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A versatile and modular quasi optics-based 200 GHz dual 
dynamic nuclear polarization and electron paramagnetic 
resonance instrument

Ting Ann Siaw1, Alisa Leavesley1, Alicia Lund1, Ilia Kaminker1, and Songi Han*,1

1Department of Chemistry and Biochemistry, University of California Santa Barbara, Santa 
Barbara, CA 93106.

Abstract

Solid-state dynamic nuclear polarization (DNP) at higher magnetic fields (>3 T) and cryogenic 

temperatures (~2–90 K) has gained enormous interest and seen major technological advances as 

an NMR signal enhancing technique. Still, the current state of the art DNP operation is not at a 

state at which sample and freezing conditions can be rationally chosen and the DNP performance 

predicted a priori, but relies on purely empirical approaches. An important step towards rational 

optimization of DNP conditions is to have access to DNP instrumental capabilities to diagnose 

DNP performance and elucidate DNP mechanisms. The desired diagnoses include the 

measurement of the “DNP power curve”, i.e. the microwave (MW) power dependence of DNP 

enhancement, the “DNP spectrum”, i.e. the MW frequency dependence of DNP enhancement, the 

electron paramagnetic resonance (EPR) spectrum and the saturation and spectral diffusion 

properties of the EPR spectrum upon prolonged MW irradiation typical of continuous wave (CW) 

DNP, as well as various electron and nuclear spin relaxation parameters. Even basic measurements 

of these DNP parameters require versatile instrumentation at high magnetic fields not 

commercially available to date. In this article, we describe the detailed design of such a DNP 

instrument, powered by a solid-state MW source that is tunable between 193 – 201 GHz and 

outputs up to 140 mW of MW power. The quality and pathway of the transmitted and reflected 

MWs is controlled by a quasi-optics (QO) bridge and a corrugated waveguide, where the latter 

couples the MW from an open-space QO bridge to the sample located inside the superconducting 

magnet and vice versa. Crucially, the versatility of the solid-state MW source enables the 

automated acquisition of frequency swept DNP spectra, DNP power curves, the diagnosis of MW 

power and transmission, and frequency swept continuous wave (CW) and pulsed EPR 

experiments. The flexibility of the DNP instrument centered around the QO MW bridge will 

provide an efficient means to collect DNP data that is crucial for understanding the relationship 

between experimental and sample conditions, and the DNP performance. The modularity of this 

instrumental platform is suitable for future upgrades and extensions to include new experimental 

capabilities to meet contemporary DNP needs, including the simultaneous operation of two or 
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more MW sources, time domain DNP, electron double resonance measurements, pulsed EPR 

operation, or simply the implementation of higher power MW amplifiers.

Keywords

solid state dynamic nuclear polarization; electron paramagnetic resonance; quasi optics; solid state 
MW source

1. Introduction

Solid state DNP (ssDNP) is an NMR signal-enhancing technique that is undergoing rapid 

development towards a surface, materials [1–12] and biosolids [13–25] characterization tool. 

The potential for ssDNP to transform NMR into a staple materials and biosolids 

characterization tool stems from the ability of this technique to generate an enhancement of 

NMR signal by O(101-103) fold via polarization transfer from the electron spin of ssDNP-

suitable radicals (also termed DNP agent) to the target nuclear spins. This signal gain, 

combined with a thermal polarization gain of O(101-102) fold from cryogenic cooling to 

liquid nitrogen or helium temperatures and high magnetic fields, yields a total gain in 

nuclear spin polarization of O(102-105) including the extreme ends. Considering that the 

reduction in the NMR experimental time corresponds to the square of this signal gain, 

ssDNP of frozen solids brings NMR into a new territory for materials and biosolids 

characterization capabilities by enabling studies of NMR-sensitive nuclei at concentrations 

and conditions that were conventionally inaccessible to NMR, given the infeasible or 

extremely long experimental times that may span several days to weeks of signal averaging. 

Wished-for study targets by ssDNP include the characterization of thin films, extended 

surfaces or low-γ nuclei in technologically important materials, electronic materials with 

cryogenic temperature-dependent properties, as well as conventionally weak signals 

reporting on structural or interfacial information in biological systems, including protein 

assembly, protein-RNA complexes, membrane proteins and cellular systems.

While there is immense potential for ssDNP to become a powerful characterization tool, 

much is still unknown about the principle operation of ssDNP, where the basic theoretical 

models for ssDNP even under static, and undoubtedly under magic angle spinning (MAS), 

conditions require further developments. In recent years, it has become apparent that the 

commonly accepted theoretical framework of thermal mixing (TM) [26–31] or explaining 

DNP under non-MAS and low temperatures (< 150 K) may not be consistent with 

experimental ssDNP observations, in particular the lineshapes of DNP spectra and the 

underlying saturation profile of the EPR spectrum. Consequently, several attempts were 

made to improve and expand beyond the TM formalism [32–37], notably by the Vega group 

[38–42], Tycko et al. [43–45], and Köckenberger et al. [46–48] who relied explicitly on the 

quantum mechanical, rather than thermodynamic, description of ssDNP. Two main ssDNP 

processes described by this framework are: (i) Solid effect (SE) DNP where MW irradiation 

of the forbidden transition of a single pair of electron and nucleus through the double 

quantum (|↓↓› to |↑↑›) or zero quantum forbidden transitions (|↓↑› to |↑↓›) results in the 

hyperpolarization of the nuclear spins and (ii) Cross effect (CE) DNP where MW irradiation 
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of the allowed electron spin transition of an electron-electron-nucleus (e-e-n) spin system 

transfers polarization from the coupled electron spins to the nuclear spins when the e-e 

frequency difference matches that of the nuclear Larmor frequency. The two dipolar coupled 

electron spins responsible for flipping a nuclear spin may not be the electron spins that are 

directly excited by microwave (MW) irradiation, nor the ones chemically tethered as part of 

one biradical molecule, where the e-e flip-flop transitions can also be activated by spectral 

diffusion, giving rise to the term indirect CE (iCE) [49] or multi-electron spin CE [50]. This 

does not change the fact that an allowed EPR transition occurs to initiate a flip-flop 

transition of a dipolar coupled electron spin pair that is ultimately responsible for a nuclear 

spin flip. Clearly, electron spin spectral diffusion is an important factor for distributing 

electron spin polarization that must be taken into account when quantifying DNP 

performance. While the debuted quantum mechanical models improved the ability to fit the 

ssDNP spectra lineshapes [51–53], they do not fully describe or easily predict the outcome 

of ssDNP experiments, such as the shape of the ssDNP spectrum, mainly because critical 

experimental parameters are usually unknown, and thus are estimated when modeling DNP 

data. These include electron T1 and T2 relaxation time at the same field and temperatures of 

the DNP operation, electron spectral diffusion rate, EPR saturation profile, as well as 

nuclear spin diffusion properties under operational DNP conditions. The need to further 

develop the understanding of ssDNP mechanisms and to generate practically useful 

theoretical models is illuminated by highly interesting observations reported on in the 

literature that are contrary to conventional wisdom, while theoretical explanations were only 

provided for some observations about how certain experimental parameters may affect the 

ssDNP properties (this is by no means a comprehensive list of all ssDNP effects):

1. Electron double resonance (ELDOR) studies [49,54] reveal that below 40 K at 3.34 

T, the saturated area of the EPR spectrum of nitroxide radicals at tens of mM 

concentration— commonly for ssDNP operation—with monochromatic MW 

irradiation is rather significant, indicating that electron spectral diffusion is highly 

efficient under those experimental conditions.

2. Applying MW frequency/field modulation increases the ssDNP enhancement by 

almost an order of magnitude, especially at low nitroxide concentrations [55,56], 

by virtue of increasing the frequency excitation bandwidth over the monochromatic 

MW source.

3. DNP operation below 6 K and at 7 T led to the observation of an oversaturation 

regime, where DNP enhancement no longer increases, but decreases with 

increasing MW power beyond a threshold value. This is only observed with 

samples containing high radical concentrations, e.g. 40 mM nitroxide radical in 

frozen solution, with transmitted MW powers of order 50–70 mW and at 

temperatures below 6 K [50]. This can be reconciled with a broad saturation of the 

nitroxide EPR spectrum due to an exceedingly large excitation bandwidth that 

diminishes the electron spin polarization differential beyond a saturation threshold, 

which is consistent with observations of (1) and (2). Corroborating new data will be 

presented in this article.
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4. More rigid radical architectures of biradicals or oligoradicals can provide higher 

ssDNP enhancement values, the merit of which turns out particularly critical at 

higher magnetic fields [15,57–61].

5. Adding dielectric particles that scatter microwaves into or at the ends of MAS 

rotors can help distribute the MW field, increasing ssDNP enhancement by a factor 

of 2 [19,62].

6. MAS operation in the presence of ssDNP-active radicals, but in the absence of MW 

irradiation, can result in depolarization of the nuclear spins, leading to NMR signal 

loss, indicating that the overall nuclear polarization is effectively lower [44,45,63–

65]. The depolarization effect seems particularly strong with the types of radicals 

yielding high DNP enhancements, implying that some of the enhancement effect is 

due to the decrease in the unenhanced reference signal amplitude.

7. Observation of an optimum MAS spinning speed that yields the highest ssDNP 

enhancement, where the optimum depends on temperature and other factors 

[45,60,63,64,66].

These example observations reveal that there are unexplored ssDNP parameters that affect 

the ssDNP enhancement, which prevents a priori prediction of ssDNP performance for a 

given set of experimental and sample conditions. Therefore, currently, the only viable 

method to optimize ssDNP condition is through empirical determination of operating 

conditions.

The need to better understand ssDNP processes, coupled with the need to explore a wide 

DNP parameter space for performance optimization calls for a versatile ssDNP hardware. 

The required hardware performance is reflected in the type of experiments that yielded the 

observations listed above—MW frequency/field modulation, MW power stepping, EPR 

detection (particularly ELDOR), MW frequency sweeps, EPR relaxation measurements, etc. 

The combination of these hardware capabilities are not offered with any commercial ssDNP 

instrument platform. Instead, select capabilities are available through different ssDNP 

setups, as listed below. As a side note, even though dissolution DNP targets solution NMR 

application, the DNP process occurs in the solid-state, which is why it is listed under ssDNP 

systems, while important developments on Overhauser DNP at low and high magnetic fields 

are not included in this article.

1. Gyrotron-powered MAS DNP systems: High resolution MAS-gyroton systems 

operating at > 5 T and 90–150 K, developed by Griffin et al. and commercialized 

by Bruker Biospin. Gyrotron systems offer high microwave power output between 

5–35 W, allowing for DNP operation at higher temperatures of 90–150 K [67–75], 

while recent developments by Idehara et al. and Gaël de Paëpe et al. also enable 

liquid helium operation around 30 K with gyrotron-powered DNP systems [76,77]. 

Notably, the Matsuki, Idehara and Fujiwara et al. [78] system relies on a dual 

gytrotron source at 460 GHz and 459–461 GHz for MAS DNP operation at 16.4 T 

and liquid helium temperatures. Additionally, Pike et. al. [19] have developed a 

system that uses the fundamental (187 GHz) and second harmonic (395 GHz) of a 

gyrotron source for DNP signal detection at 6.7 and 14 T. A recent theoretical 
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calculation of pulsed gyrotron operation has also been performed by Barnes et al., 

which provides an outlook for EPR operation of a high powered gyrotron source 

[79]. In general, a gyrotron source can offer a frequency bandwidth of up to 3 GHz, 

but the MW power is not constant over this frequency range. This means that DNP 

spectra can only be acquired reliably using a field sweep, instead of a frequency 

sweep. At the moment, EPR detection is not feasible with these systems due to 

amplitude fluctuations of the gyrotron source output. The gyrotron system has been 

successfully applied for enhanced ssNMR studies of biological systems 

[13,16,17,19–25] and materials surfaces [12,80,81]. Significant progress in DNP-

enhanced MAS NMR can be attributed to the design and development of novel 

DNP polarizing agent design, such as TOTAPOL, AMUPOL, bTbk, etc. with 

superior performance to mono-nitroxide radicals under typical MAS DNP 

operating conditions at approximately 90 K [57–60].

2. Dissolution DNP systems: Dissolution DNP systems operating at 1.2 K and 3.35 T 

were initially developed by Larsen and co-workers [82]. These systems 

traditionally polarize frozen samples at ~ 1.2 K and 3.35 T to achieve high nuclear 

spin polarization, followed by rapid melting of the sample for injection into MRI 

subjects or samples for spectroscopy or imaging of enzymatic or other chemical 

processes by DNP-enhanced NMR detection at higher magnetic fields [83–87]. 

