. A wide range of models has been described as part of a high-field,

high-frequency setup. The variety in designs is mainly driven by the particular types

of samples (liquid, solids, crystals) and the additional experimental requirements

(light access, crystal rotation, RF). The developed devices range from a simple non-

resonant transmission ‘‘cuvette’’ to a single-mode resonator with crystal rotation,

ENDOR coil and optical access. The general ‘‘figure of merit’’ of a sample holder is

given as Qg, where g represents the filling factor and Q is the quality factor of the

probe head. Typical values range from ten to a few hundred. Qg enters in Eq. (2)

(Sect. 7) which describes the general sensitivity of a spectrometer. In the following,

we will describe the most widely used probe heads and their applications in some

detail.

Table 2 Properties of detectors used in high-frequency EPR

Detectors Frequency range NEPa (W/Hz-1/2) Tmix
b (K) IF band

Astronomical bolometer THz 10-18 1 kHz

Bolometer mixer 100 GHz 10-13 2000 1 MHz

Schottky detector 150 GHz 10-12

Zero bias 800 GHz 10-11 1 GHz

Schottky mixer 100 GHz 400 [10 GHz

200 GHz 500 [10 GHz

800 GHz 1000 [10 GHz

a NEP, noise equivalent power, bTmix(K), noise temperature (double side band) with matched IF source
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4.1 Fabry-Perot (FP) Resonators

A wide variety of FP resonators have been developed for various applications. The

open structure of the FP resonator makes it particularly useful for applications

involving optical access as well as ENDOR. These benefits have been extensively

demonstrated by Möbius et al. [22, 24], who applied a bi-confocal FP resonator at

W-band. Also, Schmidt et al. [19, 75] selected an FP resonator for their first W-band

experiments. Freed et al. [18, 35, 76] described semi-and bi-confocal FP resonators

operating at 250 GHz. These resonators were coupled through an iris. Smith et al.

[34] demonstrated that quasi-optical coupling through a mesh provides the benefits

of induction-mode detection, which greatly enhances the decoupling of the

excitation and detection beams. This detection scheme is illustrated in Fig. 2. The

corrugated waveguide allows the HE11 mode, which is equivalent to a free space

fundamental Gaussian beam, to propagate to the probe head, while its polarization is

conserved. In essence, one can consider the linear polarized beam as composed of

two counteracting circular polarized beams. On magnetic resonance, however, the

energy of only one circularly polarized beam is absorbed. Therefore, the reflected

beam will contain a slight excess of cross-polar component, which contains the EPR

signal. The EPR signal can be separated off from the reflected beam by a grid

polarizer. This very elegant scheme can be utilized with all probe heads of

cylindrical symmetry around the axis of the guide and with matching (in-plane) B1-

orientation. Apart from the Fabry-Perot resonator, this scheme has been demon-

strated for non-resonant probe heads, as well as for a TM110 resonator [60].

Although mesh coupling in the Fabry-Perot resonator, in principle, does not

allow for variable coupling, in practice this does not seem to be a problem. The

mesh can be chosen such that a slight overcoupling is achieved on an empty

Fig. 2 Principle of induction-
mode detection: the resonator is
excited by a linear polarized
beam that can be considered as
two counter-rotating circular
polarized beams. On EPR
absorption one of these beams is
attenuated, which results in a
cross-polar contribution in the
reflected beam. (Figure
reproduced from Ref. [34] with
permission from American
Institute of Physics.)
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resonator. By varying the amount of sample, the coupling can be adjusted to critical

levels. Attempts to achieve variable coupling by using a double mesh also have been

reported [35]. The FP resonator is the best resonator to accommodate aqueous liquid

samples. Several arrangements have been demonstrated [77, 78]. Möbius et al. [79,

80] presented a Fabry-Perot resonator operating at 360 GHz that allowed (CW)

ENDOR experiments. This configuration is depicted in Fig. 3.

