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Abstract 

Dynamic Nuclear Polarization (DNP) is a hyperpolarization technique used to improve the sensitivity of 

NMR experiments. There has been a remarkable growth ranging from method development, advancement 

in instrumentation, and applications in the field of MAS-DNP NMR. In this review, we provide a 

comprehensive overview on the recent methodological, instrumental developments, and the applications 

of the DNP techniques. In contrast to other review articles in literature, our article provides an extensive 

and elaborated coverage on the topic of the pulsed DNP techniques, and hardware such as MAS-DNP 

probes, microwave sources, and cryogenics. In the end, a perspective on the future development and 

prospect on the development and application of the DNP techniques will be discussed.  
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1 Introduction 

Dynamic Nuclear Polarization (DNP) is a sensitivity enhancement technique used to enhance Nuclear 

Magnetic Resonance (NMR) signals by transferring polarization from unpaired electrons to nuclei of 

interest via microwave irradiation.1,2 Over the past few decades, the applications of NMR in the field of 

structural biology, particularly in determining the structures of proteins, has thrived. As of April 2019, 

12590 structures deposited in the Protein Data Bank (PDB) were determined by NMR.3 The advantage of 

NMR over other spectroscopic methods is that it provides atomic-resolution for determining structures 

and is non-invasive; however, NMR spectroscopy is generally hampered by poor sensitivity or low 

polarization, 𝑃 = tanh(𝛾ℏ𝐵0 2𝑘B𝑇⁄ ) , where 𝛾  is the gyromagnetic ratio, ℏ  is the reduced Planck 

constant, 𝐵0  is the static magnetic field, 𝑘B  is the Boltzmann constant, and 𝑇  is the temperature. For 

example, in an NMR experiment conducted with a 1 GHz (23.5 T) magnet at room temperature, the 

population difference of protons, 1H, in the “spin-up” and “spin-down” states is less than 0.01 %. By 

contrast, for the same temperature and magnetic field strength, electrons have a polarization 

approximately 𝛾e 𝛾1H⁄ ~658 times that of  protons. Thus, it is the main objective of DNP to redistribute 

the populations of the spin states in an electron-nuclei spin system, such that the population difference 



between the nuclei spin-up and the spin-down states is higher than that at thermal equilibrium, i.e. signal 

enhancement.  

Due to the recognition of the vast potential for DNP to revolutionize the field of magnetic resonance, 

more than 34 (from 2009 till 2017) commercial gyrotons, high-power microwave sources at high 

frequencies, have been installed by Bruker Biospin around the world.4 Consequently, this initiated the 

escalating growth in research and scientific publications in the field of DNP over the last decade. Hence, 

the objective of this article is to provide a concise but comprehensive review of the developments in the 

field of DNP; particularly the theory, instrumentation, and applications.  

We will provide a general overview of the events in the DNP process (Figure 1) that lead to 

polarization transfer from an unpaired electron to the targeted nuclei of interest. First, the polarizing 

agent, or radical (Section 3), mixed with sample of interest and a cryoprotectant such as glycerol, is 

prepared. Then, the resulting glassy mixture is irradiated using a microwave source (Section 5.1) to 

saturate or nutate the transition between the energy eigenstates. This process is performed most efficiently 

at cryogenic temperatures (Section 5.3). Depending on the type of DNP mechanism(s) (Section 2) 

employed, the microwave irradiation scheme is strategically tailored to maximize polarization transfer. 

After that, the enhanced nuclei that are in close proximity to the radical will distribute the polarization 

throughout the bulk nuclei and target system-of-interest via the spin diffusion process (Section 4). Finally, 

conventional NMR spectroscopy can then be applied to the target molecule for various applications such 

as studying biological macromolecules or inorganic materials (Section 6). In the final section, we will 

summarize the discussed topics and provide an outlook for the future of DNP. 

 



 

Figure 1: Schematic diagram of the DNP polarization-transfer pathway starting from the radical to the target sample. for instance 

a protein or a small molecule. The radicals are first irradiated with microwaves to transfer polarization from unpaired electrons to 

nearby nuclei. Then, the polarization is distributed throughout the bulk nuclei and eventually the target sample in the solvent via 

the spin diffusion process. Most DNP experiments are performed at cryogenic temperatures for efficient performance. (Fig source 

: fig0_2.ai) 

2 Theory 

2.1 CW DNP 

Most high-field DNP-NMR techniques employ continuous-wave (CW) microwave irradiation due 

to the availability of high-frequency microwave oscillators or CW sources.5 There are in general four 

different CW-DNP mechanisms responsible for transferring polarization from unpaired electrons to 

nuclei, namely the solid effect (SE), cross effect (CE), Overhauser effect (OE), and thermal mixing 

(TM).6-9 The underlying principles of the mentioned mechanisms driving the polarization transfer are 

fundamentally different from one another. In the quest for obtaining the maximum enhancement, one has 

to make strategic choices of radical(s), solvent, temperature, and microwave irradiation scheme in order 



to exploit the corresponding DNP mechanism efficiently. The combination of these parameters that give 

rise to the most efficient transfer are sometimes complicated and not well understood. Nevertheless, we 

will provide concise but self-contained theoretical descriptions of the four CW-DNP mechanisms, and 

discuss the conditions where their effects are optimum.  

2.1.1 Solid Effect 

Following the discovery of the OE in 1953, Jeffries proposed another DNP sequence in non-

conducting solids known as the SE,10 which was then demonstrated experimentally by Abragam and 

Proctor.6 Comprehensive reviews and rigorous theoretical approaches for the SE sequence have been 

discussed for both static11-13 and MAS14,15 cases in literature. There are two theoretical approaches to 

determine the matching conditions and the corresponding transition probabilities, which characterizes the 

build-up rate of the polarization transfer. The first approach applies perturbation theory to determine the 

degree of state mixing between the Zeeman eigenstates and is best suited for the case where the electron 

nutation frequency, 𝜔1S, is small relative to the electron relaxation rate, 𝑇1e
−1. The second approach uses 

average Hamiltonian theory (AHT) to determine the time-independent effective Hamiltonian,16 with the 

assumption that 𝜔1S is large relative to the hyperfine interaction and the relaxation effect is insignificant. 

We will adopt the AHT approach here as the derivation takes fewer steps, and it will be shown that the 

final result converges to the results derived using perturbation theory in the limit of small 𝜔1s relative to 

the microwave offset frequency, Ω.  

Let’s first consider a two-spin electron-nuclei system (Figure 2) with a Hamiltonian in the electron 

rotating frame given by 

 ℋ̂ = Ω𝑆̂z − 𝜔0I𝐼z + 𝐴zz𝑆̂z𝐼z + 𝐵zx𝑆̂z𝐼x + 𝜔1s𝑆̂x, (1) 

where 𝐴zz and 𝐵zx are the secular and non-secular components of the hyperfine interaction, 𝜔0I is the 

Larmor frequency of the nuclear spin, Ω is the microwave offset frequency, and 𝜔1S  is the electron 



nutation frequency. By inspecting the matrix representation (Equation 2) of the given Hamiltonian 

(Equation 1), one can see that the Zeeman states will mix due to the presence of the off-diagonal term 

𝐵zx.  

 

ℋ̂ =
1

4
[

𝐴zz − 2𝜔0I + 2Ω
𝐵zx

2𝜔1s

0

𝐵zx

−𝐴zz + 2𝜔0I + 2Ω
0

2𝜔1s

2𝜔1s

0
−𝐴zz − 2𝜔0I − 2Ω

−𝐵zx

0
2𝜔1s

−𝐵zx

𝐴zz + 2𝜔0I − 2Ω

] (2) 

The theoretical analysis can be simplified by aligning the effective microwave field, 𝜔eff = √𝜔1s
2 + Ω2, 

along the z-axis of spin S by applying a frame transformation using the propagator 𝑈t = exp(−𝑖𝜃𝑆̂y), 

where 𝜃 = tan−1(𝜔1s Ω⁄ ): 

 ℋ̂ = 𝜔eff cos 𝜃 𝑆̂z − 𝜔0I𝐼z + 𝐴zz𝑆̂z𝐼z + 𝐵zx𝑆̂z𝐼x + 𝜔eff sin 𝜃 𝑆̂x 

𝑈t
−1ℋ̂𝑈t = 𝜔eff𝑆̂z − 𝜔0I𝐼z + (𝐴zz𝐼z + 𝐵zx𝐼x)(𝑆̂z cos 𝜃 − 𝑆̂x sin 𝜃). 

(3) 

Then, we perform an interaction-frame transformation with respect to the term 𝑈1 = exp(−𝑖(𝜔eff𝑆̂z −

𝜔0I𝐼z)𝑡): 

 ℋ̂̃(𝑡) = 𝑈1
−1(𝑡)ℋ̂𝑈1(𝑡) − (𝜔eff𝑆̂z − 𝜔0I𝐼z) 

= (𝐴zz𝐼z + 𝐵zx(𝐼x cos 𝜔0I𝑡 + 𝐼y sin 𝜔0I𝑡)) (𝑆̂z cos 𝜃 − (𝑆̂x cos 𝜔eff𝑡 − 𝑆̂y sin 𝜔eff𝑡) sin 𝜃). 

(4) 

Next, by inspecting the sinusoidal terms in Equation 4, it is obvious that the matching conditions, 𝜔eff =

±𝜔0I, remove the time dependence of the Hamiltonian upon integration: 

 

ℋ̂̅ =
𝜔0I

2𝜋
∫ ℋ̂̃(𝑡)

(2𝜋) 𝜔0I⁄

0

𝑑𝑡 = {
−

𝐵zx sin 𝜃

2
(𝑆̂x𝐼x − 𝑆̂y𝐼y) + 𝐴zz𝑆̂z𝐼z cos 𝜃 if 𝜔eff = +𝜔0I 

−
𝐵zx sin 𝜃

2
(𝑆̂x𝐼x + 𝑆̂y𝐼y) + 𝐴zz𝑆̂z𝐼z cos 𝜃 if 𝜔eff = −𝜔0I

 (5) 



Note that the first terms in the effective Hamiltonian (Equation 5) are the zero-quantum (ZQ, flip-flop) or 

double-quantum (DQ, flop-flop) terms that are responsible for DNP transfer. The second term, 𝑆̂z𝐼z, is a 

bilinear operator that does not affect the DNP transfer in the first order as it constitutes the identity 

operator in either the ZQ or DQ subspace. This is evident by inspecting the matrix representation of 

Equation 5 for the case of 𝜔eff = −𝜔0I (ZQ condition) as an example:  

 

ℋ̂̅ =
1

4
[

𝐴zz cos 𝜃
0
0
0

0
−𝐴zz cos 𝜃
−𝐵zx sin 𝜃

0

0
−𝐵zx sin 𝜃
−𝐴zz cos 𝜃

0

0
0
0

𝐴zz cos 𝜃

]. (6) 

Note that the middle 2x2 block correlates the states |𝛼𝛽⟩ and |𝛽𝛼⟩, which form the ZQ subspace. It is 

trivial to see that the ZQ subspace is not connected to the outer block (DQ subspace) by any off-diagonal 

elements. Next, we can determine 𝜌(𝑡) using the Liouville von Neumann (LvN) equation with an initial 

density operator 𝜌(0) = 𝑆̂z: 

 𝑈eff = exp (−𝑖ℋ̂̅𝑡)   

𝜌(𝑡) = 𝑈eff𝜌(0)𝑈eff
−1 = 𝑆̂z cos2(𝜔SE𝑡) + 𝐼z sin2(𝜔SE𝑡) − (𝑆̂x𝐼y − 𝑆̂y𝐼x) sin(2𝜔SE𝑡), 

(7) 

where 𝜔SE = (𝐵zx sin 𝜃) 4⁄  denotes the SE build-up rate. Despite the +𝐼z  sign in Equation 7, either 

positive or negative enhancement can be obtained depending on the sense of nuclear precession, i.e. sign 

of the nuclear g-factor, gn. For instance, 1H and 15N nuclei will receive negative and positive transfer, 

respectively, for a ZQ matching condition. Note that similar results but an opposite sign of polarization 

transfer is expected for the DQ case with the matching condition 𝜔eff = 𝜔0I. As the magnitude of 𝜔1s 

employed is usually smaller than the 1H Larmor frequency in most DNP experiments, we approximate the 

matching conditions at the limit of small 𝜃 or |𝜔1s Ω⁄ | ≪ 1: 

 
𝜔eff = √𝜔1s

2 + Ω2 = ±𝜔0I 
(8) 



⟹ Ω~ ± 𝜔0I,  

and the nuclei polarization at initial build-up is given by 

 sin2(𝜔SE𝑡) ~𝜔SE
2𝑡2   

𝜔SE
2 = (

𝐵zx𝜔1s

4𝜔0I
)

2

. 