There have been commercial systems developed by general electric (GE) 

healthcare / Oxford Instruments, most recently upgraded to operate at a higher 

magnetic field of 5 T in a system known as SpinLab, while modified or home-built 

dissolution DNP systems operating at 3.35 T or 6.7 T have also been presented 

[56]. Interestingly, using a dissolution DNP polarizer system, Jannin et al. have 

recently demonstrated an order of magnitude improvement in DNP enhancement 

for a 10 mM nitroxide solution when frequency modulation is applied at 1.2 K and 

6.7 T [56].

3. Nottingham Köckenberger lab ssDNP/EPR systems: One of the Köckenberger 

dissolution DNP systems was built around a two-center magnet for polarization at 

3.35 T and NMR detection at 9.4 T with a non-zero field transition between the two 

and included a QO bridge for CW EPR detection at 94 GHz. This system was 

designed to minimize polarization loss when transferring the sample from the 

polarizing field (3.35 T) to the detection field (9.4 T) [83]. Another unique 

spectrometer in the Köckenberger lab is a 3.35 T dissolution DNP spectrometer 

with longitudinal EPR detection capabilities [88]. This spectrometer employs a 200 

mW diode source with a sweepable range of 650 MHz, which allows for the 

acquisition of frequency or amplitude modulated CW EPR spectra as well as 

ELDOR experiments. The Köckenberger group was the first group to measure the 

TEMPO ELDOR spectrum under DNP conditions for the purpose of directly 

measuring the extent to which the EPR line of TEMPO is affected upon prolonged 

microwave irradiation [88].

4. Massachusetts Institute of Technology (MIT) Griffin lab ssDNP/EPR system: 

A dual pulsed-EPR/DNP spectrometer operating at 5 T (140 GHz electron / 212 

MHz 1H) is described by Smith et. al. [89] This instrument was designed to 
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perform pulsed EPR and DNP at temperatures of less than 100 K under static (non-

MAS) conditions. This system was built in order to study the mechanism of the 

DNP process, where knowledge of the spin relaxation times of the electron spins in 

the sample are important for understanding the DNP enhancement process. This 

spectrometer also has the capability to perform ELDOR and electron nuclear 

double resonance (ENDOR) experiments. With these capabilities one can directly 

measure the saturation profile of an EPR spectrum upon MW irradiation of the 

sample under DNP conditions.

5. Weizmann Institute Vega and Goldfarb lab ssDNP/EPR system: A dual 

EPR/DNP spectrometer operating at 3.34 T (95GHz electron / 144MHz 1H) was 

built at the Weizmann Institute of Science by the joint effort of the groups of 

Goldfarb and Vega. This instrument was designed to concurrently perform EPR 

and DNP experiments at low temperature (< 100 K) under static (non-MAS) 

conditions and at 3.34 T [90]. The EPR MW bridge of this DNP system was 

constructed based on a design previously refined by the Goldfarb group [91]. The 

Vega and Goldfarb groups have contributed significantly to the quantum 

mechanical understanding [38– 42,49,54] of DNP processes through ELDOR [49] 

and DNP data [51–53] acquired using this spectrometer.

6. NIH Tycko lab ssDNP system: A MAS-DNP system operating at 9.4 T and down 

to 25 K temperatures, initially utilizing a low powered diode MW source [61], and 

recently upgraded with a higher powered extended interaction oscillator (EIO) MW 

source [61], was developed by Tycko, Thurber, and co-workers at the National 

Institute of Health (NIH). This MAS system can operate at liquid helium 

temperatures down to 25 K by using a novel MAS design that employs an 

elongated MAS rotor where the ends of the rotor are spun with cold nitrogen gas 

and the center of the rotor cooled with liquid helium [92]. Tycko and co-workers 

have been performing ssDNP-enhanced NMR studies of frozen samples of peptides 

[15,61] and protein fibrils of amyloid beta [14]. Tycko and co-workers have also 

contributed to the design of oligoradicals [15,61], and the understanding of MAS-

DNP effects [44,45].

7. UCSB Han lab ssDNP/EPR system: A dual EPR/DNP spectrometer operating at 7 

T and liquid helium temperatures, powered by a tunable solid-state diode source 

(193–201 GHz), as developed by Han and co-workers at the University of 

California, Santa Barbara (UCSB) [93]. A quasi optical (QO) MW bridge is used to 

manipulate the quality, amplitude, frequency and shape of the transmitted and 

reflected microwaves (e.g. for EPR detection). The QO DNP setup operates at 

room temperature down to 4 K on static samples, and at room temperature down to 

25 K under MAS operation. Han et al. have observed the effect of oversaturation 

for a 40 mM nitroxide glass solution at 4 K [50], and also recently demonstrated 

targeted adsorption of DNP polarizing agents for characterizing catalyst active sites 

[3].

From the summary of ssDNP systems provided above and summarized in Table 1, it can be 

seen that the hardware capabilities vary significantly between the different ssDNP systems 
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currently available. Most ssDNP systems are focused on particular application targets, while 

the hardware improvements pursued are often centered on the saturation performance by 

MW irradiation, notably by higher power output or frequency modulation. However, 

systematic ssDNP studies focused on the spin physics of the electron-nuclear polarization 

transfer mechanism and quantification of DNP enhancement require additional hardware 

capabilities, such as ssDNP frequency sweeps, CW and pulsed EPR experiments and 

ELDOR measurements—such capabilities are currently available at 3.34 T [88,90], and 

some at 5 T [89]. The UCSB ssDNP system of the Han lab operating at 7 T is 

complementary to existing hardware, and consists of a modular DNP hardware platform that 

allows for static and MAS NMR operation, and is designed to perform EPR and ELDOR 

experiments. The versatility of the UCSB Han lab’s ssDNP system arises from relying on a 

QO MW bridge. In fact, the use of QO is a common mode of operation for high field EPR 

setups [94–100], as first demonstrated by Freed and co-workers [96], and provides the 

means for low loss transmission of MWs, which is critical when employing low power 

solid-state diode sources to drive DNP or EPR experiments. Furthermore, QO is the only 

approach in the sub-Terahertz MW frequency regime to efficiently combine, isolate and re-

direct MWs for EPR detection and experiments. Hence, a QO MW bridge is an extremely 

versatile tool that enables dual DNP/EPR operation, as will be described in detail in this 

perspectives article. The same QO bridge is compatible with alternative MW sources to a 

solid-state diode source, e.g. Klystron oscillators or high-power gyrotron sources. The NIH 

ssDNP setup by Tycko and coworkers that was originally powered by a diode source 

(Virginia Diodes Inc.) has already been modified to be powered by a klystron oscillator 

(Communications & Power Industries LLC) that can output around 0.8 W of MW power 

[15]. However, for the most versatile DNP and EPR operation, the use of a solid-state 

source, despite its lower power MW output, is necessary to enable broadband (10 GHz 

frequency sweep width) MW tuning, precise MW amplitude and frequency control (10 Hz 

or better resolution), and the ability to apply amplitude (including pulsing ability and shaped 

waveforms) and frequency modulation of the transmitted microwaves. The UCSB system is 

built to maximize the versatile operation to enable the measurement of a wide range of DNP 

parameters and DNP mechanism-relevant EPR parameters. The modularity of the system 

provided by the QO-based MW bridge allows for component-by-component upgrades when 

better capabilities are available in the future, e.g. a currently difficult to get high-power MW 

amplifier, without the need to purchase an entirely new DNP system. If this mode of 

operation is commercialized, it will enable full customization of DNP systems according to 

cost and experimental needs. We believe that this will be highly beneficial tool for the 

magnetic resonance community.

In this article, we will describe the construction of the UCSB DNP system by building upon 

an existing 7 T Bruker superconducting magnet and spectrometer system. The focus here 

will be the establishment of a basic hardware framework for performing 4–290 K NMR, 

DNP and EPR experiments, MW and DNP performance diagnostics, and automation of 

DNP data acquisition. This was enabled by the implementation of the QO MW bridge 

design and centralized instrument control using the Specman4EPR software (Boris Epel, 

Femi Instruments, LLC) [101], both of which can be further expanded or modified to 

achieve wished-for experimental goals. Using these capabilities, we demonstrate the ability 
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to evaluate and diagnose the MW performance, specifically the MW power stability across 

time and frequency, Gaussian beam profile, MW insertion losses across MW transmission 

hardware, as well as to establish precise amplitude and frequency control of the MW. The 

precise MW amplitude and frequency control enables automated acquisition of frequency 

swept DNP spectra (enhancement vs. MW frequency) and power curves (enhancement vs. 

MW power), both of which are important for understanding DNP processes, and last but not 

least, frequency stepped pulsed and CW EPR measurements. We will describe the QO 

bridge design for pulsed EPR ELDOR implementations and superheterodyne detection of 

pulsed and CW EPR spectra using frequency stepped, field-modulated, detection in lieu of 

the conventional field swept (and field-modulated) EPR detection approach, by presenting 

proof-of-principle data of standard Mn2+ and diamond samples acquired at room 

temperature. The work presented in this article intends to establish a basic framework for 

dual DNP-EPR operation at 7 T and beyond, with the necessary configurations for 

implementing future hardware upgrades to expand the DNP-EPR toolkit.

2. Instrument Overview

The UCSB 200 GHz dual DNP/EPR spectrometer is a highly modular system centered 

around the flexibility of the QO-based MW bridge. The current prototype DNP system 

discussed in this article is a result of hardware additions and modifications to an existing 

magnet and spectrometer system [93,102], specifically a 300 MHz, 89 mm wide bore Bruker 

superconducting magnet and a Bruker Avance D300WB console with a 1 kW rf amplifier. 

Crucially, this system can be constructed from the ground up onto any existing high-field 

magnet and NMR spectrometer console, provided that solid-state MW sources are available 

at the adequate MW frequency (currently, sufficiently high-power diode sources are 

available for 7–9 Tesla fields by VDI Inc.) with (but not limited to) the following additions 

(a sketch of the overall setup is shown in Fig. 1), the details of which will be described:

1. Cryostat (or thermostat) for temperature control

2. DNP probe insert consisting of a waveguide, NMR coil, and EPR modulation coil

3. MW support structure

4. MW bridge consisting of MW source and quasi-optical components

5. EPR detection hardware

6. Centralized control software

2.1. Cryostat

Cryogenic cooling of the sample to liquid helium temperatures <50 K can yield high nuclear 

spin polarization (Pn) from DNP operation when irradiating with a solid-state MW source. 

We recently reported as high as Pn = 61% [50,102,103], which is in part due to high initial 

Pe (83% at 4 K and 7.049 T), long T1e of (101-102) ms found for nitroxide radicals at 4 K 

temperatures, and high spectral diffusion rate for nitroxide radicals found at high radical 

concentrations on the order of 20 mM [49,50,60]. In order to operate at temperatures 

between 4–290 K, we employ a custom STVP-200-NMR continuous flow cryostat (Janis 

Research Co. LLC). A Sogevac SV65B rotary vane pump (Oerlikon Leybold Vacuum) is 
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connected to the outlet of the cryostat to evacuate the sample chamber, while liquid helium 

is flowed into the inlet from a liquid helium dewar (PraxAir) using a continuous-flow liquid 

helium transfer line with flow control (Janis Research Co. LLC). Precise temperature control 

is maintained by the heating of the incoming liquid helium with a voltage controlled 

resistive heater, while the temperature is simultaneously measured with a Cernox 

temperature sensor (Lakeshore Cryogenics). The Cernox temperature measurement and 

heater voltage are controlled by a LabView program where a proportional-integral-

derivative (PID) algorithm controls the heater voltage output from a 0–35 V, 15 A power 

supply to maintain a temperature stability minimum of +/− 0.02 K. The cryostat is top-

loaded into the bore of the magnet, and the cryostat has a hollow bore surrounded by a 

vacuum jacket where the DNP probe is top-loaded into and secured with a KF-50 clamp to 

create a vacuum seal. Refining the choice of components to achieve greater vacuum sealing 

will enable even lower temperature operation down to approximately 2 K using basically the 

same setup.