4.2 Non-Resonant Sample Holders

The simplest sample holders used in high-field EPR consist of just a plastic or quartz

cup inside a smooth, oversized waveguide. This configuration is very simple and

effective when employed in a multi-frequency, high-field EPR setup optimized for

the study of strong paramagnetic centers such as molecular magnets. The instrument

typically consists of a multi-frequency source (e.g., FIR laser, BWO), an oversized

waveguide system including the sample holder, and a large bandwidth detector, e.g.,

a bolometer (see below). In the simplest (‘‘optical’’) configuration, the sample

holder is positioned in ‘‘transmission’’. In the original ‘‘Grenoble configuration’’

[45, 72], a double copper pipe is inserted into the sample cryostat. Mirrors inserted

into the pipes allow for 90� bends connecting the source and detector pipes as well

as the transmission sample holder. The limitations in sensitivity for this arrangement

are mainly caused by the standing waves, which will occur in the smooth

waveguides on both sides of the sample holder. The standing waves are caused by

mode conversion effects in the smooth guides and will convert the source phase

noise into amplitude noise at the detector. Due to incomplete control of the mm-

wave phase, often a mixture of absorption and dispersion is recorded.

Fig. 3 Magnified view of Fabry-Perot resonator with single-loop ENDOR coil at 360 GHz indicating the
different components. The RF loop generates a B2-field perpendicular to the mm-wave B1-field and the
(vertical) B0-field. The sample is placed on the gold-coated spherical mirror. For ENDOR experiments,
the coupling mesh is removed (creating a non-resonant probe head). For details see Refs. [79, 80]
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The use of quasi-optics and corrugated waveguides in combination with

induction-mode detection, as described above, will greatly increase the achievable

sensitivity. It has been demonstrated that non-resonant probe heads using tapered

(corrugated) waveguides can achieve similar concentration sensitivity as a single-

mode resonator [42, 60, 81]. The decoupling of the cross-polar components to non-

resonant probe heads can be further improved by using an adjustable roof mirror

underneath the sample holder, correcting phase and polarization mismatches caused

by the sample itself. The diameter of the non-resonant sample holder can be reduced

to quasi-single-mode size allowing for reduced sample volumes and the mounting of

ENDOR coils as well as optical access [73, 81].

4.3 Single-Mode Resonators (TE011)

At high frequencies, the single-mode TE011 cylindrical resonator is considered to be

the optimum solution to achieve maximum absolute sensitivity. Obviously, the

dimensions decrease as the frequency increases, and its mechanical construction

becomes proportionally challenging. Currently, the record is set at 275 GHz, as

demonstrated by Schmidt et al. [39, 82]. The single-mode resonator has the highest

possible power conversion ratio. Already with moderate power, a substantial B1 field

can be generated. Therefore, pulsed EPR applications preferably make use of a

single-mode resonator. At 95 GHz, an incident power of approximately 100 mW is

necessary for a p/2 pulse of 50 ns (cavity Q = 2000) [28]. At 180 GHz, this is

20 mW (Q = 1500) [38]. For 360 GHz, only 4 mW would be needed for a 50 ns p/2

pulse (Q = 1500) [39]. Several coupling schemes are described. The iris in the

cylinder wall can be adjusted using a metal tip on a dielectric slab [22]; alternatively,

the iris can be placed in the plunger wall and the coupling can be adjusted using a

sliding short [83]. A convenient way to adjust the coupling is by rotating the

resonator around the waveguide coupling to the iris hole in the cylinder wall. This

mode allows a large iris hole, which facilitates the scaling up to higher frequencies

[20, 28, 82]. A specific challenge is to combine the resonator with an ENDOR coil

enabling pulse ENDOR applications. An obvious choice is to mount the coils in a

pseudo-Helmholtz configuration. To allow the RF field to penetrate the resonator,

slits are machined in the resonator body. These slits also can serve as optical access

[20, 82]. At lower frequencies (90–150 GHz), it has been demonstrated that the

resonator cylinder itself can be formed from a ‘‘ribbon coil’’ [58]. It should be noted

also that at W-band frequencies a split pair magnet can be used, so that the TE011

resonator can be oriented vertically, thus enabling top loading of the sample [25, 26].

4.4 Other Resonator Designs

At lower frequencies (\35 GHz), dielectric and loop gap resonators have become

very popular as probe head for pulsed applications. These designs are, however,

difficult to scale to higher frequencies because of the microscopic dimensions that are

required. For W-band (94 GHz), Hyde et al. [84–86] constructed a five-loop four-gap

resonator using electrical discharge machining. The sample access in this resonator

(0.6 mm) is comparable to that of a cylindrical TE011 resonator at W-band. Some
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attempts have been made to construct alternative resonators exhibiting extremely

high Q-values, such as the whispering-gallery-mode (WGM) resonators [87–90].