(9) 

Here, we have derived the famous SE matching conditions Ω~ ± 𝜔0I (Figure 2b) and the build-up 

rate implies that the enhancement factor scales by a factor of ~𝜔0I
−2 relative to the field, assuming all 

other factors remain constant. These theoretical findings agree with the results derived using the 

perturbation theory. In principle, we can recover the loss of enhancement factor at higher field be 

increasing the nutation frequency, 𝜔1s, by the same factor.  

Although the SE mechanism is usually described as a two-spin process, the polarization transfer can 

also be mediated via a second-order effect on a three-spin system. Boer had recorded the first three-spin 

solid effect on a BDPA-doped sample below 1 K and a weak enhancement factor of ~ 3 was observed.17 

There have been recent attempts to investigate the second-order effect but the enhancements were not 

directly observable.18 Nevertheless, our lab has discovered recently that a surprisingly high enhancement 

factor of ~ 100 (Figure 2b) was recorded using a trityl radical at low field (0.35 T) and a temperature of 

80 K. Theoretical analysis and numerical simulations were performed to confirm that a three-spin system 

involving one electron and two nuclei is responsible for the second-order effect with matching conditions 

at Ω = ±2𝜔0I. Further details of the three-spin solid effect will be presented in a future publication. 

 



 

Figure 2: (a) Energy level diagram of a two-spin e--1H system that shows all possible transitions and relaxation pathways 

between the energy eigenstates. (b) Experimental DNP field profile of trityl OX063 exhibiting three-spin SE at 0.35 T, obtained 

by sweeping the microwave frequency. (c) EPR spectra (top) and DNP field profiles (bottom) of radicals at 5 T. The narrow-line 

radicals have a characteristic separation of 2𝝎𝟎𝐈 ≅ 𝟎. 𝟎𝟏𝟓 𝐓 between the ZQ and DQ enhancements for SE. The EPR spectrum 

of TOTAPOL has an inhomogeneous linewidth that spans larger than the nuclear Larmor frequency ∆≥ |𝝎𝟎𝐈|, which is an 

important criterion for the CE to take place. Figure adapted with permission from 19. (Fig source : SE_combined.ai) 

2.1.2 Cross Effect 

The CE was first discovered by Hwang and Hill in 1967 when they observed that the distance 

between the maxima in DNP field profiles decreases when higher concentrations of radical are used.8,20 

The CE mechanism essentially is a three-spin effect involving two coupled electrons and one nuclei, and 

it occurs when the difference in electron resonance frequencies of the two electrons matches the nuclear 

Larmor frequency, 𝜔0S1 − 𝜔0S2 = ±𝜔0I (Figure 3). The CE matching condition was optimally exploited 

by Hu et al.,21 who mixed two different radicals whose resonance frequencies are separated by ~𝜔0I. The 



resulting DNP enhancement factor was significantly higher than if only a single kind of radical was used. 

Nevertheless, the advantages of exploiting the CE mechanism were not realized until the introduction of 

biradicals,22,23 e.g. TOTAPOL (Figure 7), which is formed by tethering two monomeric TEMPO radicals 

together with a linker. The resulting enhancement factor showed a significant improvement over the SE 

mechanism under MAS conditions. Additionally, the concentration of radical required is usually lower, 

i.e. typically around 10 mM, compared to ~40 mM for the SE. This is beneficial for biological 

applications if the interaction between the biological sample and the radicals is a concern.24  

The underlying mechanism of the CE has been explained theoretically with a quantum-

mechanical description for both the static12,25 and the MAS cases.14,26 In the theoretical analysis presented 

in the literature, the perturbation treatment was applied twice because there is no off-diagonal term that 

connects the two degenerate energy eigenstates directly. We will present an alternate and novel approach 

in this article using fictitious operators treated with AHT.27 We prefer such a derivation because it is a 

generic non-perturbative approach with minimal approximations, i.e. we obtain the lowest order solution 

or effective Hamiltonian only once instead of twice as is the case in previous literature. We will begin 

with a generic Hamiltonian for a three-spin system: 

 ℋ̂(𝑡) = 𝑑(3𝑆̂1z𝑆̂2z − 𝑆̂1 ⋅ 𝑆̂2) − 2𝐽𝑆̂1 ⋅ 𝑆̂2 + 𝐴𝑧z𝑆̂1z𝐼z + 𝐵𝑧x𝑆̂1z𝐼x ⋯ 

+𝐴𝑧z2𝑆̂2z𝐼z + 𝐵𝑧x2𝑆̂2z𝐼x + 𝜔0S1𝑆̂1z + 𝜔0S2𝑆̂2z − 𝜔0I𝐼z, 

(10) 

where d and J represent the dipolar coupling and the exchange interaction between the two electrons, 

respectively. The variable 𝜔0I/S denotes the Larmor frequency of the respective I/S spin. Although there 

are eight energy levels described by 𝜓 = |𝑒𝑒𝑛⟩ (Figure 3a), we are mainly interested in the middle four 

energy levels described by the electron-electron ZQ subspace ℋ̂CE, i.e. |𝛼𝛽𝛼⟩,  |𝛼𝛽𝛽⟩, |𝛽𝛼𝛼⟩ and |𝛽𝛼𝛽⟩. 

We can isolate this subspace because these four energy levels are not connected to any of the other four 



energy levels by any off-diagonal elements in the absence of microwave irradiation. We can write down 

the matrix representation of the ℋ̂CE subspace as 

ℋ̂̅ =
1

4
× ⋯ 

[

Δ𝐴zz + 2(𝐽 − 𝑑 + Δ𝜔 − 𝜔0I)

Δ𝐵𝑧x

−2(2𝐽 + 𝑑)
0

Δ𝐵𝑧x

−Δ𝐴zz + 2(𝐽 − 𝑑 + Δ𝜔 + 𝜔0I)
0

−2(2𝐽 + 𝑑)

−2(2𝐽 + 𝑑)
0

−Δ𝐴zz + 2(𝐽 − 𝑑 − Δ𝜔 − 𝜔0I)
−Δ𝐵𝑧x

0
−2(2𝐽 + 𝑑)

−Δ𝐵𝑧x

Δ𝐴zz + 2(𝐽 − 𝑑 − Δ𝜔 + 𝜔0I)

] 

(11) 

where Δ𝜔 = 𝜔0S1 − 𝜔0S2 , Δ𝐴zz = 𝐴𝑧z − 𝐴𝑧z2 , and Δ𝐵𝑧x = 𝐵𝑧x − 𝐵𝑧x2 . By comparing the matrix 

representation of the subspace here to that used to describe the two-spin solid effect (Equation 2), we 

observe that many terms have similar symmetrical properties and that prompts us to recognize that it is 

possible to express ℋ̂CE as a product of two fictitious spin-1 2⁄  operators, i.e. ℋ̂CE = 𝑆̂1
CE⨂𝐼2

CE. Thus,  

 
ℋ̂CE =

𝐽 − 𝑑

2
𝔼̂ + Δ𝜔𝑆̂z

CE − 𝜔0I𝐼z
CE − (2𝐽 + 𝑑)𝑆̂x

CE + Δ𝐵𝑧x𝑆̂z
CE𝐼x

CE + Δ𝐴𝑧z𝑆̂z
CE𝐼z

CE, (12) 

where 𝔼̂ is the identity operator and it can be ignored as it commutes with all other terms. Note that by 

comparing the expression with Equation 1 for the SE case, the offset Ω and the nutation frequency, 𝜔1s 

,are now analogous to Δ𝜔 and −(2𝐽 + 𝑑), respectively in the CE. Since the Hamiltonians and the matrix 

representation are similar in both cases, this ensures that the commutator relations are also satisfied in this 

space spanned by the fictitious spin- 1 2⁄  operators. Following that, the µw interaction-frame 

transformation performed in Equation 4 can also be applied here as the electron-electron couplings, 

−(2𝐽 + 𝑑), are usually larger than the hyperfine Δ𝐵𝑧x except in some extreme cases where the crystallite 

orientation yields |2𝐽 + 𝑑| ≤ |Δ𝐵𝑧x| . We are interested only in the transitions |𝛼𝛽𝛼⟩ ⟷ |𝛽𝛼𝛽⟩  and 

|𝛼𝛽𝛽⟩ ⟷ |𝛽𝛼𝛼⟩, which correspond exactly to DQ and ZQ transfers in the fictitious ℋ̂CE space. Thus, 

with the justifications described, we can adapt the results from the SE case directly and write down the 

matching conditions  



 𝜔0I = ±√(2𝐽 + 𝑑)2 + Δ𝜔2 

~ ± Δω if |2𝐽 + 𝑑| ≪ |Δω|, 

(13) 

and the build-up rate  

 
𝜔CE =

Δ𝐵zx(2𝐽 + 𝑑)

4𝜔0I
 (14) 

for the CE case directly. Our approach yields similar results as the ones derived by Thurber et al. using 

perturbation theory.14 The build-up rate, 𝜔CE , characterizes the transfer rate from the initial density 

operator 𝜌(0) = 𝑆̂z
CE ± 𝐼z

CE  to the optimum inversion 𝜌(𝑡) = −(𝑆̂z
CE ± 𝐼z

CE) when 𝑡 = (2𝜋) 𝜔CE⁄  in an 

ideal situation. In the following discussions, we focus on the initial state 𝑆̂z
CE + 𝐼z

CE, which dictates the 

population difference between |𝛼𝛽𝛼⟩ and |𝛽𝛼𝛽⟩ in the lab-frame representation. Although the population 

difference of the stated pair is negligible during thermal equilibrium, it can be magnified via saturating 

either electron (Figure 3a), i.e.  𝜔μw = 𝜔0S1  or 𝜔μw = 𝜔0S2  for negative and positive transfer, 

respectively. Thus, the EPR saturation factor or CE transfer efficiency depends indirectly on the 

microwave nutation frequency 𝜔1S. Additionally, Ravera et al. have shown that the population difference 

can be generated by saturating either an electron involved in the CE directly (dCE), or other electrons that 

depolarize the CE electron pairs indirectly (iCE) via the electron spectral diffusion.28  

In summary, the CE mechanism is a two-step process that involves first preparing a difference in 

population in the ℋ̂CE subspace by saturating either electron. Then, the polarization will be transferred to 

the opposite nuclear manifold (𝛼 or 𝛽) via the transition within the degenerate energy eigenstate pair 

|𝛼𝛽𝛼⟩ ⟷ |𝛽𝛼𝛽⟩ (Equation 13). Note that the first step requires the microwave irradiation to saturate an 

EPR transition whereas the second step does not require instantaneous microwave irradiation to take 

place. Hence, it is not required that the two processes occur simultaneously and this unique feature was 

exemplified in the MAS case where the saturation and polarization steps happen at different rotor angles 



(Figure 3b). The similar radiationless process also accounts for the depolarization effect in the absence of 

microwave irradiation (vide infra).29,30  

In the description provided by Thurber et al. for the MAS case,14 the population between the 

eigenstates changes when the energy levels become close but do not cross each other; these events are 

known as anti-level crossings. There are three important categories of events (Figure 3b) where anti-level 

crossings took place, namely: (1) the saturation of EPR transitions; (2) the difference in EPR frequencies 

matches the nuclear Larmor frequency, i.e.  𝜔0S1 − 𝜔0S2 = ±𝜔0I , and (3) the exchange of state 

populations between two electrons. In the MAS experiment, the energy levels are modulated and become 

time-dependent. Thus, if the time at which the anti-level crossing occurs is sufficiently long, i.e. a slow 

process, the transition becomes adiabatic with the probability quantifiable by the Landau-Zener equation. 