2.2. Probe insert

The probe insert, shown in Fig. 2a, is a support structure that houses the MW waveguide, the 

NMR probe and mechanical actuators for tuning and matching the NMR circuit. This entire 

probe insert is top-loaded into the cryostat bore, so that the final position of the NMR coil 

and sample is at the sweet spot of the magnet, with only a small section of the waveguide 

protruding out of the cryostat to capture the incoming MW beam from the MW bridge 

through a transparent Polymethylpentene (TPX®) aperture. The corrugated MW waveguide 

(Thomas Keating, LTD) is held in the center of the probe insert and consists of a hollow 

cylinder made of german silver that is smooth on the outside but corrugated on the inside, 

where the MWs guided to the sample are in contact with these corrugations. The 

corrugations of the waveguide ensure minimal MW power loss (~0.5 dB) of the HE11 MW 

mode. Alternatively, a low cost smooth walled waveguide can be employed, which supports 

TEM modes (comparatively, corrugated waveguides support hybrid modes, i.e. HE modes). 

In order to utilize this low cost option, it is important to compare the coupling from free 

space (TEM00 mode) to a smooth walled or corrugated waveguide, and the shortcomings of 

using a smooth walled waveguide. For a corrugated waveguide, the optimal coupling 

between the Gaussian TEM00 mode and the HE11 mode of the waveguide requires a MW 

beam radius that is 0.64 times that of the waveguide radius [104]. This will result in 98% 

coupling, where the 2 % power difference is mainly converted to higher order modes 

[105,106]. A smooth walled waveguide supporting a TE11 mode requires the MW beam 

radius to be 0.76 times the waveguide radius in order to have 91 % coupling efficiency in an 

idealized case [104], with 9 % power loss mainly converted into higher order modes [106]. 

A complete analysis of mode matching between the MW beam and the waveguide requires a 

full modal decomposition of the fields for each type of waveguide, where the MW beams 

can generally be represented as Bessel-like profiles [107]. In addition to MW and waveguide 

mode mismatch, smooth walled waveguides can have significant attenuation due to resistive 

wall losses (0.74% for a 0.9 m waveguide) compared to corrugated waveguides (negligible) 

[106]. Thus, in order to minimize coupling losses between the MW beam and the 

waveguide, a smooth walled waveguide should have a radius that is 0.842 times smaller than 

a corrugated waveguide. The inner diameter (ID) of our corrugated MW waveguide is 12.5 
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mm for most of the length (not including corrugations), but tapers to 5.3 mm to concentrate 

the MW beam to a smaller waist compatible with the sample size along the last 70 mm of 

the waveguide. After this waveguide taper, another short (43 mm) waveguide extension 

(Fig. 2b and c) guides the 5.3 mm waist MW beam to the sample and NMR probe located at 

the sweet spot of the magnet. In Section 3.2.2, we will analyze the performance of four 

different waveguide extensions constructed from copper, zirconia, and a thin layer of gold 

with two types of plastic supports (Fig. 2c).

The NMR or EPR probe module and sample are placed at the end of the waveguide 

extension. The NMR probe module consists of an Alderman-Grant 1H coil inductively 

coupled to a pickup loop for transmission and detection (Fig. 2d), which is a modification to 

the design described previously [102]. The inductively coupled NMR circuit enables 

switching between different NMR frequencies by simply replacing the NMR coil, and also 

allows for coils with different geometries to accommodate different sample shapes and sizes. 

For example, the Alderman-Grant 1H coil can be replaced with a 2-turn saddle coil for X 

channel detection (13C, 27Al, 7Li, etc.). To perform CW EPR, the NMR probe module is 

replaced with an EPR probe module that consists of a solenoid field modulation coil, wound 

with 100 turns of 30 AWG magnet wire on an 11 mm outer diameter (O.D.) quartz tube, in 

order to provide B0 field modulation for CW EPR detection (Fig. 2e). It is important to note 

that the configuration of the probe insert described above corresponds to a non-resonant 

mode of MW excitation of the sample.

2.3. MW bridge support structure

The support structure for the MW bridge is mounted on top of an optical table (RS 1000™, 

Newport Corp.) to minimize vibrations (although this is not so crucial for MWs in the mm-

wave regime, so the optical table can be omitted). The support structure can be constructed 

in any form and from any non-magnetic material that allows for precise vertical, horizontal, 

and angular position adjustment of the MW bridge relative to the orientation of the MW 

waveguide. The current support structure is constructed using T-slotted aluminum extrusions 

(McMaster-Carr), equipped with sliding rails (McMaster-Carr), to enable lateral movement 

of the bridge positioned above the superconducting magnet to allow removal of the cryostat 

and/or DNP probe, and to center the MW beam that couples into the waveguide. Four 

custom machined actuators mounted on the corners of the support structure are used for fine 

adjustment of the height and relative angle between the MW bridge and the MW waveguide 

of the probe insert.

2.4. QO MW bridge

The QO MW bridge consists of a custom machined 39.5” × 34.5” × 0.79” (width × length × 

thickness) aluminum breadboard for mounting the 200 GHz MW source and various QO 

components to form a QO circuit. They will be described separately below.

2.5. 200 GHz MW source

The 200 GHz MW source is a MW transmitter system (Virginia Diodes Inc.) consisting of a 

12 GHz Yttrium Iron Garnet (YIG)-based synthesizer (Micro Lambda Wireless Inc.) 

connected to a x16 amplifier-multiplier chain (AMC) that results in a final frequency range 
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of 193–201 GHz and a MW power output of up to 140 mW. The MW amplitude control is 

integrated into the system and is controlled using an analog input (0–5 V) from a USB-6001 

DAC (National Instruments). The MW frequency of the 12 GHz YIG-synthesizer is 

controlled by a PC with 1 Hz resolution and <12 ms response time using the Specman4EPR 

software (Femi Instruments, LLC). The precise amplitude and frequency control of the MW 

source is a crucial capability for obtaining accurate DNP spectra, power curves, as well as 

frequency stepped pulsed and CW EPR experiments, as will be demonstrated in Sections 

3.1.1, 4 and 5. The final output of the 200 GHz MW source is transmitted through a 12.5 

mm I.D. transmission horn to the QO circuit as a linearly polarized Gaussian beam with an 8 

mm diameter waist. Additional electronic components for MW manipulation can be 

introduced between the synthesizer and AMC, such as fast diode PIN switches and phase 

shifters to perform pulsed EPR operation, including phase cycling capabilities, as will be 

described in Section 2.7, with EPR results reported in Section 5.

2.6. QO Circuits

A low loss QO system is important to ensure efficient MW transmission to the sample, 

isolating the reflected signal for EPR detection, and preventing reflected MWs from 

damaging the transmitter source. Below, we will discuss three different QO circuits (a-c in 

Fig. 3) that have been employed for either DNP or EPR operations. A detailed analysis of 

the MW power loss through the QO components in each circuit is described in Section 3.2. 

In the QO configurations described below and shown in Fig. 3, each cube represents half of 

the 25 cm focal length (f) of the elliptical mirrors used in the system. All QO components 

described here are purchased from Thomas Keating Ltd.

The first QO circuit we will discuss will be referred to as the low-loss DNP QO circuit (Fig. 

3a), and is the QO circuit used to obtain all DNP data presented in this article. This 

represents the simplest QO circuit that correctly focuses the Gaussian beam output of the 

MW source into a target location—in our case, into the corrugated MW waveguide. As the 

MW beam leaves the transmission horn of the MW source, the beam diverges, increasing in 

waist size. To re-focus this diverging beam, two elliptical mirrors (with curvatures 

corresponding to ellipsoids of revolution) are placed in the path of the beam with distance 

separations of f, 2f and f where the mirrors are placed 2f distance apart, while the MW 

source transmission horn and the corrugated waveguide are f distance away from the first 

and second mirrors, respectively (see Fig. 3a for illustration). In Fig. 3a, an isolator is 

included to protect the MW source from being damaged by reflected MW power. The QO 

isolator consists of a combination of a Faraday rotator, wire grid polarizer and absorber, 

forming an isosceles right triangle. If the MW source is mounted in an orientation that 

produces a vertically polarized MW beam (↑ when viewing along the path of the beam), the 

beam first passes through the horizontal wire grid and is rotated 45° counterclockwise upon 

passing through the Faraday rotator and proceeds onward. However, if any MW is reflected, 

the reflected beam, already 45° polarized, will rotate further by another 45° upon its 2nd path 

through the Faraday rotator to create horizontally polarized (←) reflected beam. This beam 

is subsequently reflected by the horizontal wire grid into the absorber, thus preventing it 

from returning to the MW source. The low-loss DNP setup is advantageous for DNP 

operation due to the low transmission loss (~2 dB, see Section 3.2) of MW, but this circuit 
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does not separate the reflected EPR signal from the unabsorbed MWs, which would result in 

a large background noise under EPR operation if EPR signal was measured with a detector 

in place of the absorber in the isolator.

The second QO circuit is another option for DNP operation, here referred to as the Martin-

Puplett DNP QO circuit (Fig. 3b). This setup was first presented by Armstrong et al. [93] in 

the first prototype of the 7 T UCSB DNP system. In the Martin-Puplett DNP circuit the 

vertically polarized beam exits the source transmission horn and passes through the isolator 

system, both described earlier, where the polarization is rotated by 45° counter-clockwise. 

The Gaussian beam diverges after leaving the transmission horn, but is reflected as a 

collimated beam off an elliptical mirror and sent through a Martin-Puplett interferometer, 

consisting of a vertical wire grid polarizer that acts as a beam splitter and two roof mirrors 

that rotate the polarization by 90°. One of the roof mirrors is attached to a micrometer that 

provides lateral movement to adjust the pathlength between the wire grid polarizer and the 

movable roof mirror. The polarization of the recombined beam after the interferometer 

changes as a function of the pathlength difference, so that linear, circular, or elliptical 

polarization can be selected. The MW beam is then refocused by a second elliptical mirror 

into the waveguide. While the use of circularly polarized MWs leads to an increased 

absorption of MWs by the sample [93], theoretically generating 41 % higher MW B1, and 

therefore higher DNP enhancement, the difficulty in aligning the roof mirrors can easily 

result in the misalignment of the two roof mirrors that can cause gross distortions to the 

Gaussian beam profile and loss in MW power, as will be discussed in Section 3.1.2. This 

configuration is beneficial if the QO configuration can be optimized, and then not frequently 

altered. Note that circularly polarized MWs are incompatible with induction mode EPR 

experiments employed in this article.

The final QO circuit that will be discussed is a dual DNP/EPR QO circuit (Fig. 3c). It is the 

circuit that was used to acquire all EPR data presented in this article. After exiting the MW 

source transmission horn, the incident vertically polarized MW beam (black arrows) passes 

through an isolator with the resulting polarization rotated by 45°. Subsequently, a 45° wire 

grid polarizer is placed after the isolator such that the wires are perpendicular to the E-field 

of the MW beam in order to allow complete transmission of the beam through the polarizer. 

The beam is then coupled to the waveguide and propagates to the sample. This should allow 

for a DNP performance similar to that of the first QO circuit, as well as EPR detection as 

will be discussed next, while the QO alignment is still simple.

It is illustrative to follow the fate of the MW beam when the same circuit is used for EPR 

signal detection. The incident linearly polarized beam consists of an equal mixture of left 

and right circularly polarized MW, of which only one of the circularly polarized MW is 

resonant with the electron spins in the sample. The partial absorption of MWs by the sample 

thus results in a reflected MW polarization that is elliptical instead of linear. Hence, the 

elliptical MWs that travel back along the waveguide and enter the QO circuit again will be 

split at the 45° wire grid polarizer mentioned before, with the rotated EPR signal reflected 

into the EPR detection system described below (dashed red arrows), while the remaining 

linear portion of the MW beam that did not interact with the sample passes through the wire 

grid polarizer and is dumped into the absorber that is part of the isolator (solid red arrows).
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2.7. EPR detection hardware

The dual DNP/EPR QO circuit described above enables the redirection of the return EPR 

signal to the EPR detection system. There are several means of detecting this diverted EPR 

signal. Here, the Mn2+ CW EPR spectrum presented in Section 5.1 was acquired using a 

zero bias Schottky diode detector (ZBD) (Virginia diodes Inc.), while all pulsed EPR data in 

Section 5.2 was acquired using the superheterodyne detection (SHDD) scheme. Both 

detection techniques will be described in detail below.