Sample handling in these resonators is, however, problematic and up to now the

WGM resonator has not been employed regularly in high-field EPR experiments. A

new ‘‘non-radiative’’ design from the same group, however, seems to be promising.

In particular, the coupling and open structure of the cavity are advantageous for

optical access, ENDOR applications as well as crystal rotation [91–94].

5 Magnet Technology

The commonly employed field sweep in the EPR experiment sets out specific

requirements on the magnet technology used in high-field, high-frequency

spectrometers. Magnetic fields up to 18 T are usually generated using cryogenic

magnets. These should be specifically designed to allow large field sweeps. Over the

whole field range, the homogeneity should be good (typically 10-4 cm-3 sphere).

At specific field values (e.g., around g = 2) additional homogeneity can be reached

using shim coils (up to 10-6 cm-3). For accurate field sweeps in a small range

(±1500 G), cryogenic sweep coils can be used. When using liquid helium-cooled

cryogenic magnets, one should realize that during a large field sweep (using the

main coil), substantial helium boil-off will occur. Since NMR magnets are designed

to be stabilized at a fixed field, the leads are demountable. For EPR magnets, one

usually chooses a design with fixed leads. Although this leads to a somewhat higher

static boil-off, the operation of the magnet is greatly simplified. Recently, cryogen-

free magnet technology has been introduced in the field of EPR [95]. The great

advantage of these systems is the ability to continuously sweep the main coil

without the associated helium costs. In addition, the system can be completely

switched off over periods when it is not in operation. The magnet can be cooled

down typically within 50 h (e.g., a weekend) by simply turning on a switch.

While selecting a cryomagnet for high-field EPR, the following options have to

be considered:

1. Liquid Helium or Cryogen free operation? The advantages of cryo-free

operation are the reduced helium costs in general, the ability to continuously

sweep the main coil, and a ‘‘graceful recovery’’ after a quench. The drawbacks

are the potential vibration contribution to the signal to noise ratio of the

spectrometer, and the acoustic load in the laboratory.

2. Fixed or demountable leads. The advantages of fixed leads are the ease of

operation, and reduced helium costs when the main coil is operated regularly.

The drawback is the steady-state slightly increased helium boil-off.

3. Sweep coil or not? A separate sweep coil enables high resolution sweeps over a

small field range (typically the g & 2 range). However, due the inductive

coupling between sweep and main coil, the sweeps of both coils are non-linear.

This effect does not occur when only one coil is present in the magnet.

4. Thermo switch or not? With a thermo switch installed, the main coil sweeps

will show a hysteresis depending on the sweep rate.
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5. Warm bore or cold bore? A warm bore increases the size of the magnet (and its

price) for the same field. On the other hand, the user is completely free to install

any type of sample cryostat.

For fields higher than 18 T, one can make use of large-scale facilities providing

resistive magnets of the ‘‘Bitter’’ type. With power supplies of 20 MW, fields of

32 T are routinely reached [57, 73]. In the standard configuration, these systems are

limited in field stability and homogeneity, but they are very well suited for the study

of strong paramagnetic centers such as molecular magnets. With some additional

effort, the field homogeneity can be substantially improved either by a special coil

design or by using ferro-shims [96].

While standard EPR systems typically employ a Hall stabilization scheme of the

magnet, this design has to be abandoned in a cryomagnet. Due to the high

inductance of the coil, electronic stabilization is not possible. In many cases, the

bore of the magnet is completely occupied by the sample cryostat, leaving no room

for a field sensor. Usually, the magnetic field axis has to be calibrated using a

standard paramagnetic sample, e.g., Mn(II) in MgO [22]. The use of a sweep coil

and a thermo switch unfortunately lead to non-linearity and hysteresis of the

magnetic field sweep. By minimizing the inductive contact between the main and

sweep coils, some components of the non-linearity can be suppressed. The field

hysteresis can be minimized by letting the magnet power supply use ‘‘current

jumps’’ at the start and end of a sweep [25, 26]. In the Bruker W-band system, the

magnetic field is calibrated for a multiple of sweep rates using an NMR gaussmeter

in the free bore of the magnet. A more direct solution to the calibration problem is to

leave room in the magnet bore for a field sensor. In this way, the field axis can be

recorded in parallel to the EPR amplitude.