The adiabatic frequency sweep facilitated by MAS without instantaneous microwave irradiation has a 

similar counterpart in the MAS-NMR experiment,31 where Verel et al. demonstrated a homonuclear 

polarization transfer by sweeping the MAS frequency through the rotational resonance condition.32  

We have demonstrated a theoretical analysis on the CE mechanism by focusing on the ℋ̂CE subspace, 

which is a valid approach in the case of absent or weak 𝜔1S microwave irradiation. Secondly, we have 

neglected the relaxation effects by assuming that the relaxation rates are slow relative to coherent effects, 

which is valid in the low-temperature regime. If 𝜔1S, or the relaxation rates are large, the  ℋ̂CE subspace 

is no longer independent from the other eigenstates and it requires a different theoretical approach.  



 

Figure 3: (a) Schematic diagram of the energy level diagram of a three-spin (two electrons and one nucleus) system exhibiting 

the CE-DNP mechanism. The event occurs when the energy levels of the states are close to each other, for e.g. |𝜶𝜷𝜶⟩ and 

|𝜷𝜶𝜷⟩. Negative/positive enhancement can be obtained if the EPR transition of the first or second electron is saturated. (b) 

Energy-level diagram as a function of rotor angle in MAS. There are three important categories of events where anti-level 

crossings took place namely: (1) the saturation of EPR transition, (2) the CE matching condition 𝝎𝟎𝐒𝟏 − 𝝎𝟎𝐒𝟐 = ±𝝎𝟎𝐈, and (3) 

the exchange of populations between two electrons. Figure adapted with permission.14 (Fig source : CE_level.ai )   

2.1.3 Overhauser Effect 

The OE was first predicted theoretically by Overhauser and later confirmed by Carver and 

Slichter experimentally on a sample of lithium metal.7 Subsequently, the nuclear counterpart of the OE, 

also known as the Nuclear Overhauser Effect (NOE), has been used extensively to obtain distance 



measurements in biological samples. In DNP, the OE mechanism originates from either the dipolar or 

scalar relaxation mechanism. When anisotropic interactions such as dipolar couplings are modulated by 

stochastic motions such as rotational and translational diffusion, the fluctuation in the local dipolar fields 

induces the dipolar relaxation mechanism. On the other hand, scalar relaxation originates from the 

modulation of the exchange interaction, J, due to either chemical exchange processes (scalar relaxation of 

the first kind), or by a scalar coupling to a spin that relaxes quickly (scalar relaxation of the second kind). 

In principle, both the scalar-mediated ZQ (W0) and dipolar-mediated DQ (W2) relaxation pathways 

(Figure 2a) coexist and they affect both the electron and nuclei populations at thermal equilibrium. If the 

EPR single-quantum transitions are saturated by microwave irradiation, the populations of the four 

eigenstates will be redistributed and the system reaches a new steady state, which can result in an 

enhanced NMR signal. The enhancement will either be positive if the ZQ’s contribution is larger, or 

negative if it is dominated by DQ relaxation. The Overhauser effect can be described by the Solomon 

equations at the phenomenological level33 and only a simplified theoretical derivation will be shown here. 

Let us consider a two-spin system with the rate of change of the population of the respective states 

(Figure 2a) given by  

 𝑑𝑁1 𝑑𝑡⁄ = −(𝑊I + 𝑊S + 𝑊2)𝑁1 + 𝑊S𝑁3 + 𝑊I𝑁2 + 𝑊2𝑁4 

𝑑𝑁2 𝑑𝑡⁄ = −(𝑊I + 𝑊S + 𝑊0)𝑁2 + 𝑊S𝑁4 + 𝑊I𝑁1 + 𝑊0𝑁3 

𝑑𝑁3 𝑑𝑡⁄ = −(𝑊I + 𝑊S + 𝑊0)𝑁3 + 𝑊S𝑁1 + 𝑊I𝑁4 + 𝑊0𝑁2 

𝑑𝑁4 𝑑𝑡⁄ = −(𝑊I + 𝑊S + 𝑊2)𝑁4 + 𝑊S𝑁2 + 𝑊I𝑁3 + 𝑊2𝑁1, 

(15) 

where 𝑁i = 𝑛i − 𝑛i,eq denotes the difference between the instantaneous population 𝑛i and that during the 

equilibrium 𝑛i,eq, WI/S symbolizes the longitudinal relaxation rate 1/T1 of the I or S spin, while W0 and W2 

represent the ZQ and DQ relaxation rates, respectively. Following that, by recognizing that 𝐼𝑧 = 𝑛1 −

𝑛2 + 𝑛3 − 𝑛4 and 𝑆𝑧 = 𝑛1 − 𝑛3 + 𝑛2 − 𝑛4, one can obtain 



 𝑑𝐼z 𝑑𝑡⁄ = −𝜌I(𝐼z − 𝐼z,eq) − 𝜎(𝑆z − 𝑆z,eq) 

𝑑𝑆z 𝑑𝑡⁄ = −𝜌S(𝑆z − 𝑆z,eq) − 𝜎(𝐼z − 𝐼z,eq), 

(16) 

where 𝜌I/S = 𝑊0 + 2𝑊I/S + 𝑊2  is the auto-relaxation rate constant and 𝜎 = 𝑊2 − 𝑊0  is the cross-

relaxation rate constant. Hence, by considering the system to be in equilibrium, 𝑑𝐼z 𝑑𝑡⁄ = 0  and 

〈𝑆z,eq〉 〈𝐼z,eq〉⁄ = 𝛾S 𝛾I⁄ , one can obtain 

 
𝜀 =

〈𝐼z〉 − 〈𝐼z,eq〉

〈𝐼z,eq〉
=

𝑠𝜎𝛾S

𝜌I𝛾I
, (17) 

in which the saturation factor, 𝑠 =  1 − 〈𝑆z〉 〈𝑆z,eq〉⁄  describes the degree of saturation of the EPR 

transitions. In principle the enhancement, 𝜀, can be either positive or negative depending on 𝜎 = 𝑊2 −

𝑊0. Likewise, the system may lose polarization in the case that |𝜀| < 1. A more generic definition of 

enhancement factor, 𝜀 = −𝜉𝑓𝑠𝛾S 𝛾I⁄ , has been defined in the literature where the coupling factor, 𝜉 =

𝜎 𝜌I⁄  describes the efficiency of the OE, and has value ranging from -1 to 0.5. Furthermore, the leakage 

factor, 𝑓, accounts for the relaxation effect due to the addition of radicals. Further in-depth discussion and 

analysis of the parameters are well documented in the literature.34-36  

As the OE relies on the stochastic motion of mobile electrons, it was believed that the mechanism is 

present only in solutions or conducting solids.34,37 Nevertheless, a recent publication by Can et al.38 has 

reported an observation of the Overhauser effect in an insulating solid using BDPA or water-soluble SA-

BDPA as the radical. Furthermore, the author reported an unexpected finding that the enhancement factor 

increases with increasing static magnetic field (Figure 4a). The discovery of this effect in insulating solids 

and the unexpected dependence of enhancement on the magnetic field has sparked an interest in the 

community to pursue further investigation and theoretical explanation. Pylaeva et al. have proposed that 

the Overhauser effect exhibited by BDPA could be due to the modulation of the hyperfine coupling by the 

flipping in the bond orders in the radical.39 Their molecular dynamics (MD) simulations have predicted 



that the hyperfine modulation has a broad frequency spectrum ranging from 200 to 750 GHz, with a 

maximum at ~ 650 GHz. Nevertheless, the recent observation of the OE on the same radical at 1.2 K40 

implies that some other mechanism, not involving bond motion, may be responsible.  

The effect of the sample preparation and MAS frequency (Figure 4b) on the enhancement factor were 

also studied extensively.41 For instance, an enhancement factor of ~ 80 was obtained when BDPA is 

dissolved in ortho-terphenyl (OTP) compared to ~ 20 in PS.42 Furthermore, an improvement in the 

enhancement factor could be obtained if the paramagnetic oxygen is removed via degassing.40 

 

Figure 4: Overhauser-DNP enhancement of BDPA dispersed in (a) polystyrene, (b) toluene, or (c) OTP. Figure (c) shows the 

dependence of the OE enhancement at 18.8 T as a function of MAS frequency (red) and build-up time (blue). The OE exhibits 

the highest enhancement at 18.8 T. Figures are adapted with permission from 38,43,44. (*OE_Thach_FieldProfile_2.png *) 

2.1.4 Thermal Mixing 

The TM process is one of the four CW-DNP mechanisms that is particularly important in the case 

of dissolution DNP at low temperatures ( 𝑇 ≤  20 K).45 During the polarization step in most DNP 



experiments at low temperatures, multiple DNP mechanisms can take place simultaneously, namely the 

SE, CE and TM. However, the TM process becomes dominant relative to other DNP mechanisms if the 

EPR spectrum is broad enough to cover the nuclear Larmor frequency, i.e. ∆𝜔e ≥ 𝜔0I. Although the EPR 

linewidth can be broadened homogeneously due to increased electron-electron dipolar coupling when 

high concentration of radical is used, or inhomogeneously due to large g-anisotropy, it was reported that 

the former process is the dominant contribution to the TM effect.46 Unlike other DNP processes, the TM 

mechanism was described by Provotorov and Borghini using a classical thermodynamic model.1,9,47 In 

this model, the polarization transfer from electron to nuclei is described analogously to the flow of heat 

(polarization) between different reservoirs (spin types) due to the difference in temperature (populations). 

Thus, the concepts of a Zeeman/dipolar bath and spin/lattice temperatures were introduced and applied in 

the mathematical description of the thermodynamic model. We refer readers to the recent review by 

Wenckebach for a comprehensive summary of the thermodynamic model.48 Alternate approaches using 

quantum-mechanical descriptions have also been presented recently and it was shown that TM occurs in a 

multiple-spin system involving a nucleus and more than two electrons, which makes TM a distinguishable 

process from the CE.46,49 The quantum mechanical approaches yield good agreement with experimental 

data and show convergence with the concept of spin temperature in the thermodynamic approach. We will 

not discuss further the topic of TM as the effect is insignificant in MAS-DNP experiment at temperatures 

above 80 K. 