2.7.1. Zero Bias Detection (ZBD)—The ZBD is attached to the end of a receiver horn 

that converts any 200 GHz EPR signal into a voltage response. ZBD detection is sensitive 

only to the amplitude of the incident MW beam, so no phase information is available with 

this type of detection. The biggest advantages of ZBD detection is its high sensitivity and 

extreme simplicity of implementation. To cope with the 1/f noise in the CW EPR signal 

detection, typically B0 field modulation together with lock-in detection is employed for CW 

EPR experiments. Here the B0 magnetic field at the sample position is modulated using a 20 

kHz sinusoidal current provided by a lock-in amplifier (SR830, Stanford Research Systems), 

applied to a solenoid modulation coil described earlier (Fig. 2e), to result in EPR signals that 

are modulated by 20 kHz when detected by the ZBD. The 20 kHz modulated voltage output 

of the ZBD is filtered, amplified and demodulated using the lock-in amplifier. Since the 

phase acquired between the incident 20 kHz sine frequency applied to the coil and the signal 

from ZBD is unknown, two traces in quadrature, both containing signal, are typically 

acquired. Both lock-in amplifier outputs were digitized by the same USB-6001 DAC 

(National Instruments) used to control the MW amplitude of the 200 GHz transmitter source 

described in Section 2.5. To generate a single trace signal, zero order phase correction was 

applied in signal post processing, by varying the phase angle until one of the traces contains 

only noise and the other all of the signal. Note that the application of lock-in detection 

results in the acquisition of a derivative EPR signal. Here, instead of applying a magnetic 

field sweep, as done for conventional CW EPR detection, we stepped the applied MW 

frequency to acquire the EPR spectrum. The use of the non-resonant MW excitation (as 

described in Section 2.2) configuration ensures that the coupling of the MWs to the sample 

is essentially frequency independent over a sufficiently narrow bandwidth, such as 1 GHz to 

cover an EPR spectrum. The frequency stepped CW EPR detection is a new capability 

enabled by the precise frequency control of the solid state MW source available to our 

system, as described earlier. The results for this type of CW EPR detection are presented in 

Section 5.1 of the EPR section below.

2.7.2. Superhetorodyne phase sensitive detection (SHDD)—An alternative mode 

of EPR detection is SHDD, implemented here for pulsed EPR experiments. This method is 

typically employed in conventional high field EPR instruments, since it combines high 

sensitivity with the added benefit of phase sensitive quadrature detection. Fig. 4 shows a 

scheme of how phase-sensitive detection using the SHDD scheme is implemented in our 

system. In SHDD, the MW beam carrying the EPR signal at 200 GHz, is captured by the 

receiver horn which is connected in place of the receiver horn of the ZBD detector. The 200 

GHz signal is routed to a sub-band mixer of a 200 GHz receiver system (Virginia Diodes 

Inc.) that down-converts the EPR signal into an intermediate frequency by mixing the EPR 
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signal at frequency FS (~200GHz) with the reference frequency of the receiver system’s 

internal frequency FR (~98.5GHz) to obtain a 3 GHz EPR signal (FS-2*FR = 3 GHz). The 

internal frequency of the receiver system is generated in a similar manner as the 200 GHz 

MW transmitter signal where a ~12 GHz synthesizer, identical to the one used in the 

transmitter system, generates the frequency of FR/8, which is subsequently fed into a x8 

AMC to arrive at the required reference frequency of FR. Note that the reference frequency 

FR is selected such that the intermediate frequency is always exactly equal to 3 GHz by 

setting the receiver and transmitter MW (X-band) synthesizers 187.5MHz apart (FS/16-FR/8 

= 187.5MHz). The 3 GHz EPR signal from this sub-band mixer is mixed again with an 

intermediate frequency reference at 3 GHz using an IQ mixer to arrive at two quadrature, 

absorption and dispersion, EPR signals at DC. In the case of pulsed EPR experiments 

presented here, the EPR signal from the IQ mixer is sent directly to a fast (1 GHz), dual 

channel digital-to-analog converter (Acqiris; U1082A-002, Keysight Technologies). 

Depending on the particular experimental needs, the echo signal is digitized, and either the 

full (2µs) long trace is stored to the computer or the relevant part of the echo is integrated in 

real time and only the integral value is stored to the computer memory. In case of CW EPR 

detection using SHDD, one would need to implement two synchronized lock-in amplifiers to 

demodulated each output of the IQ mixer independently.

The reference 3 GHz signal is created by mixing the outputs of the transmitter and receiver 

synthesizers, resulting in a 187.5 MHz frequency output from the mixer. This 187.5 MHz 

signal is subsequently multiplied x16 to arrive at the 3 GHz reference frequency to be 

inputted into the IQ mixer. A more detailed description of the IF stage showing every 

electronic component is presented in the Appendix, Fig. A2. Note that such detection 

scheme involving an IF stage is insensitive to the relative phases between the transmitter and 

receiver sources, which allows for the acquisition of frequency-stepped EPR spectra if the 

two sources are stepped synchronously, maintaining the 187.5 MHz frequency difference, as 

was implemented in the frequency stepped echo detected experiments presented in the 

Section 5.2. The phase and frequency at each stage in the EPR detection scheme are given in 

Fig. 4.

2.8. Pulse forming unit

One key benefit of a solid state MW transmitter is the ability to incorporate various MW 

electronics between the MW source and the AMC to manipulate the MW field. In particular, 

pulsed EPR ELDOR experiments are of interest for monitoring the electron polarization 

profile across the inhomogeneously broadened EPR line. The schematics of the pulse 

forming unit implemented for our spectrometer that enables pulsed EPR and pulsed ELDOR 

capabilities is presented in Fig. 5.

To allow for ELDOR experiments, a second MW synthesizer (VDI Inc.) equipped with 

frequency sweep and frequency modulation capabilities was added to the system. A pair of 

fast (~100 MHz) TTL controlled pin switches, internal to the VDI transmitter system is used 

to select, at a given instance, between the output of either of the two sources that are 

connected to the same AMC. In addition, an extra module is added to allow for selecting 

between 0° and 180° pulses at the main (transmitter source 1) frequency (FS) to allow for 
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phase cycling. This extra module contains an SP2T switch (~100 MHz) that allows for the 

selection of either a direct path to the AMC or a route through a voltage controlled phase 

shifter; both routes are subsequently combined and fed into the AMC chain. The voltage 

controlled phase shifter is adjusted such as to provide a 11.25° phase shift at FS/16 

frequency which will result in a 180° phase shift after the x16 frequency multiplication at 

the FS frequency. Such a scheme allows for precise MW pulse control with a time resolution 

of < 10 ns for both FS and FELDOR channels, and 0°;180° phase cycling for the FS channel 

(in the current implementation, the FELDOR channel is not coherent with respect to FS and 

Fr so no phase cycling capabilities are relevant). It is important to note that this type of 

operation, in addition to the EPR detection discussed earlier, is currently not possible with a 

gyrotron MW source.

2.9. Centralized control software

The control and manipulation of the hardware described and interfacing with commercial 

NMR spectrometer operation requires specialized software. Here, we have identified 

Specman4EPR software (Femi Instruments, LLC) to be our choice for centralized control of 

all DNP and EPR hardware, including the synchronization with the NMR spectrometer 

[101]. Specman4EPR is suitable for these tasks because the software is already configured 

for performing complicated EPR experiments and interfacing with homebuilt EPR devices. 

Hence, precise control of the MW source frequency and amplitude, operation of the lock-in 

amplifiers, digital-to-analog converter (DAC), analog output devices, etc. becomes 

straightforward. In practice, the ability to automate DNP experiments, such as frequency 

sweeps and MW power curves, becomes an extremely valuable tool for efficiently exploring 

various DNP parameters. This software also includes rich capabilities for implementation of 

complex pulsed EPR experiments, as demonstrated in the type of pulsed EPR experiments 

shown in Section 5.2.

3. MW source diagnostics

In this section, we describe the diagnostic tools and measurement methods to characterize 

the quality of the 200 GHz MW source by measuring the MW power profile over frequency 

and time, the Gaussian beam fidelity of the MW beam output, as well as the efficiency of the 

MW transmission system by analyzing the MW insertion losses through the QO and 

waveguide components of the system. We also introduce an efficient way to measure MW 

losses within the probe insert inside the magnetic field, in order to align the QO bridge for 

optimal coupling of the MW to the transmission waveguide of the probe insert. This is done 

by employing a broadband (UV to mm-wave frequencies) 420M7 pyroelectric detector 

(Eltec Instruments Inc.) equipped with a 0.177” x 0.177” square lithium tantalate sensing 

element, termed a pyroelectric detector, mounted at the sample location within the magnet 

(see Section 3.2.2). This diagnostic process is necessary to provide confidence in attributing 

any variation in the DNP data to the sample or experimental design, rather than fluctuations 

in the quality and performance of the MW output.
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3.1. Quality of the 200 GHz MW source

The MW power is measured for the low-loss DNP QO circuit using a power meter while the 

beam profile is measured for the Martin-Puplett QO circuit with a camera, except for 

replacements shown in the Appendix, Fig. A1(a and d). The detector is a photoacoustic 

absolute power meter (Thomas Keating Ltd.) that has a working frequency range of 30 GHz 

to > 3 THz, and the camera a first generation Spiricon pyrocam (Ophir Optonics).

3.1.1. Power meter measurements: MW power over frequency and time—The 

point of interest here is to determine the MW power profile over (i) frequency, and (ii) time, 

as these are the two important hardware operation characteristics when measuring DNP 

spectra or power curves. For example, a typical nitroxide DNP spectrum (shown in Fig. 6) is 

obtained by sweeping the MW frequency with 50 MHz resolution across a range from 

197.00 GHz to 198.80 GHz, and measuring the DNP enhancement after a signal buildup of 

60 s at each frequency point (total experiment time of ~37 mins). This means that during 

such an experiment, the MW power across frequency and throughout the entire experimental 

time should have as little variation as possible. Using the power meter, we were able to 

measure the power output as a function of MW frequency (Fig. 6a), as well as the MW 

power stability over time at a set MW frequency (Fig. 6b). The MW power stability of the 

solid state source at a set frequency is excellent, with power fluctuations below 0.05% over 

> 30 hrs of continuous measurement time. This offers confidence in the quality of the data 

that require long measurement times such as 13C samples at liquid helium temperatures with 

T1n values typically of a few hours.

The MW power at each frequency across the entire frequency range of our MW source of 

193–201 GHz varies between 80–140 mW (Fig. 6a). However, the variation in MW power 

within the frequency range typically used for measuring DNP spectra of nitroxide radicals 

across 197–199 GHz is much smaller, namely between 110–140 mW (Fig. 6a, inset). For 

comparison, the state of the art gyrotron output would vary from ~5–35 W across a 3 GHz 

bandwidth [72]. If necessary, the MW power can also be digitally controlled to provide a 

leveled output power over the desired frequency range, with a digital calibration of the MW 

power output vs. attenuation to achieve a flat power profile across frequency. Currently, the 

majority of our DNP MW frequency profiles have been taken with constant applied voltage 

attenuation, which results in a 20–30 mW power output variation across our working 

nitroxide frequency range. Instead, when frequency-dependent attenuation is applied to 

maintain a constant MW power output, a variation of only < 5 mW is registered across the 

entire 1.8 GHz frequency range relevant for acquiring DNP spectra of nitroxide radicals. 

Gratifyingly, when comparing both methods of MW attenuation (i.e. constant power vs. 

constant attenuation), the experimental DNP spectra of 40 mM 4AT at 4 K show little 

difference in their lineshape (Fig. 7). The small differences are most likely a result of 

integration error of the NMR spectra, where random noise can contribute to these 

differences, especially when integrating the unenhanced DNP spectrum with low SNR on 

the order of 2–5. This hypothesis needs to be carefully tested in future studies

The ability for precise digital control of the MW amplitude and frequency, as demonstrated 

here, is a key advantage of DNP operation with a solid-state MW source. Additionally, the 
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large operating frequency range of 8 GHz from 193 to 201 GHz, corresponding to electron 

g-factors of 1.9562–2.0373, means that not only can the EPR spectra of common organic 

radical-based polarizing agents such as TEMPO-based nitroxides, BDPA and trityl be 

accessed without having to sweep the magnetic field, but also that of many half integer 

transition metal systems. The electron g-factors for the spin ½ transitions of common 

transition metals can easily shift the resonance frequency significantly compared to 

nitroxides at a given field, e.g. 0.17 GHz for MnDOTA (g = 2.0014) or 1.12 GHz for Gd3+ 

(g = 1.9918) [13,108]. For transition metals such as Cu complexes (g > 2.1), the needed shift 

of the B0 field of 3230 G compared to the resonant field for a free electron cannot be easily 

achieved, even with a DNP-capable magnet from Bruker Biospin (that offers a total sweep 

width of ~1500 G). Here, a solid-state MW source is needed to offer the needed frequency 

shift of 9.49 GHz. The capability of a cryogenic sweep coil with 1500 G sweep width (not 

available with our DNP system currently) combined with the broadband MW source (10 

GHz, yielding an equivalent of 2850 G) can achieve an equivalent total sweep width of 4350 

G, while the capability of a room temperature sweep coil with 400 G sweep width can 

achieve an equivalent total sweep width of 3250 G. While the absolute power output of the 

current solid-state sources is still limiting in the quest to achieve optimum DNP performance 

at higher temperatures, the replacement of the current MW source with a higher output MW 

source or the implementation of higher power amplifiers in the future will not compromise 

the current versatility and diagnostics measurements available with the versatile QO DNP 

circuit as presented here.