6 Spectrometer Configurations

In the following, we will briefly discuss the most popular spectrometer schemes

used in high-sensitivity instruments.

6.1 Homodyne Bridges

The mm-wave bridges up to 130 GHz from Lebedev group are scaled copies of a

standard homodyne X-band bridge (see Fig. 4a), in which the detector is replaced

by a helium-cooled InSb element [16, 17]. The InSb wafer is mounted inside a

waveguide, which is immersed in a helium vessel. As sources, various low-phase

noise oscillators have been used, i.e., BWO and klystron. More convenient are solid-

state sources, such as Gunn oscillators and IMPATT sources. The reference arm

allows full control of absorption and dispersion detection [57]. This homodyne

bridge was also modified to perform pulse experiments [97]. The 95-GHz bridge

developed by the group in Urbana [51, 83] is also of the homodyne type, but uses a

standard Schottky diode detector. Especially in combination with a low-noise

amplifier [51], the sensitivity is compatible with that of the bolometer bridges, i.e.,
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the absolute sensitivity approached the theoretical limit of 108 spins. The

availability of a low-noise amplifier also facilitated the development of a homodyne

pulsed W-band bridge by Goldfarb et al. [74].

The homodyne scheme can also be employed at much higher frequencies. Due to

the increasing losses in single-mode waveguides, one is forced to switch to

oversized propagation systems. It has been shown that smooth circular guides,

although very convenient to use, have serious drawbacks concerning poor mode

conversion, which leads to standing waves. This makes it difficult to control the

local oscillator level at the detector and renders the system very sensitive to

vibrations. With the systematic introduction of quasi-optics for high-frequency

EPR, Smith et al. [34] have solved these typical problems for the most part. Figure 5

shows the functional layout of their setup. The spectrometer can work at 80–

100 GHz as well as 160–200 GHz (using a doubled source). The power from the

source is led through the quasi-optical propagation system, where a beam splitter

couples out a portion of the power to feed the reference arm. The main part of

the power is directed through a Faraday rotator to the resonator insert located in the

variable-temperature insert of the magnet. In the induction-mode configuration, the

probe head (either a Fabry-Perot resonator or a non-resonant sample holder) reflects

the EPR signal in cross-polar polarization. This part is stripped off by a polarizer

and is led to the detection system, which consists of a bolometer mixer. The local

oscillator level and phase can be adjusted by using a movable roof mirror that

reflects the power from the beam splitter through a polarizer to a subsequent

polarizer, which combines the LO with the RF (EPR) signal. The combined LO and

RF signal is directed to the detection diodes. In the depicted configuration, the

detection diodes act as a balanced pair suppressing the source AM noise of the Gunn

oscillator. In practice, the source noise is already very low and the setup is

configured to use a single helium-cooled InSb bolometer mixer. The polarizer that

reflects the EPR signal will transmit the directly reflected signal to a Schotty diode

Fig. 4 Detection schemes in EPR. Optional elements are indicated between brackets. a Homodyne
detection scheme. Optionally, a preamplifier can be used to compensate for the unfavorable sensitivity of
a Schottky diode detector at high frequency. b Heterodyne detection scheme where pulse forming
(optionally) can be achieved at the IF frequency. c Heterodyne detection scheme where pulses are
generated at the RF frequency and LO is generated from RF and IF
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detector, which can be used to tune the resonator. The spectrometer can be easily

adapted to operate at different frequencies because the quasi-optical elements are

usually broadband. In particular, when using the so-called unity-gain optics, only

the matching layers of the Faraday rotator as well as the feed horns of source and

detector have to be exchanged. Several groups have now used this design and

constructed their own version of a homodyne quasi-optical CW-EPR spectrometer

[71, 98, 99].