2.2 Pulsed DNP 

We have provided a brief theoretical description of the CW-DNP mechanisms, which aimed at 

transferring polarization via saturating the transition between energy levels rather than manipulating spin 

coherences. Nevertheless, the saturation-based CW techniques usually have enhancement factors that 

exhibit dependence on the static magnetic field. On the contrary, pulsed DNP techniques mediate 

polarization transfer via a coherent pathway, which can have an enhancement factor that is field-

independent in principle. An important criterion for pulsed DNP to work is that the microwave power 



must be sufficiently strong to overcome the relaxation rates and invert the spin polarization. This feature 

allows DNP to be performed at higher temperatures with less compromise to the enhancement factor, in 

comparison to the CW technique. Several instances of pulsed DNP experiments have been demonstrated 

to yield decent enhancement factors at room temperature and at a magnetic field of 0.35 T.50-52 Both the 

field-independent enhancement and viability at higher temperatures pose a promising prospect that pulsed 

DNP can outperform CW techniques for biological applications. We will discuss two main categories of 

pulsed DNP techniques, namely those with and without simultaneous rf irradiation on the nuclei involved. 

We shall see that the implementation, terms of hyperfine interactions used, and the effects of them are 

rather different in these two categories.  

2.2.1 Pulsed DNP with rf Irradiation 

Two pulse sequences will be discussed here, namely DNP in the Nuclear Rotating Frame (NRF-

DNP)53-55  and the Dressed-State Solid Effect (DSSE).56 Apart from the presence of rf irradiation during 

the polarization period (Figure 5) that makes these two sequences distinct from other DNP techniques, 

both NRF-DNP and DSSE exploit the secular hyperfine coupling 𝐴𝑧z  rather than the non-secular 

contributions 𝐵𝑧x  to mediate polarization transfer. The main consequence of using the secular 

contribution is that the technique can possibly be applied to liquid state samples. Secondly, the theory 

doesn’t indicate any unfavorable scaling of the enhancement with the static magnetic field, assuming 

ideal conditions. Although there is limited experimental evidence for the theoretical claim, the validity is 

worthy of a comprehensive investigation. We will begin with a general Hamiltonian for a two-spin system 

before considering individual sequences: 

 ℋ̂ = Ω𝑆̂z + 𝜔1s𝑆̂x − 𝜔0I𝐼z + 2𝜔1I cos(𝜔rf𝑡) 𝐼x + 𝐴zz𝑆̂z𝐼z + 𝐵zx𝑆̂z𝐼x 

𝑈t
−1ℋ̂𝑈̂t = 𝜔eff

(S)
𝑆̂z − 𝜔0I𝐼z + 2𝜔1I cos(𝜔rf𝑡) 𝐼x + (𝐴zz𝐼z + 𝐵zx𝐼x)(𝑆̂z cos 𝜃 − 𝑆̂x sin 𝜃), 

(18) 



where in the second line we performed a rotation with 𝑈t = exp(−𝑖𝜃𝑆̂y) with the angle 𝜃 given by 𝜃 =

tan−1(𝜔1s Ωs⁄ ), so that the z-axis is along the effective field 𝜔eff
(S)

= √𝜔1s
2 + Ωs

2. Then, we go into the rf 

interaction-frame with 𝑈rf = exp(−𝑖(−𝜔rf𝐼z)𝑡)  : 

 𝑈rf
−1𝑈t

−1ℋ̂𝑈̂t𝑈̂rf = 𝜔eff
(S)

𝑆̂z + ΩI𝐼z + 𝜔1I𝐼x + 𝐴zz cos 𝜃 𝑆̂z𝐼z − 𝐴zz sin 𝜃 𝑆̂x𝐼z, (19) 

where ΩI = 𝜔0I − 𝜔rf is the rf offset frequency. Note that the non-secular term 𝐵zx vanishes when using 

a  high-field approximation. Similarly, if we now tilt the Hamiltonian such that the z-axis of the nuclear 

frame is directed along the effective field 𝜔eff
(I)

: 

 ℋ̂̃ = 𝐴zz(cos 𝜃 cos 𝜑 𝑆̂z𝐼z − cos 𝜃 sin 𝜑 𝑆̂z𝐼x − sin 𝜃 cos 𝜑 𝑆̂x𝐼z + sin 𝜃 sin 𝜑 𝑆̂x𝐼x) ⋯ 

+𝜔eff
(S)

𝑆̂z + 𝜔eff
(I)

𝐼z, 

(20) 

where 𝜑 = tan−1(𝜔1I ΩI⁄ ). We have now obtained a simplified Hamiltonian in the double-rotating frame, 

which will be used subsequently for the NRF-DNP and DSSE cases. In NRF-DNP, off-resonance 

microwave irradiation with on-resonance spin-locking rf pulses are implemented, whereas DSSE has an 

opposite scenario, i.e. on-resonance spin-locking microwave pulses with off-resonance rf irradiation. The 

consequences of the two different implementations will be discussed in the following subsections. 

2.2.1.1 NRF-DNP 

The NRF-DNP experiment exploits an on-resonance rf irradiation (𝜑 = 𝜋 2⁄ ) (Figure 5a) and for 

a far off-resonance microwave irradiation (small 𝜃 for |𝜔1s Ωs⁄ | ≪ 1). Hence, we can simplify Equation 

20 to become 

 ℋ̂̃ ≈ 𝜔eff
(S)

𝑆̂z + 𝜔1I𝐼z − 𝐴zz𝑆̂z𝐼x . (21) 

By inspecting the resulting Hamiltonian (Equation 21), one can see that it has a similar form as the 

Hamiltonian for the SE (Equation 1) except that the off-diagonal term here is contributed by the secular 



𝐴zz term. Hence, a similar state mixing is also expected for driving the DQ and ZQ transitions in the 

rotating frame, with the degree of mixing 𝜂 = tan−1(𝐴zz 2𝜔1I⁄ ) .15 Following that, it is trivial to 

diagonalize the Hamiltonian (Equation 21) with 𝑈 = exp(−𝑖(−𝜂2𝑆̂z𝐼y)𝑡)  and obtain the eigenvalues 

needed to determine the matching condition: 

 
𝜔eff

(S)
= ±√(𝐴zz 2⁄ )2 + 𝜔1I

2  

Ωs~ ± √(𝐴zz 2⁄ )2 + 𝜔1I
2  

(22) 

where we have considered the case for |𝜔1s Ωs⁄ | ≪ 1 in the second line. The matching conditions imply 

that the separation between the DQ and ZQ conditions is much smaller than the case expected for the 

solid effect, i.e. 2𝜔0I  (Figure 5a). An enhancement factor of ~ 0.89 was measured.55 Although this 

enhancement factor may be considered to be small, the real experimental advantage comes indirectly 

from the short T1 of electrons relative to nuclei. The low enhancement factor could be rationalized by the 

fact that the polarization is built up along the spin-lock axis, which has a relaxation time 𝑇1ρ (~ 27 ms) 

several orders of magnitude smaller than T1 (~ 1056 s). This could hamper the enhancement factor when 

𝑇1ρ becomes comparable or smaller than the spin diffusion timescale.  

2.2.1.2 DSSE 

We have mentioned that the DSSE sequence has an opposite pulsing regime compared to NRF-

DNP, i.e. 𝜃 = 𝜋 2⁄  (Figure 5b) and small 𝜑 for the case |𝜔1I ΩI⁄ | ≪ 1. Hence, we can simplify Equation 

20 to become 

 ℋ̂̃ ≈ 𝜔eff
(I)

𝐼z + 𝜔1S𝑆̂z − 𝐴zz𝑆̂x𝐼z . (23) 



This is similar to the Hamiltonian for NRF-DNP (Equation 21), except that the spin part of the off-

diagonal term here is 𝑆̂x𝐼z instead of 𝑆̂z𝐼x. Likewise, the Hamiltonian (Equation 23) can be diagonalized 

with 𝑈 = exp(−𝑖(−𝜂2𝑆̂y𝐼z)𝑡)  with 𝜂 = tan−1(𝐴zz 2𝜔1S⁄ ), and the matching conditions are given as 

 
𝜔eff

(I)
= ±√(𝐴zz 2⁄ )2 + 𝜔1S

2  

ΩI~ ± 𝜔1S, 

(24) 

where we have considered the case for |𝜔1I ΩI⁄ | ≪ 1 and 𝐴zz ≪ 𝜔1S in the second line. Although the 

enhanced nuclear signal was not observed directly, there are indications of polarization transfer via 

monitoring the loss of electron polarization and also via numerical simulations56 (Figure 5b). Nonetheless, 

The fact that the microwave irradiation is applied directly on-resonance on the EPR line has allowed the 

possibility of employing electron decoupling during NMR detection.57 

 



Figure 5: Schematic diagram of the pulse sequences (a) NRF-DNP with NMR detected using solid echo and (b) DSSE with EPR 

signal detected using spin echo, at ~5 T. An enhancement factor of less than 1 is obtained for NRF-DNP while the nuclear 

enhancement was not directly observable in the DSSE case. Figures adapted with permission from 55,56,58. (source: 

NRF_DNP_DSSE.ai) 

2.2.2 Pulsed DNP without rf Irradiation 

There are in general three different types of pulsed DNP sequences that employ only microwave 

irradiation, namely Nuclear Orientation Via Electron Spin Locking (NOVEL), frequency-swept 

Integrated Solid Effect (ISE), and Time-Optimized Pulsed DNP (TOP-DNP). These pulsed DNP 

sequences are in general more favorable and have promising prospects for several reasons. Firstly, any 

rotation of the NMR polarization away from the z-axis induced by the RF pulses will inevitably result in 

faster decay in NMR signal due to transverse relaxation. Secondly, the precession frequencies of the 

nuclei might be shifted away from the Larmor frequency due to distance-dependent hyperfine interactions. 

This causes an additional complication when choosing the frequency for the RF pulses. Therefore, we 

will emphasize this category of pulsed DNP techniques as they have been demonstrated experimentally to 

be more robust. 

2.2.2.1 Nuclear Orientation via Electron Spin-Locking (NOVEL) 

The NOVEL technique matches the Rabi frequency that spin locks the electron spins to the 

nuclear Larmor frequency.59,60  When the matching condition (𝜔1S = 𝜔0I) is fulfilled (Figure 6a and b), 

the presence of dipolar interactions allow a resonant transfer of polarization from the electrons to the 

nuclei, an idea similar to the Hartmann-Hahn cross-polarization technique.61 The derivation of the 

Hamiltonian can be shown starting with a Hamiltonian that is similar to the case for the SE (Equation 1) 

except that the microwave irradiation is applied on resonance Ω = 0: 

 ℋ̂ = −𝜔0I𝐼z + 𝐴zz𝑆̂z𝐼z + 𝐵zx𝑆̂z𝐼x + 𝜔1s𝑆̂x . (25) 



Then, an interaction-frame transformation with respect to the term 𝑈1 = exp(−𝑖(𝜔1S𝑆̂x − 𝜔0I𝐼z)𝑡) is 

performed to yield 

 ℋ̂̃(𝑡) = 𝑈1
−1(𝑡)ℋ̂𝑈1(𝑡) − (𝜔1S𝑆̂x − 𝜔0I𝐼z) 

= (𝐴zz𝐼z + 𝐵zx(𝐼x cos 𝜔0I𝑡 + 𝐼y sin 𝜔0I𝑡)) (𝑆̂z cos 𝜔1S𝑡 + 𝑆̂y sin 𝜔1S𝑡). 