3.1.2. Pyrocam measurements: MW beam image profiling—The integrity of the 

Gaussian profile of the MW beam is crucial, so that the polarization of the beam can be 

manipulated correctly with QO positioning and alignment, the power loss minimized as the 

beam travels through different QO components, and the MW-induced excitation ensured to 

be spatially even across the sample area when the beam is incident on the sample. The 

Gaussian fidelity of the MW beam, characterized by the size, Gaussian shape, and relative 

power of the MW beam, is imaged at every position along the transmission path of the MW 

beam of the low loss DNP QO circuit (Fig. 3a). At the immediate output of the MW source 

(i.e. at the transmission horn) we measured the MW beam to be circular with a Gaussian 

profile (Fig. 8a). This Gaussian profile is maintained for the entire path of the MW, as 

verified with the focused MW beam at the end of the QO circuit, as shown in the position of 

the power meter in the Appendix Fig. A1a.

We also performed the same beam profiling for the Martin-Puplett DNP QO circuit (Fig. 

A1d), which is the DNP circuit used in the first prototype of this DNP system [93]. In this 

circuit, the Martin-Puplett interferometer was used to choose between linear and circular 

polarization, where the use of circular polarization was found to provide a maximum of 28% 

higher DNP enhancement compared to linearly polarized MWs. However, in the Martin-

Puplett DNP QO circuit, detecting the beam quality after manipulation by the Martin-Puplett 

interferometer reveals that the Gaussian beam becomes distorted by even a 0.5° vertical 

misalignment of the movable roof mirror (Fig. 8b). A complete discussion of the QO 

analysis of the Martin-Puplett interferometer circuit and elucidation of MW power losses 

due to roof mirror misalignment in this circuit can be found in the Appendix (Section 10.4). 
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The distortion of the beam also results in an overall reduced MW power—such 

complications do not occur with the low-loss QO circuit. Equipped with this knowledge, we 

chose the low-loss DNP QO circuit as our reliable base setup to acquire all the DNP data 

presented in this article, until we have an operation in place where the positioning of the 

interferometer can be finely adjusted to provide circular polarization and its configuration 

not altered—currently, we are switching between different QO circuits.

3.2. Efficiency of the MW transmission system

Power analyses of the transmission system (QO MW bridge, waveguide, waveguide 

extension) were performed by comparing the direct MW power output of the source to the 

resulting MW power after passing through each transmission system component. In this 

section, we will also discuss the MW alignment process of the MW bridge in relation to the 

corrugated waveguide of the DNP probe as measured by the pyroelectric detector within the 

magnet (see details below), where the MW bridge alignment is critical for minimizing MW 

loss due to imperfect coupling of the MW beam into the waveguide.

3.2.1. Insertion losses of QO components—The QO circuits are examined in detail 

where the measured insertion losses of all the QO components (including the MW 

waveguide) are tabulated in Table 2, while the theoretical and measured total loss of the 

different QO circuits are presented in Table 3. The procedure for determining the insertion 

loss for each QO component is detailed in Appendix 10.1, whereby all insertion loss 

measurements are performed with the power meter. When analyzing the insertion losses of 

the QO components, we find that the measured loss associated with the Martin Puplett 

interferometer when linear polarization is chosen is largest (3.3 dB) compared to the other 

QO components (Table 2), confirming that the MW beam distortion captured by the 

pyrocam contributes significantly to the MW power loss, given that the interferometer 

components (roof mirrors, wire grid polarizer) are otherwise essentially lossless (<0.05 dB). 

The insertion loss is only measured for linear polarization since the rotated polarization 

induced by the interferometer makes it very difficult to obtain polarization parallel to the 

bridge for an accurate power reading (i.e. the power meter cannot measure circularly 

polarized MWs accurately). The loss associated with the flat mirror was experimentally 

determined to be dependent on the placement of the mirror, which corresponds to positions 

where the MW beam is diverging or converging. This is contrary to QO theory that flat 

mirrors should have negligible loss, which indicates that there could be imperfections in the 

smoothness of the flat mirror. The observation of this position-dependent power loss 

associated with the flat mirror is also present in the different QO schemes. Aside from these 

losses that are not intrinsic but solvable, the isolator and waveguide have losses of 1.3 dB 

and 0.45 dB, respectively, which is consistent given the expected losses of ~1 dB for a 

Faraday rotator that is part of the isolator. The measured power losses for all the QO 

components will allow us to determine the total loss of each QO circuit, as will be analyzed 

next.

In Table 3, the theoretical loss associated with all QO circuits, listed earlier in Fig. 3, were 

calculated from the measured insertion losses (Table 2) and compared to the measured 

power loss values obtained with the pyroelectric detector mounted at the sample position 
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inside the magnet. The MW source is digitally modulated at 20 Hz with a SR830 lock-in 

amplifier (Stanford Research Systems) so that the power detected by the pyroelectric 

detector can be converted into a voltage response measured by the same lock-in amplifier. In 

order to obtain an accurate comparison between the voltage reading of the pyroelectric and 

the direct MW power reading of the power meter, a linear calibration curve correlating the 

two values was made. For the dual DNP/EPR QO circuit, the power meter was used to 

obtain the actual loss at the position of the EPR detector.

From the theoretical loss calculations, the low-loss DNP circuit provides the least total MW 

power loss (2 dB) compared to the Martin-Puplett circuit (5 dB) or the dual DNP/EPR 

circuit (3.7 dB) at the sample position. When the insertion loss through the entire QO circuit 

is measured, the measured values are consistent with the predicted theoretical values within 

error. Taken together, the dual DNP/EPR QO circuit is the best compromise between low 

power loss and the access to combined DNP and EPR capabilities. In the future, we will 

further characterize the performance of the dual DNP/EPR QO circuit to that of the low-loss 

DNP QO circuit, by comparing experimental DNP enhancement and EPR data.

3.2.2. MW bridge alignment and MW characterization of probe insert—After the 

MW beam exits the MW bridge and is coupled into the top of the waveguide, it travels 

downward into the magnet through the corrugated waveguide to the sample. The alignment 

between the MW bridge and the waveguide is an extremely important parameter, as this 

critically determines the degree of MW power loss through the waveguide. With good 

alignment, the total MW loss can be kept to a total of 2 dB for the low-loss DNP QO circuit, 

in which there is virtually no loss through the waveguide. To perform MW alignment, we 

found that maximizing the reading of the pyroelectric detector (described in Section 3.2.1) 

mounted at the sample position inside the magnet is the most efficient and accurate 

empirical method. To optimize MW alignment, the position of the MW bridge is varied 

vertically, laterally and angularly with respect to the waveguide. The pyroelectric detector 

reading also provides a relative measure of the amount of MW power incident at the sample, 

when referencing the pyroelectric read-out voltage values to the calibration of the power 

meter reading.

Another advantage of using the pyroelectric detector at the sample position is that losses 

through different waveguide components mounted as part of the DNP probe can be 

separately determined, such as the four different waveguide extensions shown in Fig. 2c, 

with insertion losses tabulated in Table 4. Two of the waveguide extensions are smooth 

walled and machined out of solid copper or magnesium-stabilized zirconia (material from 

International Ceramic Engineering, machined by Thomas Keating Ltd.). The other two are 

corrugated thin films of gold epoxied onto two different plastic supports. For the smooth 

walled extensions, the zirconia waveguide extension incurs a surprisingly large insertion 

loss of 7.46 dB (82 % MW power loss), while the simple copper waveguide extension 

transmits the MW power between the exit of the waveguide taper and the sample without 

any measurable loss. The performance of the easy-to-machine smooth copper waveguide is 

comparable to a corrugated waveguide extension optimized for MW transmission, and was 

ultimately used to acquire all the DNP data presented here. However, strong radiofrequency 

NMR pulses may cause eddy currents when the NMR coil is positioned too close to the solid 
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copper waveguide extension—a problem that we did not encounter in our setup so far. With 

the same test, we were able to verify that one of our corrugated waveguide extensions, 

which had previously been shown to be low-loss [50,93,102,103] had been damaged as there 

was a measurable insertion loss of 1.46 dB (20 % loss in MW power), previously not 

observed. To verify the visible damage to the corrugated gold thin film was responsible for 

the loss, the MW loss through this damaged waveguide extension was compared with a 

pristine waveguide extension with the same construction, except on a plastic support with a 

high 1H NMR background signal. Indeed, the pristine waveguide extension did not exhibit 

any insertion loss, verifying our hypothesis that the discussed insertion loss is caused by 

mechanical damage to the thin film corrugation of the waveguide extension. The waveguide 

extension is very important because it is the last length of travel before the MWs exit into 

free space. Thus, the function of the waveguide extension is to contain the MWs for as much 

distance as possible before arriving at the sample, but without interfering with the NMR 

probe performance. Since, the NMR probe is situated at the end of the waveguide extension, 

it is important to consider the effect of NMR background signal from the plastic support and 

material used to fabricate the waveguide extension. From the four waveguide extensions 

examined here, the smooth copper waveguide provides the best MW containment and 

lowest 1H background NMR signal.

Here, it is important to consider the effect of substituting a corrugated waveguide extension 

with a smooth walled waveguide extension. By changing from a corrugated waveguide to a 

smooth walled waveguide, the wavefront of the HE11 mode transmitted in the corrugated 

waveguide will be distorted [104,106]. In addition to the power losses induced by the 

coupling efficiency between perfectly aligned smooth walled and corrugated waveguides, 

any misalignment of the waveguide and the waveguide extension can result in mode 

conversions, such as axial offsets, tilts, and abrupt changes in radius [106,107]. The abrupt 

change in radius becomes significant if one was to minimize modal mismatching between 

the two waveguide types, where the smooth walled waveguide would have to have a radius 

that is 0.842 times smaller than the corrugated waveguide (see discussion in 2.2). Besides 

the mode conversions this would cause, there would also be significant back reflections due 

to the discontinuity in the waveguide radius [106], which is extremely disadvantageous for 

EPR operation. The attenuation caused by using a smooth walled waveguide extension is 

considered negligible over the 43 mm length of the extension. Thus in order to maximize 

power transmitted through the waveguide extension and minimize reflections for EPR 

operation, a 5.3 mm ID was used for both corrugated and smooth walled waveguide 

extensions. The slight power loss due to mode conversions between corrugated and smooth 

walled waveguides will have a minimal impact on DNP operation, since at this time we are 

primarily interested in the power transmitted and not the wavefront or mode transmitted. 

However, this will have a more significant impact for EPR operation due to the power losses 

from the modal mismatches by switching between corrugated and smooth walled guides 

becomes more relevant for the inherently low EPR signal. Finally, the distorted wavefront 

may not uniformly irradiate the sample’s surface area, which would have the greatest impact 

on EPR detection. Considering MW transmission and low 1H background NMR signal, the 

smooth walled copper waveguide was used for the rest of data presented here. In the future, 
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we will employ a thin metal corrugated waveguide mounted on a 1H background free 

dielectric support, or a corrugated copper waveguide.

4. DNP data reliability and power saturation behavior of DNP at different 

temperatures

The ultimate manifestation of the stability and robustness of an instrument is the 

experimental output. We show that the DNP spectra, which is the DNP enhancement as a 

function of MW frequency, is reproducible within a span of 3 years between two data sets 

acquired with two different QO circuits (Fig. 9), while employing the same sample and 

experimental conditions. Within those 3 years, the entire instrument was disassembled and 

moved to a different location, and the MW source (in particular the AMC) reconfigured and 

upgraded from a 70 mW output to a 90–140 mW output. Remarkably, the modifications to 

the MW system apparently did not compromise the integrity and quality of the DNP data, 

supporting that the DNP spectrum presents a relevant intrinsic characteristics of the sample. 