6.2 Heterodyne Bridges

For larger detection bandwidths, as is necessary in high-frequency pulsed and

transient EPR applications, often a heterodyne detection scheme is adopted, in

Fig. 5 Functional block diagram of a quasi-optical millimeter-wave homodyne HF-EPR bridge as
introduced by Smith et al. [34]. For clarity, the focusing elements have been omitted. The polarization of
the millimeter-waves is indicated as the angle of the E-field vector with the normal to the propagation
plane. For polarizers, the angle of the wires with the normal to the plane is indicated
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particular, when a low-noise amplifier for the frequency of interest does not exist or

specifies a worse noise figure than the conversion loss of the fundamental detection

mixer. In principle, one can choose from two basic heterodyne schemes (Fig. 4b, c).

In both cases, one has to consider how to correlate the phase noise of the two sources.

Schmidt et al. [19, 20] in Leiden, who pioneered the development of W-band pulsed

EPR, used scheme in Fig. 4b for the design of their bridge. The advantage of this

scheme is that pulse forming can be performed in the IF channel at low frequency

using affordable components. The drawback of this configuration is that the

amplitude and phase noise of both the IF and LO sources is present in the RF channel,

which could affect the CW-EPR performance. Möbius et al. [5, 23] in Berlin,

therefore, opted for scheme in Fig. 4c for their W-band spectrometer. By balancing

the paths lengths associated with the IF source, the video contribution of the phase

noise of this DRO (-80 dBc at 10 kHz) could be suppressed by more than 46 dB.

Steinhoff et al. [100] used the same design in their 95-GHz instrument. Prisner et al.

[38] used this principle in their 180-GHz pulse EPR spectrometer. The W- and

D-band bridges developed by Vladimir Krymov (Donetsk Physical-Technical

Institute, Ukraine), however, used scheme in Fig. 4b, in which the pulses were still

formed in the RF channel. In this case, LO and RF signals are derived from low

(fixed) frequency stable oscillators and are multiplied using IMPATT multipliers

(913) [28]. The Bruker company in their W-band spectrometer also prefer the

scheme in Fig. 4b, since it allows the pulse forming and detection to be performed at

the IF frequency of 9 GHz for which the pulsed X-band bridge can be used. In this

way, a W-band system can be obtained as an upgrade to an X-band spectrometer [25,

26]. In practice, the difference between designs in Fig. 4b and c will be minimal,

when low-phase noise sources are employed, and LO and RF noise is suppressed by

proper balancing of the optical path length of the branches in the mm-wave bridge.

At higher frequencies ([150 GHz), quasi-optical bridges are used, and the

fundamental Schottky mixers are only available in a single-ended configuration.

This means that both LO and RF signals must enter through the same port. This

requires diplexing the LO and RF signals in the quasi-optical bridge. This concept

will complicate the layout of the bridge considerably, since both RF and LO signals

need separate quasi-optical paths. This principle was applied in the pulsed EPR

bridge at 275 GHz by Schmidt et al. [39, 82]. Similar schemes were employed in the

multi-frequency bridges operating at 120 and 240 GHz developed by van Tol et al.

[41, 81] and Reijerse et al. [42]. The functional block diagram of these systems is

illustrated in Fig. 6. In CW mode, usually induction-mode detection is used. In this

case, the signal is reflected from the polarizer and directed to the signal mixer. The

directly reflected signal from the probe head is passed through the polarizer and fed

through the Faraday rotator and subsequently reflected to the reference mixer. This

mixer signal is used as the reference for the IF mixer. This has the advantage that

the phase noise of the LO and RF sources is optimally correlated, since the optical

path length of the signal and the reference is equal. In addition, phase drifts due to

temperature variations in the probe head insert are compensated. The quasi-optical

heterodyne spectrometers developed by van Tol et al. [41, 81] and Reijerse et al.

[42] are based on unity-gain optics. This enables a multi-frequency operation since

the optics are frequency independent. For a frequency change apart from the probe
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head, only sources have to be modified (exchange of multipliers and feed horns), the

mixers have to be exchanged, as well as the Faraday rotators. For very high-

frequency (pulsed) EPR, these types of quasi-optical systems offer the highest

flexibility in configuration concerning sources, detectors and probe heads.