(26) 

Similarly, the Hamiltonian becomes time-independent at the conditions 𝜔1S = ±𝜔0I upon integration: 

 
ℋ̂̅ =

𝜔0I

2𝜋
∫ ℋ̂̃(𝑡)

(2𝜋) 𝜔0I⁄

0

𝑑𝑡 =
𝐵zx

2
(𝑆̂z𝐼x ± 𝑆̂y𝐼y) if 𝜔1S = ±𝜔0I, (27) 

where the Hamiltonian (Equation 27) dictates a DQ condition if the electron polarization is spin locked 

along the microwave field (𝜔1S = 𝜔0I), or ZQ condition if they are antiparallel (𝜔1S = −𝜔0I). The 

sequence has been shown to be robust and yields enhancement factors >300 in perdeuterated system at 

0.35 T.52,62  Additionally, it was demonstrated recently that the enhancement factor can be increased 

further by a factor of 1.6 by making the sequence adiabatic, i.e. sweeping the microwave Rabi frequency 

across the matching condition using an arbitrary waveform generator (AWG).63 In such sequences, longer 

spin lock pulses are required to fulfil the adiabatic condition, and a microwave source capable of a higher 

duty cycle is required. A known challenge of implementing NOVEL at higher fields is the requirement of 

high microwave Rabi frequencies. It was shown that this issue can be mitigated by exploiting the off-

resonance NOVEL condition (√𝜔1s
2 + Ω2 = 𝜔0I),64 similar to the SPECIFIC-CP sequence in solid-state 

NMR.65 

2.2.2.2 Integrated Solid Effect (ISE) 

Due to the NOVEL matching condition being technically demanding at higher fields, the ISE is 

an alternative sequence that can be implemented at lower Rabi frequencies.66-68 The ISE sequence was 

first demonstrated by sweeping the magnetic field through both SE matching conditions (Figure 6c and 



d), e.g., from  Ω ≪ −𝜔0I to Ω ≫ 𝜔0I within a short time period (~T1e). This approach might appear to be 

counterintuitive because the ZQ and DQ matching conditions yield nuclear polarizations of opposite sign. 

However, the electron polarization is also inverted during the adiabatic process and hence the polarization 

transfer adds constructively. In order to perform the ISE at higher fields, the magnetic field has to be 

swept by ~ 28 mT within 1 ms in a 9.4 T/ 400 MHz magnet. This is technologically challenging and the 

field drift after the sweep makes the sequence inappropriate for NMR applications at higher fields. 

Alternatively, the offset frequencies Ω can be manipulated by changing the microwave frequency while 

keeping the magnetic field constant. Such frequency modulation schemes were demonstrated to improve 

the enhancement by a factor of ~2-3 at both 3.34 T (95 GHz) and 6.7 T (188 GHz) on TEMPOL at 

temperatures (10-50 K) favoring TM.69,70 The frequency modulation schemes were performed by 

changing the microwave carrier frequencies directly via a voltage-controlled oscillator (VCO). 

Alternatively, the frequency modulation can also be implemented by generating a microwave pulse train 

of varying phases using an arbitrary waveform generator (AWG), while having the same carrier 

frequency. It was demonstrated recently that such frequency-swept ISE experiments performed at 𝜔1S = 

1.5 MHz (~ 0.1 𝜔0I) can yield similar enhancements compared to the ISE at the NOVEL condition 

(𝜔1S =  15 MHz)  0.35 T.71 Such a low-power pulsed DNP sequence could be potentially implemented 

experimentally at higher fields upon the availability of gyro-amplifiers (vide infra) or other high-power 

controllable microwave sources. Nonetheless, so far most ISE experiments have been performed at static 

conditions and its effect under MAS condition is still uncertain. This is further complicated by the 

additional modulation of the g tensor or offset frequencies. 

2.2.2.3 Time-Optimized Pulsed DNP (TOP-DNP) 

We have discussed pulsed DNP sequences that achieve DNP matching conditions by either 

setting the Rabi (NOVEL) or offset (SE/ISE) frequencies. We have recently introduced a new class of 

pulsed DNP sequence, which mediates the polarization transfer via a train of microwave pulses, 𝜏p, and 

delays, 𝑑, of optimal timings (Figure 6e), i.e. TOP-DNP (Time-Optimized Pulsed DNP). The design of 



the sequence was inspired by the dipolar recoupling sequences in MAS-NMR experiments.72 In the 

recoupling experiments, averaged anisotropic interactions like dipolar couplings can be reintroduced via 

rotor-synchronized pulses like radio frequency-driven recoupling (RFDR)73 during the mixing time to 

transfer polarization. Similarly, the averaging of the pseudo-secular term 𝐵zx by the Larmor interaction 

𝜔0I𝐼z is inhibited and restored to transfer polarization in TOP-DNP, i.e. hyperfine recoupling. A brief 

theoretical analysis of the pulse sequence using Floquet theory74,75 is discussed here. There are three 

characteristic frequencies76,77 involved in the TOP-DNP sequence, namely the nuclear Larmor frequency, 

𝜔0I, modulation frequency, 𝜔m = 2𝜋 (𝜏p + 𝑑)⁄ , and the effective field, 𝜔eff. 𝜔eff is defined as the net 

rotation angle, 𝛽eff, over the cycle time, 𝜏m, of a periodic sequence. An effective Hamiltonian can be 

obtained if there exists a linear combination of the characteristic frequencies that satisfies the resonance 

conditions:  

 𝜔0I + 𝑘𝜔m ± 𝜔eff = 0, (28) 

where 𝑘  is an integer number. There are in principle many different resonance conditions exploiting 

different values of k. We show that the effective Hamiltonian for the simplest condition, 𝜔m + 𝜔eff =

𝜔0I, is given by  

 
ℋ̂̃(1,−1,−1) + ℋ̂̃(−1,1,1) =

𝐵

4
(𝑎−

(−1,−1)𝑆̂−𝐼− + 𝑎+
(−1,−1)

𝑆̂+𝐼−  + 2𝑎z
(−1,−1)

𝑆̂z𝐼−) + 𝑐. 𝑐, (29) 

where c.c. stands for complex conjugate, 𝑆̂± = 𝑆̂x ± 𝑖𝑆̂y  are the ladder operators, and 𝑎±
(𝑘,𝑙)

 are the 

Fourier coefficients. The first two terms in the effective Hamiltonian (Equation 29) are responsible for 

driving the DQ and ZQ transfers, respectively. It can be shown that the strengths of the Fourier 

coefficients 𝑎+,−
(−1,−1)

as a function of the offset frequencies give rise to oscillatory enhancements in the 

field profile (Figure 6f). This sequence yields a broadband DNP field profile spanning a bandwidth of 

4𝜔0I with a maximum enhancement of ~200 at 0.35 T. Furthermore, the effective Hamiltonian (Equation 



29) suggests that the enhancement factor is field-independent as long as the Rabi frequency is scaled 

proportionally.  

 

Figure 6: Schematic diagrams (a, c, and e) and the respective results (b, d, and f) of NOVEL (a and b), FS-ISE (c and d), and 

TOP-DNP (e and f). Figure b shows clearly that optimum enhancement is obtained when the NOVEL condition (𝝎𝟏𝐒 = 𝝎𝟎𝐈) is 



matched. For the FS-ISE sequence, the microwave frequency is swept across both the DQ- and ZQ-SE conditions via phase-

modulated microwave pulses using an AWG. Figures adapted with permission from 52,71.  (source: Pulsed_DNP_2.ai) 

3 Solvents, Radicals and Effects of Radical Additions 

3.1 Solvents and Radicals 

We have discussed the theoretical aspects of CW-DNP (Section 2.1) and pulsed DNP (Section 2.2). 

Despite theoretical predictions, the experimentally measured enhancement factors can vary significantly 

depending on the choice of radicals and the nature of solvent. The reasons that account for more efficient 

performance of some radicals than others are not completely understood. Nevertheless, there exists a 

prima facie relation between the EPR linewidth of the chosen radical and the most appropriate DNP 

mechanism. For instance, both the homogeneous, 𝛿, and inhomogeneous, ∆, linewidth of the radical must 

be smaller than the nuclear Larmor frequency, i.e.  𝛿, ∆< |𝜔0I|, for OE, SE, and pulsed DNP to work. On 

the other hand, both CE and TM conditions favor radicals that satisfy the relation 𝛿 < |𝜔0I| ≤ ∆ for best 

performance.  

We provide a summary of the standard type of radicals (Figure 7) used for different techniques here, 

assuming standard solvents such as DNP juice78 (d8-glycerol / D2O / H2O, 6:3:1 by volume) for water-

soluble radicals and organic solvents such as d6-DMSO / D2O / H2O mixture, tetrachloroethane (TCE) / 

methanol mixture,79 and ortho-terphenyl (OTP) for other radicals with poor solubility in water. It is 

advantageous to perform DNP on samples comprised of an amorphous, glassy matrix to cryoprotect 

biological samples and to ensure even distribution of the polarizing agent throughout the matrix. Other 

factors such as solubility of radicals, solvent conditions, and interaction between radicals and target 

molecules also have to be considered when optimizing performance with minimal interference to the state 

of experiment. For instance, it was reported that the radical TOTAPOL has a tendency to bind to the 

surface of amyloids. While this may allow for more efficient polarization transfer at lower radical 

concentration, it also can perturb the structure of interest.24 



 

Figure 7: Structures of the commonly used standard radicals used for different DNP techniques. The EPR spectrum and the field 

profiles for TOTAPOL, trityl and SA-BDPA measured at 5 T can be found in Figure 2.  (source: radicals.ai) 

It is important to note that most of the solvents employed for DNP are perdeuterated so that higher 

polarization can be shared among the smaller number of nuclear spins. However, the average dipolar 

coupling, 𝑑 ∝ 𝛾2 𝑟3⁄ , becomes too small if the 1H concentration is too dilute. Consequently, this will 

quench the dipolar-mediated spin diffusion that distributes the polarization among the bulk protons. Since 

the dipolar coupling also depends on the gyromagnetic ratios, most DNP techniques are usually directed 

at polarizing the 1H nuclei directly rather than low-gamma nuclei such as 13C. 

To date, only BDPA and its water-soluble derivative, SA-BDPA, are shown to exhibit the OE in 

insulating solids. For thermal mixing, TEMPO, trityl, and their derivatives are found to be the most 

efficient. For MAS-DNP applications, radicals suited for the CE mechanism are usually employed in 

general cases. The standard radicals in this case are AMUPOL80 and TOTAPOL22 at low fields (9 – 14.1 



T) and TEMTriPol-1 at high fields (18.8 T and above).81 These three radicals fulfill the basic criteria of 

𝛿 ≤ |𝜔0I| ≤ ∆ (refer to Figure 2c for the EPR spectrum of TOTAPOL), however, the reasons why these 

radicals perform well compared to other biradicals are not completely understood. There have been 

approaches to characterize spin parameters such as the electron-electron dipolar coupling, D, exchange 

interaction, J, g values and relative orientations of the two electrons by acquiring EPR spectra at different 

fields.82,83 Furthermore, variants of the standard radicals have also been chemically modified. These 

modifications include substitution of subgroups, partial deuteration,84 manipulating the length of linker,23 

and synthesis of triradicals/tetraradicals85 to search for better CE polarizing agents. Most findings have 

reported that long T1e relaxation times, strong dipolar couplings, and relative Euler angles between the g-

tensors are crucial for efficient CE enhancement in general cases. Some of these features were exploited 

in designing rigid and bulky biradicals like the bTbK, PyPol, and TEKPOL series that are sufficiently 

rigid and large enough in size to limit molecular conformations, which led to longer relaxation times and 

hence higher enhancements.84,86-88 

Both SE and pulsed DNP techniques are best implemented when the homogeneous linewidth of the 

radical(s) is smaller than the nuclear Larmor frequency 𝛿 ≤ |𝜔0I| . Some commonly used standard 

narrow-line radicals are trityl OX063, BDPA, Gd3+-DOTA, and their derivatives. The trityl radical has a 

negligible hyperfine interaction and it is broadened mainly by g-anisotropy; whereas BDPA has larger 

hyperfine couplings (~ 5 MHz) but insignificant g-anisotropy. Gd3+-DOTA is a high-spin (S = 7/2) metal 

ion complex89 in which the central transition (CT) is primarily broadened by the zero-field splitting (ZFS), 

which scales inversely with the magnetic field. Hence, the CT linewidth is expected to get narrower as the 

static field increases. Another example of a high-spin metal ion complex utilized for DNP is Mn2+-DOTA 

(S = 5/2), which has 6 EPR resonances (Figure 2c) in total for the CT. As a reference, the linewidths of 

trityl, BDPA, Gd3+-DOTA (CT), and Mn2+-DOTA (CT) are 42, 20, 29, and 25 MHz respectively at 5 

T.19,89,90 It is challenging to obtain high enhancement factors with high-spin metals because the Boltzmann 



population spreads across all the mS and mI (if 𝐼 ≠ 0) energy states. Hence, we conclude that it is 

optimum to use trityl at low-fields (below 2.5 T) and BDPA/SA-BDPA for higher-field experiments. 