Once again, as explained in Section 3.1.1 the small variations in intensity are most likely 

due to signal integration error rather than hardware variations.

One concern when working with a solid-state diode MW source, with power on the order of 

100 mW, is that the ultimate DNP enhancement will be limited by the MW source output 

power. In order to determine whether and under what conditions this is the case, the DNP 

signal enhancement was measured as a function of MW power—this type of plot is referred 

to as a DNP power curve. Fig. 10 presents DNP power curves of frozen solutions containing 

4AT at 40 mM concentration, acquired at 4, 6, and 20 K temperatures. At 4 and 6 K, the 

DNP power curve showed an increase in DNP enhancement with increasing MW power, 

which eventually reached a maximum value, and then decreased as the MW power is 

increased further. We discussed in our earlier study that this decrease in DNP enhancement 

above a certain MW threshold power to be due to oversaturation, in which the maximum 

polarization differential between pairs of dipolar coupled electron spins with a frequency 

difference corresponding to the nuclear Larmor frequency are diminished, due to significant 

saturation of the EPR spectrum beyond an optimum threshold [50]. Supporting ELDOR data 

that verifies the dramatic EPR saturation under the relevant conditions here are presented in 

the Section 5.3.

The observation of oversaturation under our experimental conditions has important 

implications: it means that for a 40 mM 4AT sample, we have sufficient MW power at 4 and 

6 K to drive the system to its maximum enhancement value, suggesting that we can extend 

the operation of this sample to a higher temperature, especially when frequency modulation 

is employed, without being MW power limited. At 20 and 90 K, the power curves do not 

indicate an area of oversaturation, but is seen to reach a plateau with increasing MW power. 

When comparing the 94 and 18 fold enhancement values at 20 K and 90 K, respectively, in 

which we say we are not power limited, to literature DNP data at similar or higher 

temperatures, the reader is reminded that the measurements presented here rely on mono-

nitroxide radicals of 4AT that likely offer similarly low enhancement performance even with 

commercial DNP hardware. The absence of an oversaturation regime when increasing the 

temperature to 20 and 90 K is likely due to the large drop of the integral saturation factor, 
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Sint, empirically defined in our previous publication [50] as T1e multiplied by the electron 

flip-flop rate, Wflipflop, where a drop in Sint of at least 3 fold occurs at 20 K.

The effect of MW-driven saturation of the EPR spectrum on the DNP mechanism can also 

be examined by analyzing the DNP spectra. The dominant DNP mechanism is characterized 

by the peak-to-peak frequency difference between the positive and negative enhancement 

extrema (ΔDNP), as tabulated in Table 5. In a dilute solution of nitroxides, where the 

dominant spin polarization transfer is between a single electron and nuclear spins, the SE 

mechanism dominates and yield ΔDNP = 2ωn = 600 MHz (for 1H at 7 T). On the other hand, 

the CE mechanism (including the indirect CE, iCE) dominates when the nitroxide 

concentration is increased to approximately > 10 mM to increase the probability of pairs of 

dipolar coupled nitroxides with a Larmor frequency difference corresponding to ωn, and 

yields ADNP ≠ 2ωn, while ΔDNP lies within the width of the EPR spectrum. For all 

temperatures studied here and at an electron spin concentration of 40 mM, ΔDNP lies 

between 400 and 450 MHz, depending on the temperature (Table 5), which is characteristic 

of a CE-dominated mechanism, given that the EPR spectral width spans 1 GHz, base-to-

base. The observation that ΔDNP decreased to 400 MHz at 20 and 90 K, from 450 MHz at 4 

and 6 K (Fig. 11 and Table 5), is consistent with the observation made earlier at 3.4 T that 

ΔDNP decreases with increasing temperature [51,52]. We hypothesize that the decrease of 

ΔDNP at higher temperatures is partly (if not entirely) caused by l ess efficient saturation of 

the nitroxide EPR line, which is in line with recent electron depolarization experiments and 

simulations by Hovav et al. [49] Further studies will be performed in the future where the 

power dependence of the DNP spectra and EPR saturation profile will be examined at 

different temperatures. Nonetheless, it should be made clear that our hypothesis does not 

exclude the possibility of other factors affecting the temperature-dependence of the DNP 

mechanism, such as the weighting of the DNP mechanisms that may change with Sint for the 

EPR spectrum.

5. EPR experiments

In this section we present results from several EPR experiments, both in pulsed and CW 

modes of operation that showcase the EPR capabilities of our current 200 GHz dual 

EPR/DNP setup.

5.1. Frequency stepped CW EPR

To illustrate the CW EPR capabilities of our 200 GHz QO EPR system, we performed room 

temperature EPR experiments with ZBD on a modeling clay sample containing Mn2+ 

(S=5/2; I=5/2) typically employed in testing EPR instrument performance. Fig. 12 shows an 

overlay of the two CW EPR spectra of Mn2+ containing clay sample. The spectrum shown 

in black was acquired with our 200 GHz QO DNP/EPR spectrometer using ZBD and 

stepping the frequency through the EPR spectrum. While stepping the frequency through the 

EPR spectrum is not a conventional EPR detection method, this method has been attempted 

by several groups with great success [109,110]. This spectrum is overlaid with the spectrum 

shown in red after correct scaling, which was obtained with a 240 GHz EPR spectrometer in 

the laboratory of Professor Mark Sherwin (UCSB) [97,111] using conventional field-sweep 

CW EPR detection. The field swept spectrum was converted to frequency units and inverted 
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relative to its center, and then the center frequency subtracted from both spectra to allow for 

alignment of the frequency axis. Gratifyingly, the two spectra are in excellent agreement 

with one another. Both spectra show the typical Mn2+ sextet due to hyperfine interaction 

with the nuclear spin of 55Mn (I=5/2). The six lines are equally spaced with 266 MHz 

separation, in good agreement with values typically obtained for Mn2+ [112]. Slight 

differences in the intensity of the two leftmost lines between the two spectra are attributed to 

the presence of residual standing waves in the QO system or to variations in incident MW 

power in the 200 GHz system that likely affects the effective B1 field at the sample position 

in a MW frequency-dependent way. Fine tuning of the unique frequency stepped EPR 

experimental setup and dealing with these complications that are unique to frequency 

stepped EPR approach is work in progress.

5.2. Pulsed EPR

To demonstrate pulsed EPR capabilities of our system we show the results of several 

standard pulsed EPR experiments in Fig. 13. Fig. 13a shows the overlay of the echo detected 

frequency stepped spectrum of P1 (nitrogen) centers of a type 1b diamond acquired on our 

200 GHz system (black trace) with the echo detected field swept EPR spectrum (red trace) 

acquired at 240 GHz in the laboratory of Professor Mark Sherwin (UCSB), where both 

spectra were acquired at room temperature for the same sample. The two spectra show the 

characteristic triplet due to the hyperfine interactions of the unpaired electron in the P1 

center with 14N. Similar to what is previously observed in the CW EPR spectra comparison 

(Fig. 12) between the two systems, the line positions and linewidth are consistent between 

the two, while the line intensities are not. Again, this is attributed to the presence of 

frequency dependent standing waves in the 200 GHz system and to variations of incident 

power across the frequency range used to acquire the EPR spectrum.

One of the strengths of pulsed EPR, in relation to elucidating DNP mechanism, lies in its 

ability to directly probe the relaxation properties of the electron spins participating in DNP. 

Accordingly, we demonstrate relevant pulsed EPR capabilities by measuring the phase 

memory time, TM, (Fig. 13b) using a two-pulse (tp-τ-tp-τ-echo) spin echo pulse sequence 

(see Fig. 13b inset) where τ is varied, and the electron spin-lattice relaxation time, T1e, (Fig. 

13c) using a three-pulse saturation recovery (tsat-td-tp-τ-tp-τ-echo) pulse sequence (Fig. 13c 

inset), where td is varied. Both experiments were carried on the central line of the P1 center 

triplet of the same diamond sample at room temperature (290 K). Both curves could be 

satisfactorily fitted with a single exponential, and the obtained values of TM = 965 ns and 

T1e = 1.6 ms are in good agreement with measurements performed using the 240 GHz EPR 

setup in the Sherwin group at UCSB on the same diamond sample.

Similar to NMR, nutation experiments by pulsed EPR can be used to directly determine the 

strength of the oscillatory magnetic field B1 at the sample position. A three pulse nutation 

experiment (tsat-td-tp-τ-tp-τ-echo) (Fig. 14a inset) where the length of the first “tsat” pulse is 

varied was used to probe the B1 strength. The experiment was carried out at 4 K and 7 T of 

40 mM 4-amino-TEMPO radical in a frozen glass of 60:30:10 v% d8-glycerol:D2O:H2O, 

using the full available MW power of ~130 mW and at FS = 197.925 GHz. The EPR 

nutation curve is presented in Fig. 14a, with the nutation trace showing a decaying 

Siaw et al. Page 23

J Magn Reson. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



oscillation typical of echo detected nutation experiments, where the decay of the oscillation 

is attributed to inhomogeneous B1 field distribution over the sample. The first minimum of 

the nutation curve occurs at 850 ns (black arrow in Fig. 14a) corresponding to a nutation 

frequency of ~0.6 MHz, and a conversion factor of . This B1 field at 7 T is 

consistent with non-resonant MW excitation schemes used for other ~200 GHz EPR setups 

where ~100 mW output MW sources result in several hundred nanosecond π/2 pulses 

[113,114]. For MAS-type DNP setups with non-resonant MW excitation, much higher MW 

powers might be needed, such as 17 W to produce a 0.84 MHz B1 strength, as recently 

calculated by Barnes et al. for a gyrotron powered setup [79].

5.3. Pulsed ELDOR

In our recent publication [50] and in the DNP power curves presented above, we described 

the observation of oversaturation at 4 K and 7 T in a frozen glass with high (~40 mM) 

nitroxide spin concentration. Our dual DNP/EPR spectrometer allows for the acquisition of 

explicit ELDOR experiments, in which the electron depolarization is monitored using the 

“probe” echo pulse sequence following prolonged MW irradiation, emulating CW DNP 

irradiation at the FELDOR frequency. The overall pulse sequence of the ELDOR experiment 

tsat( FELDOR) – td -tp(FS)-τ-tp(FS)-τ-echo is shown in the insert of Fig. 14b. In this 

experiment the echo intensity at Fs frequency is monitored as function of the FELDOR 

frequency. An example of such ELDOR spectrum acquired at 4 K on the 40 mM 4AT 

radical in d8-glycerol:D2O:H2O (60:30:10 v%) is shown in Fig. 14b. Here the detection FS 

frequency was set to the maximum EPR signal of the nitroxide spectrum at 197.925 GHz 

and the FELDOR frequency was varied across the whole nitroxide spectrum between 197.3–

198.4 GHz. The spectrum shows full depolarization at FELDOR = Fs with a significant 

depolarization observed up to FELDOR = 197.5 GHz on the low frequency and FELDOR = 

198.3 GHz on the high frequency side of the spectrum, spanning almost 1 GHz. Such broad 

depolarization pattern is attributed to a strong spectral diffusion previously reported for 

nitroxide radicals at similar concentration as measured by similar ELDOR experiments at 95 

GHz [49], but at much lower temperatures of 4 K where the effect of EPR saturation will be 

greater, in part owing to long T1e. It was demonstrated that from a series of such ELDOR 

spectra acquired for several “probe” FS frequencies, it is possible to reconstruct the 

saturation pattern of the EPR spectrum under DNP conditions—which is drastically different 

from any normal EPR operating conditions. These type of experiments will reveal the extent 

(width and depth) of saturation under conditions where maximum DNP enhancement or 

oversaturation occurs in systematic future studies. The benefit of ELDOR measurements to 

help rationalize DNP mechanisms under static conditions has been demonstrated recently at 

3.3 T and 95 GHz EPR frequency by Hovav et al. [49,54]. However, ELDOR under CW 

DNP conditions and at higher magnetic fields such as our 7 T system is not reported to date. 

Taken together, we have demonstrated here that the versatility of our combined DNP/EPR 

approach that relies on the frequency-tunable and amplitude modulation capable solid state 

MW source and QO transmission enables a variety of pulsed EPR experiments, and that 

many more variations of EPR experiments can be implemented with ease.
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6. Outlook

The implementation of dual DNP/EPR detection in this article is a first step toward rational 

prediction of DNP performance through a more in-depth and precise understanding of the 

effect of all relevant DNP parameters, including but not limited to EPR and NMR relaxation 

timescales, temperature, magnetic field, and microwave power. With a dual DNP/EPR 

setup, all these relevant parameters can be explored with the aid of automated experiments, 

especially for time consuming measurements. Moreover, additional EPR capabilities can be 

added on such as ENDOR and DEER as powerful tools for further probing the e-e and e-n 

interactions—an effort that will be pursued in the future.