7 Sensitivity Considerations

The fundamentals of spectrometer sensitivity in relation to the cavity and detector

properties have been discussed in great detail by Feher [101] and Poole [1, 2]. The

frequency dependence of the signal-to-noise from the MHz range up to 250 GHz

has been analyzed by Rinard et al. [2, 102–104]. Here, we will only treat the most

relevant parameters related to source and detector noise. The general expressions for

the spectrometer sensitivity have been derived by Poole [1] and are presented in

several text books [105]. It relates the basic properties of the cavity and the noise

floor of the detection system to the detectable number of spins. For the absolute

sensitivity, one obtains:

Fig. 6 Functional block diagram of a quasi-optical CW/pulse/transient mm-wave heterodyne HF-EPR
bridge like the one describe by van Tol et al. [41, 81] and Reijerse et al. [42]. For clarity, the focusing
elements have been omitted. The polarization of the mm-waves is indicated as the angle of the E-field
vector with the normal to the propagation plane. For polarizers, the angle of the wires with the normal to
the plane is indicated
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Nmin ¼
6VCkTDB

l0g2l2
BSðSþ 1ÞBrQu

FkTDf

PW

� �1=2

: ð1Þ

By introducing the filling factor (approximated as g = VSample/VCavity), the

concentration sensitivity can be written as:

Nmin

VS

¼ 6kTDB

l0g2l2
BSðSþ 1ÞBrQug

FkTDf

PW

� �1=2

: ð2Þ

The following descriptions and values are used for the various parameters

appearing in Eqs. (1) and (2): VC is the volume (m3) of the resonator, with the typical

values TE102@ 9.5 GHz = 1.1 9 10-5m3 and TE011@ 90 GHz = 2 9 10-8m3;

k (Boltzman constant) = 1.38062 9 10-23 J K-1; T (sample temperature) is typi-

cally room temperature = 300 K; DB is the line width of absorption signal = 0.1 mT;

Br is the resonant field (X-band, 340 mT; W-band, 3.4 T); Qu is the unloaded quality

factor of the resonator (X-band, 5000; W-band, 2000); Df is the detection

bandwidth = 1 Hz; Pw is the incident power on the resonator (X-band, 100 mW;

W-band, 10 mW); F is the noise factor of the spectrometer (X-band diode, 100;

W-band bolometer, 20)1; l0 is the magnetic susceptibility of vacuum = 4p 9 10-7

V s/Am; g is the g-factor = 2; lB is the Bohr magneton = 9.2838 9 1024 J m2/V s.

For a typical X-band spectrometer, these values lead to a spin sensitivity

of 1011 spins/G or 5 9 1011 spins/G cm3. At W-band, the typical values are

Nmin = 2 9 107 spins/G or 1011 spins/G cm3.

These values, however, assume that the sensitivity of the spectrometer is

determined by the noise floor of the detector only (e.g., -160 dBm/Hz for a He-

cooled bolometer mixer). In practice, also noise contributions from the sources may

affect the actual sensitivity. It has been shown that amplitude noise from, e.g., a

Gunn oscillator, at 90 GHz (\-150 dBc/Hz at 1–100 kHz offset) usually does not

play a role because of the low (-20 dBm) LO level needed for the bolometer mixer

[57]. Phase noise potentially poses a bigger problem. The conversion of phase noise

to amplitude noise by a resonator and a reference arm has been described by Smith

and Lesurf [106]. This effect can easily dominate the detector noise floor unless the

excitation signal from the probe head is properly isolated by cavity coupling and/or

polarization decoupling (induction mode), and the reference arms in the bridge are

properly balanced [57].

8 Conclusions and Outlook

A practical overview of high-frequency EPR instrumentation was provided in this

contribution. It has been shown that for up to 150 GHz, the conventional waveguide

technology can be used, albeit with some limitations. It is to be expected, however,

that quasi-optical technology will rapidly take over as the leading strategy in

1 These noise factors depend on many instrumental properties and will vary between various types of

EPR spectrometers. How this works out in practice is analyzed in more detail in the recent review by

Rinard et al. [2].
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developing mm-wave EPR bridges. The spectacular developments in THz

technology and radio astronomy provide an increasing number of components that

can be used in high-frequency EPR instruments. In addition, mm-wave excitation

also has drawn the attention of the NMR community. In the last few years, many

projects on high-field (DNP) have been initiated [107]. It is expected that in the near

future, technical developments in high-frequency EPR will occur even more rapidly.
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