Although most polarizing agents are synthesized to maximize DNP efficiency when added directly 

into a glass forming matrix, some polarizing agents are customized for specific applications, i.e. the 

polarizing agents can be incorporated either by direct or indirect binding to the sample of interest.91-95 

Another instance of this is the recent development of the trimodal polarizing agent, TotaFAM, which 

contains a nitroxide biradical for DNP, a peptide for cell targeting, and a fluorophore for fluorescent 

imaging.96 

3.2 Quenching, Depolarization, and Electron Decoupling 

Despite the important roles played by the radicals as the sources of polarization in DNP experiments, 

it is known that the presence of radicals can cause quenching and depolarization of NMR signals when 

microwave irradiation is turned off. We would like to clarify the differences between quenching and 

depolarization. Signal quenching is defined as a generic effect that occurs when radicals are added to the 

solvent, they cause large dipolar-induced shifts or line-broadening beyond detection in the nearby nuclei. 

This feature, known as paramagnetic relaxation enhancement (PRE), has been exploited in paramagnetic 

NMR spectroscopy to probe local environments surrounding the spin label.97 Depolarization is attributed 

specifically to the situation where the signal decreases upon MAS spinning of the sample (Figure 8a) and 

occurs even when microwave irradiation is turned off. The depolarization effect is usually observed when 

cross effect radicals are utilized. The signal loss due to quenching is typically less than 20% for most 

common DNP radicals while depolarization can cause signal loss as much as ~50% in the case of 

TOTAPOL (Figure 8b).30,98,99 We will focus our remaining discussion on the effect of depolarization as it 

is a more severe of the two.  

It was realized that depolarization occurs upon MAS due to same rotor event, or anti-crossing of 

energy levels, that leads to the CE mechanism.29 Although at first thought it might seem counterintuitive 



that the same rotor event is responsible for both hyperpolarization or depolarization in a DNP experiment, 

the key factor that determines whether the anti-crossing is beneficial or detrimental is the polarization 

difference between the electrons in the quasi-periodic steady state. If the population difference of 

electrons is smaller than the nuclei polarization, it leads to depolarization during the CE rotor event. It 

was reported recently that the biradical TEMTriPol-1 does not exhibit depolarization effect because the 

population difference between the two electrons is not smaller than the nuclei polarization (Figure 8c).100 

There are multiple factors that govern the electronic population difference in the quasi steady state such as 

T1e, T1n, MAS frequency, dipolar couplings between the electrons, and the g-factors.29 Another important 

consequence of the depolarization effect is the rationalization of the actual enhancement factor, i.e. the 

definition of enhancement factor (𝜖 = 𝐼on 𝐼off⁄ )  by comparing the signal intensities with the 

presence/absence of microwave irradiation has to be used with care. For instance, De Paëpe et al. have 

recorded 𝐼on 𝐼off⁄ ~677  using AMUPOL at 55 K. The measured enhancement factor exceeded the 

theoretical maximum of 𝛾𝑒 𝛾1𝐻⁄ ~658 because the effect of depolarization was not taken into account.101 

Apart from the loss of polarization due to the quenching or depolarization, the presence of radical also 

shortens the lifetime of the spin coherences, i.e. it produces a line-broadening effect or shorter T2. 

Nevertheless, recently Saliba et. al. have demonstrated experimentally that by sweeping the microwave 

frequency across the EPR spectrum during NMR detection, a reduction in linewidth by ~ 11 % can be 

achieved at MAS frequency of 4 kHz and static field of ~ 7 T.57 The frequency sweep was performed 

using a home-built frequency-agile gyroton, which is capable of sweeping up to 250 MHz within a period 

of a few µs. 



 

Figure 8: Experimental evidence of the effect of depolarization upon MAS in a sample doped with cross-effect radical (a) 

DOTOPA-Ethanol at 27 K and (b) trityl and TOTAPOL at 80 K. Signal loss of ~ 70 % is found in (a) DOTOPA-Ethanol and 

about 40-50 % for (b) 20 mM trityl and 10 mM TOTAPOL. Besides depolarization, signal quenching of about 5-10 % was 

recorded for the samples in (b) in the static case. Figure (c) shows the histograms of 144 powder orientations showing the mean 

electron polarization for the two electrons in a biradical for TEMTriPol-1 and a bis-nitroxide (top), and the electronic polarization 

difference scaled with the nuclei polarization (bottom). The vertical dashed lines indicate the value of the depolarization factor, 

which implies depolarization if it is less than 1. Figures adapted with permission from30,38,100. (source: Depol_eDec.ai) 

4 Numerical Simulations and Spin Diffusion 

4.1 Introduction 

Despite the fact that DNP has been studied and developed extensively since its first demonstration in 

the 1950s, the underlying factors and optimum conditions required to yield efficient DNP transfer are not 

fully understood yet. For instance, the choice of solvent, type of radical, degree of deuteration, 

temperature, and even the protocol to freeze the sample could all affect the measurement of the 



enhancement factor.102 Additionally, we have discussed in the CE section that the moieties and the details 

of spin interactions are crucial but lack full theoretical analysis. It is clear that maximizing DNP 

enhancements is a multifaceted issue. Numerical simulation and theoretical modeling can provide useful 

insight and enable DNP mechanisms to be studied at reduced complexity to achieve enhancements closer 

to the theoretical maximum of ~658. 

As mentioned in the introduction (Section 1), the DNP process involves multistage processes to 

transfer polarization from an unpaired electron to the target molecule: (1) from an unpaired electron to the 

nearby nuclei coupled directly via hyperfine interaction,103 (2) from the nearby nuclei to the bulk nuclei, 

and (3) among the bulk nuclei via spin diffusion. Alternatively, radicals can polarize the bulk nuclei 

directly without a relayed transfer via nearby nuclei (Figure 9a). The first stage is essentially the main 

process where basic DNP mechanisms like CE and SE take place between an electron and a few nuclei, 

while the second and third stages are governed by the spin-diffusion mechanism in a large spin system. 

We will first discuss the architecture and theoretical framework in a typical numerical simulation package 

for the first stage of DNP. Then, we will describe different aspects and spin-diffusion models for the last 

two stages. Besides DNP simulations, EPR simulation programs are also an important tool to characterize 

polarizing agents and can provide essential spin parameters for DNP simulation. There are currently two 

EPR simulation programs: EasySpin104 and Spinach105, both of which are available as simulation packages 

in MATLAB. 

4.2 Radical-Nuclei Polarization Transfer 

The first stage of the DNP process, in the case of a small and isolated spin system, can usually be 

simulated reliably using a full quantum-mechanical description in numerical simulation packages like 

Spinach105  and SPINEVOLUTION106. The former is free and an open source package in MATLAB while 

the latter is a standalone commercial software. The general features of the simulated field profiles are 

usually comparable to the experimental results, and qualitative arguments can be made on the 

performance of the DNP process. However, the simulated enhancement factors do not necessarily 



resemble the observed value because factors like spin diffusion and the number of protons surrounding 

each radical are beyond the capability of the full quantum-mechanical calculations. Nevertheless, we will 

discuss briefly the main aspects and differences of the DNP simulations from the conventional NMR or 

EPR simulations. 

One of the major considerations in the DNP simulation is the long time scale of the DNP sequence 

(seconds to minutes) compared to the inverse time scale of the electron-nuclear coupling (several MHz). 

This results in several issues that have to be considered. Firstly, the relaxation time scales of both the 

electron and nuclei are sufficiently short to be significant during DNP and have to be incorporated into 

the simulation. Secondly, the time step of each propagator for a time-dependent Hamiltonian has to be 

small enough to ensure the convergence of results.  

Although there are many ways of treating the relaxation effects in the simulation, not all are 

applicable because relaxation is a non-coherent effect and incompatible with the mathematical description 

in a normal Hilbert space. Hence, an extended Hilbert space such as Liouville space is required to solve 

the master equation given as  

 𝑑𝜎̂(𝑡)

𝑑𝑡
= −𝑖ℒ̂̂𝜎̂(𝑡) = −𝑖[ℋ̂, 𝜎̂(𝑡)] − 𝛤̂̂{𝜎̂(𝑡) − 𝜎̂eq}, (30) 

where ℒ̂̂ is the Liouvillian, ℋ̂ is the Hamiltonian that describes the coherent evolution, 𝛤̂̂ is the relaxation 

superoperator, while 𝜎̂(𝑡) and 𝜎̂eq are the instantaneous and equilibrium density operators, respectively. 

The Liouville space is the cartesian product of two Hilbert spaces and it is spanned by a complete set of 

22N basis operators, for an N spin-½ system. For instance, the Liouvillian, ℒ̂̂, defined for a two spin-

system is described by a 16x16 matrix, compared to only 4x4 in Hilbert space. Thus, this makes DNP 

simulations more computationally expensive and also restricted to small spin systems (≤ 6 spins) due to 

limited memory. In general DNP simulations, most relaxation models rely on the empirical T1 and T2 

values measured experimentally. One of the simplest relaxation models is the random fluctuating fields or 



local fields,107 which has been adopted by Thurber et al.14  and Hovav et al.26,46 in their respective DNP 

simulations. The latter approach has been incorporated as the ‘Weizmann’ theory in Spinach, while other 

approaches include the Linbladian108,109 and ‘Nottingham’110 DNP relaxation theory. The other 

complication in DNP simulations is that the master equation (Equation 30) is an inhomogeneous linear 

differential equation, i.e. the density operator 𝜎̂(𝑡) relaxes to a non-zero value of 𝜎̂eq after a long time 𝑡. 

Two approaches were suggested by Levante et al.111 and Levitt et al.112 to transform the inhomogeneous 

master equation to become homogenous. The two approaches are equivalent in the case of a high-

temperature approximation, i.e. ℏ𝜔0 𝑘B𝑇⁄ ≪ 1. 

 The development of numerical packages for DNP simulations has been significant in the past few 

years and it is still an ongoing progress. Currently available simulation programs are able to simulate 

pulsed-DNP sequences as well as the CE and SE. The OE can be simulated, but only with preset values of 

cross-relaxation rates.38 Additionally, it is still challenging to simulate the TM effect using full quantum-

mechanical simulation due to limited computational power or effective algorithms to treat a large spin 

system accurately, where spin diffusion and cross relaxation are important. Nevertheless, Figure 9 shows 

some of the simulated DNP field profiles using the custom-built simulation programs developed in our 

lab. 