In forthcoming publications, with the newly implemented EPR abilities, we will attempt to 

unravel the intricacies of DNP processes by systematic measurements of temperature 

dependent DNP parameters (T1e, TM, T1n, T2n, TSD, ΔDNP, DNP enhancement) in an effort 

to improve DNP simulation abilities and to understand the DNP oversaturation process. It is 

also desirable to extend these type of measurements to different systems other than frozen 

glass solutions in order to analyze the impact of different materials and biosolids structures 

on DNP performance. We believe the increased ability and efficiency to explore the DNP 

parameter space will contribute to the understanding of DNP mechanisms, and thus 

predictability of DNP performance. This will be an important step towards the wider 

dissemination of DNP as a staple magnetic resonance characterization technique.

7. Materials and experimental details

7.1. Sample preparation

A solid powder of 4-amino TEMPO free radical (4AT) (Sigma Aldrich) was dissolved in a 

5:4:1 volume ratio of d8-glycerol:D2O:H2O and diluted to a concentration of 40 mM. For 

DNP spectra and power curve measurements, 40 µL of the nitroxide solution is then pipetted 

into a 7 mm outer diameter and height, 5.3 mm inner diameter cylindrical PTFE sample 

holder for our homebuilt 300 MHz NMR probe [102]. These samples were then cooled 

down to various temperatures inside a custom Janis continuous-flow STVP-NMR cryostat.

For room temperature (290 K) CW EPR measurements, modeling clay (Plastalina, Van 

Aken, hobby lobby) containing Mn(II) was used as received, smearing ~3 mg onto a silver 

coated quartz mirror (Thor Labs) and the prepared quartz mirror is subsequently placed at 

the exit of the waveguide extension described in the main body of the article. Room 

temperature pulsed EPR measurements of P1 centers in a type 1b diamond sample were 

performed in the same manner where a 3×3 mm square diamond sample was adhered to a 

silver coated quartz mirror using Apiezon N-vacuum grease (M&I Materials).

For pulsed EPR measurements of 4AT a concentration of 40 mM was prepared in a solvent 

of 60:30:10 v% d8-glycerol:D2O:H2O and 6 µL of the resulting solution was placed in a 

Teflon sample cup with ~3.5 mm inner diameter. The sample cup was placed inside the 

copper waveguide extension with a silver coated quartz mirror below the sample in order to 

maximize the B1 field at the sample. All pulsed EPR measurements on this sample were 
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performed at 4 K. Experimental parameters of the pulsed EPR measurements are described 

in the relevant sections of the text body (Sections 5.2 and 5.3).

7.2. DNP measurements

All 1H NMR-DNP measurements were performed with an inductively coupled Alderman-

Grant probe as described in our previous publication [102] or a modification thereof. All 

DNP experiments presented here were performed at 4–90 K and 7 T, using a 300 MHz 1H 

NMR rf frequency channel of a Bruker Avance D300WB console. A standard saturation-

recovery pulse sequence ending with a solid-echo detection was used to detect NMR signals. 

A DNP frequency spectrum at maximum MW power is obtained at 4,6, 20 and 90 K by 

measuring the NMR signal enhancements, s(v), at different MW irradiation frequencies (v), 

from 197.000 to 198.800 GHz, at 60 s of signal build up time. The value for ε(v) is 

quantified by taking the ratio of the area of the NMR signal with (SDNP) and without (SNMR) 

MW irradiation [ε(v) = SDNP/SNMR]. A DNP power curve at 60 s DNP signal buildup time 

is obtained by measuring ε(v) at one frequency, generally the frequency that offers 

maximum positive enhancement (typically 197.700 GHz here), as a function of MW source 

power by stepping the voltage applied to the PIN switch that provides attenuation to the MW 

source. This 60 s DNP signal is then compared with a thermal equilibrium signal (measured 

typically at ≥ 3*TDNP), and extrapolated to steady state to obtain the final DNP enhancement 

value via the saturation recovery equation MZ(t)= Meq [1-exp(−t/TDNP)], where MZ is the 

magnetization at 60 s delay, t = 60 s, and TDNP is measured using saturation recovery for all 

relevant temperatures.

7.3. EPR relaxation measurements at 8.5 T

Pulsed EPR measurements were carried out at 240 GHz using a low power (~30–50 mW) 

solid state source, developed as the staging instrument for a Free Electron Laser-powered 

EPR spectrometer [97]. Sample volumes of 5 to 10 µL were placed in a Teflon sample cup 

with a ~3.5 mm inner diameter and 5 mm height, and loaded into the waveguide that is 

placed in a custom Janis STVP-NMR continuous-flow cryostat pre-cooled to 230 K.

A 650 ns-τ-750 ns-τ spin-echo pulse sequence was used in measurements of the phase-

memory times (TM), at the magnetic field that yielded the maximum echo intensity for the 4-

AT or TOTAPOL spectrum. The resulting echo decay was fit with a stretched exponential 

decay exp(−2τ/TM)α, whereby α = 3/2 was empirically chosen and verified for a frozen 

glycerol-water glass nitroxide sample system [115]. The uncertainties in TM are estimated as 

±5% of the measured values from repeated measurements. Measurements of the electron 

spin-lattice relaxation times (T1e) were carried out with a 3-pulse saturation sequence of the 

form: saturation-T-650 ns- τ −750 ns- τ. Where T is the recovery delay and τ is the inter-

pulse delay. The saturation pulse length was varied until no change in the signal buildup was 

observed by lengthening the saturation pulse, which ranged from 10 to several hundred 

milliseconds. The experimental curves were fit by a bi-exponential buildup of the form, 

, where TSD is the faster time constant 

corresponding to the spectral diffusion process and T1e the slower time constant.
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8. Conclusions

In this perspective article, we have presented an operational dual DNP/EPR instrument and 

system operating at a B0 field of 7 T and powered by a solid-state MW source, whose MW 

transmission, reflection and detection is controlled by a QO MW bridge. The versatility of 

the solid-state MW source and modularity of the QO transmission system enables the 

manipulation of the system to perform different types of measurements, such as MW power 

measurements to characterize the MW source and track the MW power losses across the 

MW transmission system, acquire DNP spectra and power curves, and carry out CW and 

pulsed EPR measurements. The MW diagnostic measurements revealed the MW power 

stability over hours/days, and a low loss DNP configuration of 2 dB from the MW source to 

the sample. Using the reliability of the MW source, we measured the temperature 

dependence of the DNP power curves and DNP spectral width. We found that the narrowing 

of the DNP spectra at higher temperatures above 6 K is simultaneously accompanied by the 

disappearance of an oversaturation regime observed at 4 and 6 K, suggesting that MW 

power saturation plays an important role in determining the DNP spectral width and shape. 

The disappearance of the oversaturation regime can be explained by a 3 fold decrease in Sint. 

Furthermore, using this dual DNP/EPR spectrometer we demonstrated the ability to acquire 

frequency stepped pulsed and CW EPR spectra that are in good agreement with the more 

common field swept CW EPR spectra. The implementation of pulsed EPR also enables 

insightful ELDOR experiments that will facilitate the understanding of DNP processes such 

as DNP oversaturation, and improve the ability to predict DNP performance via fitting of 

DNP spectra and power curves. The dual EPR/DNP capabilities will greatly increase the 

ability to explore the DNP parameter space. In summary, we have demonstrated that the 

reliability, versatility, and modularity of our dual DNP/EPR instrument is an excellent 

configuration to explore the DNP performance of different samples and experimental 

conditions in order to study the spin physics of DNP.
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Appendix

10.1. Insertion loss analysis of individual QO components

The MW source output power was determined with the simple 2-mirror set-up is shown in 

Fig. A1a. Fig. A1b–e shows the incorporation of isolators, waveguide, flat mirrors, and 

interferometer, into the simple 2-mirror set-up. For the accurate testing of the losses 

associated with these QO components it is imperative that the E-field is parallel to the plane 

of the bridge and at Brewster’s angle (55.5°) to the detection film of the power meter when 

using the power meter, such that reflections are minimized, which allows for a frequency 

independent absolute power calibration. This is why additional Faraday rotators or the angle 

of the source itself was altered in order to achieve the required orientation of the E-field. The 

power losses for each of the QO configurations shown in Fig. A1b–e was then compared to 

the power measured for reference QO configuration Fig. A1a to arrive at the loss associated 

with each QO component.

Figure A1 Schematics of quasi-optical set-ups for power analysis. a) A simple 2-mirror set-

up; reference configuration. b) A simple 2-mirror set-up with two isolators; for measurement 
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of isolator insertion loss c) Simple 2-mirror set-up with waveguide; for measurement of 

waveguide insertion loss d) 2-mirror set-up with isolator and interferometer; for 

measurement of Martin-Puplett interferometer insertion loss e) Three mirror set-up with a 

flat mirror between the two ellipsoid mirrors; for measurement of flat mirror insertion loss. ° 

indicates the source is oriented such that the E-field is horizontal; otherwise, the source is 

oriented for a vertical E-field. Each tile represents a distance of 12.5 cm (f/2). * indicates a 

45° wire grid polarizer. PM denotes the power meter.

10.2. Details of the intermediate frequency (IF) stage of the SHDD system

Fig. A2 below shows all the MW electronic components used in the SHDD system’s IF 

stage to generate a reference 3 GHz IF signal. The 12 GHz synthesizer outputs of the VDI 

transmitter and receiver sources are shown on the top left corner. The frequencies of the two 

synthesizers are set 187.5 MHz apart. Consequently a 187.5 MHz frequency is produced 

after the first mixer (Marki M10616NA). This 187.5 MHz frequency is then amplified and 

multiplied x16 to 3 GHz (with filters applied to maintain spectral purity). This signal is used 

to drive the IQ mixer’s LO channel. A 3 GHz signal originating from the sub-band mixer of 

the VDI receiver system is fed into the RF input of the same IQ mixer as described in the 

main body of the article. Between the receiver system and the RF channel of the IQ mixer, a 

series of amplifier, isolator, and filter is used to provide a clean 3 GHz signal at the 

appropriate amplitude for the IQ mixer and protect the receiver system from reflected MW 

power. The outputs of the IQ mixer provide real and imaginary quadrature DC signals of the 

EPR signal arising from the sample.
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Figure A2 Detailed list of IF stage components for 200 GHz SHDD scheme. The 

components shown here are used to generate a 3 GHz reference signal that is eventually fed 

into the LO input of the IQ Mixer. A short description of this electronic circuit is provided in 

the text above the figure.