 

Figure 9: (a) The illustration of the model for spin diffusion barrier. The polarization can be transferred from the radical (red) to 

the bulk nuclei (green) directly, or via the nearby nuclei (yellow). Simulated field profiles of (b)TOP-DNP and (c) FS-ISE using 

custom-built simulation packages in Griffin’s lab.  Figures adapted with permission from 103,113. 



4.3 Nuclei-Nuclei Polarization Transfer (Spin Diffusion) 

After the nearby nuclei become polarized by an adjacent radical, the polarization might not contribute 

directly to the observable signal because its precession frequency might be shifted away from the Larmor 

frequency due to the hyperfine interaction. The large difference in precession frequencies between nearby 

and bulk nuclei can hinder the polarization distribution among the nuclei spin bath via spin 

diffusion.114,115 In addition, these nuclei might experience shorter relaxation times, T1n, due to the 

paramagnetic effect and result in lower polarization for the bulk nuclei. Thus, the nearby nuclei whose 

polarization can’t be transferred out to the bulk nuclei are considered to be within the “spin diffusion 

barrier” (Figure 9).116-118 The size of the spin diffusion barrier was experimentally suggested to be ~5 Å 

for ytterbium-doped yttrium-ethyl-sulfate crystal Y(C2H5SO4)3•9H2O:Yb.116 

The second step in the DNP polarization transfer pathway refers to the polarization transfer from the 

distant nearby nuclei, i.e. those at the edge of the barrier, to the bulk nuclei. Following that, the last step 

involves the polarization distribution among the bulk nuclei via the normal spin diffusion process. We 

would like to stress that the normal spin diffusion process here refers to the coherent mechanism that 

depends only on the dipolar interaction, as opposed to the stochastic processes like cross-relaxation or 

NOE (Nuclear Overhauser Effect). As mentioned earlier, simulating spin diffusion on a large spin system 

using full quantum mechanical calculation is computationally infeasible, since the dimension of matrices 

grow exponentially with respect to the number of spins involved. This issue can be circumvented by 

making sensible approximations in the numerical calculations, for instance, higher order spin coherences 

were shown to have limited influences and can be neglected in a restricted state space.119,120 Alternatively, 

classical approaches like rate equations,103 kinetic Monte Carlo algorithms,121 or modified Bloch 

equations122 can be used to model spin diffusion.  

5 Instrumentation 



Since the introduction of high-frequency microwave sources or gyroton for DNP at 140 GHz / 5 T at MIT 

by Griffin et al., along with the discovery of other DNP mechanisms, high-field DNP has now become a 

routinely applicable and preferred technique in solid-state NMR experiments.123,124 Hence, we will present 

a comprehensive review on the features, operating principles, and limitations of the various microwave 

sources (Section 5.1). Following that, low-loss waveguide transmission lines (Section Error! Reference 

source not found.) and quasi-optical components that direct the microwave wave from the source to the 

DNP-MAS probe (Section 5.2) are crucial for high DNP enhancement as the waveguide transmission 

lines are typically ~ 60 – 70 % efficient and typical microwave absorption in the sample is less than 10 % 

due to the complex housing of the sample inside the MAS rotor (Section 5.3.4). Besides that, the 

incorporation of the cryogenic setup (Section 5.3) to achieve efficient DNP enhancements with low-

temperature MAS will be discussed. 

5.1 Microwave Sources 

The frequency of a microwave source for DNP is about 𝛾e 𝛾1H⁄ ~658 times higher than the 1H Larmor 

frequency assuming a free electron 𝑔e-factor of 2.002, i.e. 263 / 395 / 527 GHz for magnetic fields at 9 / 

14 / 18.8 T, respectively. The important criteria involved in choosing a suitable microwave source for 

DNP-NMR experiment is the output power, capability to pulse or manipulate the phases, cost of 

operation, and the stability in maintaining the frequency and power over a long period of time. 

An overview of the current state of average output power of various types of microwave sources as a 

function of frequency can be seen in Figure 10.125-131 In particular, current research interests are in the 

microwave range of 140 – 700 GHz for corresponding NMR magnets ranging from 5 – 25 T. Two 

different technologies are available for microwave generation in this frequency range, solid-state 

transistor-based devices and vacuum electronic devices (VEDs). Although solid state devices are 

available up to frequencies of 1 THz (Figure 10), the average powers are below 100 mW; The VEDs can 

generate average power of over 100 W up to 700 GHz. However, solid-state devices are less expensive 

and their ease of integration into electronic systems e.g. enabling pulse gating, phase modulation, 



quadrature detection, etc., make them useful for pulsed DNP / EPR experiments. In contrast, while VEDs, 

including Backward Wave Oscillators (BWOs), Extended Interaction Klystrons (EIK) and gyrotrons, 

offer more power at higher frequency, they are more expensive, less compact and not as flexible.  

Apart from the maximum output power, the stability of the power and frequency of the microwave 

sources for DNP-NMR applications should be stable, i.e. less than variation of ±0.5% in power and ±2 

MHz in frequency over week of operation. Moreover, it is also preferable to have 1-2 GHz of frequency 

bandwidth to optimize the DNP matching conditions for different radicals. Another practical 

considerations in choosing a suitable microwave source for DNP applications is the cost of the device and 

the operating lifetime with minimum maintenance. We will further elaborate further on the solid state 

devices (Section 5.1.1) and VEDs (Section 5.1.2), which fulfill these criteria for DNP applications, in the 

next sections. 

 

Figure 10: Plot of the average power output against frequency for various microwave sources, divided in two main categories: 

solid-state transistor based and vacuum electron devices (VEDs). TWT: travelling wave tube, CFA: cross field amplifier, BWO: 



backward wave oscillator, GaN HEMPT MMIC PA: gallium nitride high electron mobility transistor monolithic microwave 

integrated circuit power amplifier, PHEMT SSTA: pseudomorphic high electron mobility transistor solid state transistor 

amplifier, SST-AMC: solid state transistor amplifier multiplier chain, IMPATT: impact ionization avalanche transit-time diode, 

BJT: bipolar junction transistor, and, FET: field effect transistor. Data are collected from 125-131. 

5.1.1 Solid-State Devices 

Solid-state microwave sources using diode-based frequency multipliers and amplifiers are advancing 

towards into the sub-millimeter and THz region. Significant progress has been made up to Ka-band (26 – 

40 GHz) in terms of output power due to demand driven by commercial applications.129 The TriQuint 

Semiconductor (now Qorvo, Inc.) company have microwave sources capable of generating power up to 

400 W in Ka-band by efficiently combining GaN based solid-state power amplifiers (SSPAs). Despite 

this, generating higher power into sub-millimeter and THz region is still technologically challenging. 

Power amplifiers-multipliers are typically used in cascade to reach higher power at higher frequencies. 

Due to the reduced circuit dimensions at higher frequencies, the output power is generally limited because 

of enormous thermal load and heat dissipation in small areas. Also, very high junction temperature in 

transistor assemblies is another critical issue. For high field DNP-NMR applications at frequencies above 

140 GHz the available power is very limited. Recently, VDI Inc. has produced peak power of 600 mW at 

188 GHz using a varactor doubler130 and 120 mW at 250 GHz using Schottky diode based amplifier-

multiplier chain assembly.128 It has also reported 6 microwatts at 2.6 THz. Many DNP NMR and EPR 

experiments up to 9.4 T have been done using solid-state sources132-135 at these power levels. Their ease of 

integration with NMR, compactness, low cost, and simplicity to use over VEDs still make them a 

preferred option for DNP experiments at low fields. For instance, one of the key advantages of solid-state 

sources is that they can be integrated with an AWG to generate arbitrary shaped pulses to perform pulsed 

DNP experiments. Additionally, they can be used in conjunction with improved microwave resonator 

(Section 5.2.1) and/or at low temperature (Section 5.3) to maximize the DNP enhancements. Although the 

solid-state based microwave sources have limited power at high frequencies, the output microwave pulses 



can be fed and amplified to kW pulses via the gyro-amplifier (Section 5.1.2.2.2), a VED, to perform 

pulsed DNP experiments. 

5.1.2 Vacuum Electronic Devices 

Vacuum electronic devices (VEDs) generate coherent microwave radiation via a resonant interaction 

between an electron beam and an electromagnetic wave. Since these are currently the most effective 

devices for solid-state DNP-NMR, we will discuss them in some detail; for a more complete treatment we 

refer the reader to relevant textbooks136-138 and review articles.125,139 The general features of VEDs are 

discussed here. The electron beam is generated by applying a high DC voltage between the cathode and 

anode of an electron gun. This electron beam is further accelerated through an electron tube till it reaches 

the resonant interaction circuit/cavity. Inside the cavity, the electron beam exchange energy with the 

electromagnetic wave by one of several possible interaction mechanisms (depending on the type of 

device). All of these interactions depend on some level of velocity synchronism between the beam and the 

wave; we will discuss the particular conditions for a few devices that have been used for DNP. Under the 

right conditions, the energy exchange results in a net transfer of energy from the beam to the wave, acting 

either as a microwave amplifier or source (oscillator). After the interaction cavity, the microwaves exit 

the VED through an output window whereas the electron beam proceeds to a collector. VEDs are 

primarily classified in two ways, slow-wave devices or fast-wave devices, based on the nature of the 

electron beam, the cavity mode, or the mechanism for their interaction. Before we discuss specific 

devices, we will establish (in the context of DNP) a general distinction between the slow- and fast-wave 

devices. Depending on the magnitude of the phase velocity (vph = ω/kz) of the electromagnetic waves 

compared to the speed of light c, a slow-wave device phase velocity vph < c while a fast-wave device 

fulfills vph > c. 

5.1.2.1 Slow-Wave Devices 



Slow-wave devices include traveling-wave tubes (TWTs), backward wave oscillators (BWOs), klystrons, 

magnetrons, clinotrons, orotrons, and crossed-field amplifiers.  All slow wave devices rely on a common 

concept of synchronism between the axial velocity of an electron beam with the longitudinal component 

of the electric field supported by a periodic radio-frequency structure specifically designed to slow down 

the wave. The slowed down wave’s electric field induces longitudinal modulation in the electron phase 

velocities due to the periodicity of the structure resulting in current modulation. This leads to 

synchronism between the modulated beam and the periodic electric field resulting in generation or 

amplification of electric field. Due to their higher output powers at higher frequencies slow wave devices 

are preferred sources for DNP-NMR. In particular, a 10 W klystron developed by Varian Inc. operating at 

40 GHz was the microwave source for the early solid-state DNP-NMR experiments of Wind and 

colleagues140 . Schaefer and colleagues141 also used a klystron as microwave source. 

In recent years, klystrons have gained significant attention as microwave sources for DNP-NMR, 

particularly in the form of extended-interaction oscillator (EIO) or its amplifier version known as 

extended interaction klystron (EIK).85,142,143An EIK is a linear electron beam device that combines the 

high power capability of traditional klystrons with the large bandwidth of a TWT at higher frequencies. 

This is achieved by the introduction of cavities with multiple coupled gaps. The working principle of an 

EIK is shown in Figure 11a along with a photograph of a commercially available 220 GHz EIO in Figure 

11b. 