10.3. MW components used in homebuilt part of pulse forming unit

Component Company Part Number

SP2T Switch General Microwave F9120AH

Voltage Control Phase Shifter Spacek Labs SLSP-122–25V

Isolator Quest SR0812T13

Combiner Mini-Circuits ZX10-2-126-S+

Manual Control Phase Shifter Aeroflex 980-4

20 dBm Amp Mini-Circuits ZX60-183-S+
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10.4. Quasi optical analysis of the Martin-Puplett Interferometer circuit

QO analysis of the Martin-Puplett interferometer circuit was performed in order to help 

identify the source of the high MW power loss that resulted in poor DNP performance 

observed for this QO circuit. Paraxial analysis based on the 3D model of the QO circuit in 

SolidWorks and beam waist calculations for the fundamental Gaussian free space mode 

[116] demonstrated absence of significant vignetting of the 99% encircled energy beam for 

all of the components. The physical optics option of ZEMAX® EE, a commercial optical 

design software, was used for more detailed analysis of the setup. System efficiency was 

determined at 99.8% (1.2% energy losses) up to the waveguide, where system efficiency is 

defined as the transmission energy through the circuit. The coupling coefficient for ideal 

optics positions was determined by the overlap integral between the incoming MW 

wavefront and the waveguide fundamental mode to be 88.6%. The coupling coefficient has a 

maximum value of 1, where some of the causes for reductions in the coupling coefficient are 

vignetting, absorption, and mismatching of the MW beam and waveguide amplitude and/or 

phase. The total power coupling coefficient is the product of the system efficiency and the 

coupling coefficient, which yielded 88.4 %. Additionally, the transition between HE11 and 

Gaussian modes typically has a 2% conversion loss [105,117], resulting in a total ideal 

coupling efficiency between the source and waveguide of 86.4% for an idealized Martin-

Puplett interferometer circuit. The equations used to calculate the total power coupling 

efficiency can be found in the ZEMAX EE e-manual under the subsection of single mode 

coupling. One possible source of misalignment was identified as a tilt of the moving roof 

mirror in the interferometer. The wavefront caused by the tilted roof mirror will have 

distorted phases, decreasing the coupling coefficient to the HE11 mode of the waveguide. In 

addition, higher order modes will be excited by the tilted wavefront, according to the 

following equation:

where Δθ is the wavefront tilt in radians, a is the radius of the waveguide, and λ0 is the 

wavelength of the MW beam [107]. For a 200 GHz beam coupled to our 12.5 mm 

waveguide, a tilt of the wavefront by 1° (0.5° tilt of the roof mirror) will cause 2.2 % of the 

MW beam to be coupled to higher order modes. For this same 1° vertical tilt of the 

wavefront, the calculated system loss was 57.2% (due to the energy vignetting at the 

waveguide), and the coupling integral was 61.3%, resulting in a total system efficiency of 

36.1% - more than 50% less compared to the ideal optics arrangement. Additional loss in 

DNP efficiency would result from the interference fringes produced by the two tilted 

wavefronts after the interferometer (not calculated in ZEMAX). Observations with the array 

detector, Pyrocam III, at the position of the waveguide confirmed the presence of two 

wavefronts with the use of an additional polarizer that helped to isolate the divergent 

wavefronts. This indicated that the movable roof mirror was indeed tilted and the cause of 

poor DNP performance. Upon adjustment of the roof mirror tilt, an improved Gaussian 

shape of the beam and a significant increase of MW power was observed as predicted by the 

simulations.
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Highlights

- Modular and versatile design for dual EPR and DNP operation at 7 T.

- Fully customizable quasi optics circuits for MW transmission, detection and 

diagnostics.

- Automated measurement of DNP frequency profile and power curve.

- DNP enhancement observed up to 90 K and oversaturation observed at 4–6 K

- Implementation of frequency stepped CW EPR, pulsed EPR and ELDOR at 

CW DNP condition.
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Figure 1. 
Sketch of overall configuration of the UCSB 200 GHz dual EPR/DNP system. Note: EPR 

detection QO components are located on the MW bridge but not shown (see main text for 

detailed description).
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Figure 2. 
Details of the probe insert for NMR and EPR detection. (a) Structure of the probe insert with 

corrugated waveguide, (b) cross sectional sketch showing dimensions of the waveguide 

extensions (corrugations not shown), (c) the four waveguide extensions listed from left to 

right: gold with Kel-F support, gold with plastic support, zirconia, and coper, (d) the probe 

modules with an inductively coupled 1H Alderman-grant coil for DNP/NMR detection, (e) a 

modulation coil for EPR detection.
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Figure 3. 
Schemes of different QO circuits: (a) low-loss DNP circuit (b) Martin-Puplett DNP circuit, 

(c) dual DNP/EPR circuit. Each tile represents a distance of 12.5 cm (f/2). The dark portion 

of isolator indicates the position of the 45° Faraday rotator. Black arrows represent the 

incident MW beam; green arrows represent the MW beam after recombining in a Martin-

Puplett interferometer; solid red arrows indicate the reflected beam not carrying the EPR 

signal, which are directed to a MW absorber; dashed red arrows represent the reflected beam 

carrying the EPR signal that is directed to the receiver horn.

Siaw et al. Page 41

J Magn Reson. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Schematic representation of the 200 GHz superheterodyne detection system. The yellow 

block denotes the VDI receiver system; orange block the VDI transmitter system and the 

green block denotes the IF stage (for full IF stage schematics see Appendix 10.2). Incident 

transmitted MW beam is denoted as dark blue lines; MW beam carrying EPR signal is 

shown as red lines. Reference frequencies are shown as black lines.
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Figure 5. 
Schematic representation of the 12 GHz pulse forming unit. Orange block denotes MW 

components provides as part of the VDI transmitter system; blue block details the 

components of the homemade pulse forming unit. Blue line denotes the path of ~12 GHz 

signal at main (FS) frequency generated by transmitter source 1. Orange line denotes the 

path ~12 GHz signal at 2nd (FELDOR) frequency generated by transmitter source 2. Green 

line denotes the path shared by both FS and FELDOR signals. The detailed list of the MW 

components used in the pulse forming unit is provided in Appendix 10.3.
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Figure 6. 
Power output of MW source a) across the full 8 GHz frequency range. The inset shows the 

power output across the frequency range used for obtaining DNP spectra of nitroxides 

between 197. 0 – 198.8 GHz. Lines are to guide the eye. b) Source power stability at 197.7 

GHz with no applied attenuation taken over 32 hours of operation. An average power output 

of 119.6 mW was observed with a variation of power over time < 0.05 %.
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Figure 7. 
The DNP spectra of 40 mM 4AT in d8-glycerol:D2O:H2O (50:40:10 v%) measured with two 

methods: (red circles) no applied attenuation to the AMC of the MW source, denoted as a 

constant voltage measurement (CV), with an average power of 122 mW over the DNP 

spectrum range, and (green squares) a frequency dependent attenuation was applied to the 

AMC of the MW source in order to obtain a constant power output of 115 mW, denoted as a 

constant power measurement (CP). Lines are to guide the eye.
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Figure 8. 
Pyrocam images of the MW beam (a) before and (b) after the Martin-Pulpett interferometer.
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Figure 9. 
Comparison of the DNP spectra of of 40 mM 4-AT in d8-glycerol:D2O;H2O (50:40:10 v%) 

at 4 K and 7.05 T from 2012 (black square) with the Martin-Pulpett QO circuit and 2015 

(red circle) with the low-loss DNP QO circuit. No significant changes were observed. Lines 

are to guide the eye.
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Figure 10. 
Temperature dependence of the DNP power curve at 4,6, 20, and 90 K for 40 mM 4-AT in 

d8-glycerol:D2O:H2O (50:40:10 v%) at 7.05 T. The enhancements values were measured at 

a MW frequency of 197.7 GHz, plotted as (a) normalized and (b) un-normalized DNP 

enhancement values, as a function of MW power. Lines are to guide the eye.

Siaw et al. Page 48

J Magn Reson. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 11. 
Temperature dependence of 40 mM 4-AT in d8-glycerol:D2O:H2O (50:40:10 v%) DNP 

spectra at 4, 6, 20, and 90 K measured with 125 mW of MW output power at 7.05 T. Lines 

are to guide the eye.
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Figure 12. 
EPR spectrum of modeling clay containing Mn(II) for frequency swept EPR (black solid 

line) compared to a field swept spectrum of the same sample taken at 8.5 T (red dashed 

line). Experimental parameters: frequency sweep spectrum at 7.05 T (~200GHz): mw power 

when irradiated with 22 ± 1 mW; modulation frequency: 20 kHz, modulation amplitude 0.26 

mT, time constant: 30 ms, 10 scans, frequency stepping rate 10 Hz. ZBD detection; field 

sweep spectrum at 240 GHz: MW power 0.05 mW, field sweep rate: 0.1 mT/s, modulation 

frequency: 20 kHz, modulation amplitude 0.1 mT, time constant: 200 ms, 1 scan. Phase 

sensitive detection using SHDD scheme [111].
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Figure 13. 
(a) 200 GHz frequency stepped echo detected spectrum (black) and 240GHz field swept 

echo detected EPR spectra of P1 centers in diamond. (b) Two pulse echo decay (red) and 

mono-exponential fit (black). (c) Saturation recovery experiment using the tsattdtp-τ-tp-τ-

echo pulse sequence (insert of c) varying the tsat (red) and mono-exponential fit (black). The 

pulse sequence tp-τ-tp-τ-echo (insert of b) was used in (a) and (b); Experimental parameters 

(a, black): FS = 197.3 GHz – 197.8 GHz; tp = 300 ns; τ =500 ns; repetition time 2 ms; no 

phase cycling. (a, red): magnetic field 8.578 T – 8.589 T; tp = 500 ns; τ =900 ns; repetition 

time 10 ms; no phase cycling (b) tp = 300 ns; varying τ = 500 ns – 2600 ns; repetition time = 

2 ms; no phase cycling. (c) tsat = 20 ms; tp = 300 ns; τ = 900 ns; varying td = 1 µs – 16000 

µs; repetition time = 40 ms; no phase cycling. For all experiments the magnetic field was set 

to 7.05 T.
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Figure 14. 
(a) Echo detected nutation experiment at FS =197.925 GHz; Experimental parameters: FS 

=197.96 GHz; tp = 500 ns; τ = 500 ns; variable tsat = 0 – 5000 ns; no phase cycling; T = 4K; 

magnetic field 7.05 T. (b) 200 GHz ELDOR spectra of 40 mM 4AT acquired using the 

tsat(FELDOR) − td - tp(FS)-τ-tp(FS)-τ-echo pulse sequence shown in the insert. Experimental 

parameters: FS = 197.925 GHz; FELDOR = 197.3 – 198.4 GHz; tsat = 50 ms; tp = 500 ns; τ = 

500 ns; two step phase cycle.
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Table 1

Summary of the main types of modern ssDNP spectrometers and their current capabilities.

System Field Temperature MW source
output

Current system capabilities

Gyrotron-
powered DNP

9.4 T
14 T

18.8 T

> 90 K 5–35 W MAS acquisition, field swept
DNP spectra

9.4 T
14 T

30 K 5–35 W MAS acquisition, field swept
DNP spectra

Dissolution
DNP

3.35 T
5 T

6.7 T

1.2 K 90 mW
(diode)

Field/Frequency modulation,
Frequency swept DNP spectra,

MRI metabolic imaging,
solution state DNP-enhanced

spectroscopy

Nottingham
Kockenberger

lab
dissolution
DNP/EPR

3.35 T 1–2 K 180 mW
(diode)

Frequency swept DNP spectra,
solution state DNP-enhanced

spectroscopy, frequency swept
CW EPR

3.35 T 1.5 K 200 mW
(diode)

Pulsed and CW EPR, frequency
modulation, amplitude

modulation, frequency swept
DNP spectra, ELDOR, solution

state DNP-enhanced
spectroscopy

MIT Griffin
lab DNP/EPR

5 T 1.4–290 K 120 mW
(diode)

Pulsed and field swept echo-
EPR, frequency swept DNP
spectra, ELDOR, ENDOR,

static NMR acquisition

Weizmann
Institute Vega
and Goldfarb

DNP/EPR

3.34 T 2.5–290 K 1 W
(diode)

Pulsed and CW EPR, frequency
modulation, frequency swept
DNP spectra, ELDOR, static

NMR acquisition

NIH Tycko
lab DNP

9.4 T 20–290 K 0.8 W (EIO)
30 mW (diode)

MAS acquisition, frequency
swept DNP (diode source only),
field sweep, QO manipulation

of MW.

UCSB Han
lab DNP/EPR

7 T 4–290 K 140 mW
(diode)

Pulsed and CW EPR, frequency
swept DNP spectra, static and
MAS NMR acquisition, QO

manipulation of MW.
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Table 2

Comparative loss analysis at 197.7 GHz of individual QO components based off of the quasi optical circuits 

depicted in Fig. A1(a–e). All QO components were purchased from Thomas Keating Ltd.

Component Insertion Loss (dB)

isolator 1.3 ± 0.2

Flat mirror* 1.9 ± 0.3

waveguide 0.45 ± 0.05

Interferometer 3.3 ± 0.3

*
The loss for the flat mirror is position dependent, as explained in the text above.
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Table 3

Loss analysis of QO circuits. Theoretical and actual loss of the systems are provided.

QO Design Theoretical loss (dB) Actual loss (dB)

Martin-Pulpett 5 7 ± 1

Low-loss DNP 2 2.5 ± 0.3

Dual DNP/EPR 3.7 3.1 ± 0.05
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Table 4

Insertion losses for four different types of waveguide extensions, calculated from the pyroelectric readings 

before and after MW transmission through the waveguide extensions.

Waveguide extension type Insertion loss from
waveguide extension, dB/%

NMR 1H Background Signal

smooth copper waveguide 0/0 No background signal

gold corrugated waveguide
with plastic support

0/0 Plastic support causes huge
background signal

damaged gold corrugated
waveguide with CTFE

support

1.46/20 Epoxy resin adds small amount of
background signal

zirconia waveguide 7.46/82 No background signal
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