 

Figure 11: (a) Schematic of a typical EIK showing different components. (b) Photograph of a 170-220 GHz 10 Watt CW EIO 

from the company Communication and Power Industries Inc.144 (Source: eik.svg) 

The electron beam emitted by the cathode accelerates through a beam tunnel in the center of a series 

of cavities. For an EIK these cavities are divided in three sections, input and output cavities and an 

intermediate gain section. The RF structure is excited through the input cavities by an external driver 

source. The input section induces the current modulation in the beam. Additional cavities in between the 

input and output cavities, called the intermediate gain cavities contributes to high impedance which 

support resonant energy exchange between the beam and the electric field. An EIK can have multiple 

cavities whereas an EIO is a single cavity device. Since the interaction circuits in EIKs and EIOs do not 

have to be as long as those of other devices, one can supply the external magnetic field with a small and 

relatively inexpensive permanent magnet. Communications & Power Industries (CPI) Canada is a leading 

manufacturer of EIK’s and EIO’s for DNP applications.144,145 Currently their EIO can produce 5 W CW 

microwave power at 263 GHz with 2 GHz bandwidth using mechanical cavity tuning. The photograph 

shown in Figure 11b is a 220 GHz, 10W CW EIO with 4 GHz mechanical tunability. EIK’s and EIO’s are 

successfully used for solid state DNP applications,85,142,143 up to 263 GHz. DNP enhancement factor of 

over 100 was achieved using a 264 GHz 1.5 W EIO at cryogenic temperature of 25 K.85 Another 

experiment achieved similar enhancement of over 100 using a 187 GHz 3 W EIK.142  A 1.03 THz TWT 



power amplifier was recently demonstrated127 by Northrop Grumman Corporation achieving 29 mW peak 

power and 2 GHz with 3dB bandwidth in short pulses of 30 s.  

Slow wave devices offer several advantages for DNP-NMR applications with respect to the solid-

state sources. In addition to significantly higher power and tunability they are relatively compact and can 

be employed with minimum lab space. The lifetime of such state of the art EIKs is however limited to 

20,000 hours, which raises issues about their cost effectiveness. They also suffer from fabrication 

challenges at higher frequencies. Due to the interaction structure geometry to slow down the RF wave the 

electromagnetic fields can be quite high near the metallic wall of the structure. The electron beam must 

propagate in close proximity of the wall for efficient interaction. Due to the small dimensions of the 

interaction structure and beam transmission space, smaller than the wavelength, the high heat load 

generated by the transmitting beam degrades the structure relatively quickly. This limits their operating 

lifetimes. Furthermore, extending frequencies into sub-millimeter and THz region is difficult because 

miniaturization of structures makes the fabrication extremely challenging. Several efforts have been 

made, currently limited to research purpose only, to increase the beam transmission space by employing 

overmoded and oversized structures such as overmoded TWTs and photonic-bandgap-based 

structures.146,147 

5.1.2.2 Fast-Wave Devices 

The other broad category of device, fast-wave devices, includes gyrotrons and free-electron lasers (FELs). 

In such devices the phase velocity of the electromagnetic wave is higher than the speed of light (vph > c). 

Coherent electromagnetic radiation is generated or amplified by the stimulated emission of 

bremsstrahlung from a relativistic electron beam. In these devices, the electrons in the beam oscillate 

transverse to the direction of beam propagation in an externally applied magnetic field. The oscillation 

frequency of the beam Ω is related to the generated microwave frequency 𝜔μw by 



 𝜔μw − 𝑘z𝑣z ≈ 𝑠Ω, (31) 

where 𝑘z is the axial wavenumber of the electromagnetic (EM) wave at resonance, 𝑣z is the axial drift 

velocity of the electron beam, and 𝑠 is an integer representing the harmonic of the interaction. The beam 

oscillation allows the EM wave’s phase velocity 𝜔μw 𝑘z⁄  to be greater than the speed of light (whereas if 

𝑠 = 0 the condition becomes that for Cerenkov radiation 𝜔μw 𝑘z⁄ = 𝑣z, and 𝑣z is strictly less than 𝑐). 

Since fast waves can propagate in an open waveguide, they do not require the same fragile slow-wave 

structures and reduced device dimensions to generate high power microwaves at higher frequencies. This 

allows the fast wave device to operate at more beam current situated at regions of higher electric field in 

the cavity for efficient beam-wave coupling, generating higher power. It was for these reasons that a fast-

wave device, particularly the gyrotron, was first considered for use in DNP-NMR at high fields.124 

Gyrotron technology had matured significantly over the past two decades due to their use for heating the 

plasma in nuclear fusion tokamak experiments,148 at megawatt power levels operating at frequencies up to 

300 GHz. For DNP-NMR applications where the power requirements are up to 50 watts they have 

undergone many refinements including their capability to operate for continuously longer durations, 

weeks at a time, with stable power and frequency.  

Since their first demonstration to be a reliable microwave source for DNP-NMR124, gyrotrons have 

become the most widespread and considered the best microwave source for DNP because they have been 

the only source to provide sufficient power for DNP at high fields. One major advantage of a gyrotron in 

comparison to a slow wave device is its operating lifetime > 100,000 hours.  The 140 GHz gyrotron built 

and designed at MIT124 is still in operation, demonstrating the operating lifetime in excess of 100,000 

hours. Today, dozens of gyrotrons operating between 140 and 593 GHz are used for DNP-NMR, 

including commercially available gyrotrons at 263,149 395, 527, and 593 GHz. Despite their many 

advantages e.g. higher power at higher frequencies and continuous stable operation for longer periods, 

they suffer from a few disadvantages, namely the cost and larger space for installation. The cost is mainly 



driven by the requirement of higher magnetic fields generated by large superconducting magnets and 

auxiliary components for operating the gyrotron, such as liquid cryogens, high voltage power supply, 

water cooling systems etc. This makes the entire gyrotron system large requiring more laboratory space 

for installing the device. For a complete introduction and a synopsis of the history of gyrotrons in plasma 

physics research, the reader is referred to relevant textbooks148,150,151 and review articles.152,153 

5.1.2.2.1 Principles of Operation and Design of Gyrotons 

 

 
Figure 12: A CAD picture showing typical components/assembly of a gyrotron tube.The electron gun (annular ring shown in red 

on the left side) produces an electron beam (purple lines) which is accelerated and adiabatically compressed by the external 

magnetic field until arriving at the interaction cavity. The cyclotron mode of the beam interacts with the cavity mode TEm,p (a 

TE11,2 mode is shown) of the electromagnetic wave, ultimately generating (shown in green) microwave radiation. The microwave 

radiation is initially in the cavity mode (in the form of TEm,n mode), but a helical cut waveguide (mode converter) and a series of 



mirrors converts the microwaves to a Gaussian-like beam for propagation in free space or a corrugated waveguide. After exiting 

the cavity, the energy of the “spent” electron beam is dissipated by an actively-cooled collector. 

 

The main components (Figure 12) of a gyrotrons are an electron gun, a superconducting magnet, an 

open cavity waveguide located at the peak of the magnetic field, a quasi-optical mode converter with 

reflective mirrors, a microwave window, and a collector. Unlike in many of the slow-wave devices 

previously mentioned, the electrons generated by an electron gun must have an initial non-zero transverse 

velocity in order to oscillate in the applied magnetic field. This is typically achieved using a single anode 

magnetron injection gun (MIG) operating at 10-20 kV and 100-200 mA electron beam current. Electrons 

are thermionically emitted in the form of a hollow beam from the heated annular cathode and acquire 

initial axial and transverse velocity in the crossed electric and magnetic field due to the potential between 

the cathode (negative potential) and anode (ground potential). The electron beam is initially generated in 

the fringe field of the main magnet, and as it accelerates towards the cavity the beam experiences an 

increasing magnetic field. The electrons follow the magnetic field lines in a cyclotron motion. Their 

transverse velocity increases in exchange for their axial velocity as the electron beam is adiabatically 

compressed in the magnetic field due to conservation of electron orbital momentum. An optimal electron 

beam waist is achieved at the center of the interaction cavity for efficient interaction between the cavity 

mode and the electron beam.  

In the cavity the electrons gyrate along the constant magnetic field lines in Larmor orbits (Figure 12) 

centered in a guiding center orbit. The transverse energy in the beam at the interaction region depends on 

the ratio of the transverse velocity, 𝑣⊥, to the axial velocity, 𝑣z of the beam, also known as pitch factor 

𝛼 = 𝑣⊥ 𝑣z⁄ . The pitch factor can be fine-tuned with a secondary magnet called the gun coil magnet. The 

electron optic system is specifically designed to achieve the appropriate beam radius and thickness at the 

cavity and high pitch factor values, typically 1.6 – 2.0, while minimizing the spread of electron transverse 

velocity ∆𝑣⊥. The cavity supports a transverse cylindrical electromagnetic mode TEmp with frequency 



𝜔μw  near cutoff. An example of the operating cavity mode TE11,2 for a 527 GHz gyrotron cavity is 

presented in Figure 12 showing two radial and twenty-two azimuthal electric field variations. For net 

energy exchange from the electron beam to the TEmp mode in the cavity two phenomenon must happen; 

1) the beam-wave synchronism condition in Equation 31  must be satisfied, and, azimuthal electron 

bunching mechanism. 

 

Figure 13: The beam-wave dispersion diagram showing the waveguide mode dispersion, a parabola, and the electron beam line, 

a straight line. The beam-wave synchronism can happen for two cases, forward and backward interaction. 

 Figure 13 shows the beam-wave synchronism plotted in in the form of cold waveguide dispersion 

relation, 𝜔2 − 𝑘𝑧
2𝑐2 − 𝑘⊥

2 𝑐2 = 0, where 𝑘⊥ and 𝑘z are the transverse and axial wavenumbers of the TEmp 

mode. The cyclotron frequency c for the Doppler shifted resonance condition is, 

 
𝜔c =

𝑒𝐵0

𝑚0𝛾
, 

(32) 

where e is the electron charge, B0 the main magnetic field, m0 the electron rest mass, and 𝛾 =

(1 − 𝑣2 𝑐2⁄  )−1/2 ≈ 1 + 𝑒𝑉0 𝑚0𝑐2⁄ = 1 + 𝑒𝑉0/511 the relativistic correction factor. The solid line in the 

plot in Figure 13, represented as electron beam line, interacts with the cavity mode TEmp, shown as a 



parabola, in the forward interaction region. Typically, a gyrotron operates in the forward wave region. 

The dependence on B0 determines the required magnetic field for a gyrotron to output a particular 

frequency. This gives the nonrelativistic electron cyclotron frequency to be 𝑓 = 𝑠𝑓c = 𝑠 ×

27.9924 GHz/T . A gyrotron operating in the fundamental mode (𝑠 = 1  in Equation 31) requires a 

magnetic field approximately equal to that of the NMR superconducting magnet. For frequencies above 

300 GHz, the required magnetic field exceeds 10 T which require more expensive superconducting 

magnet systems. Therefore, it is preferable to operate the gyrotron in the higher harmonic interaction, 𝑠 =

2. Operating at higher harmonics decreases the gyrotron efficiency, i.e. the power drops by a factor of  𝑠2 

in theory. Even with the reduced efficiency the achieved microwave power levels at higher cyclotron 

harmonic operation exceeds the requirements of any CW DNP experiment. 

  Within the cavity of a gyrotron, the electrons pass through the electromagnetic field of the cavity 

mode, and undergo acceleration or deceleration depending on the phase of the field. This is depicted in 

Figure 14 where the electron Larmor orbit is shown in different time frame 𝑇 = 𝑖 2𝜋 𝜔⁄  as the electrons 

progress through the interaction cavity. When the electrons first enter the cavity, shown in frame 1, they 

are randomly distributed in the EM field around a Larmor orbit of radius  𝑟L = 𝑣⊥ 𝜔e⁄  following a 

common guiding center radius (beam radius 𝑟e). As the electrons advances in the cavity, in the region 

where 𝑣⊥ ⋅ 𝐄 < 0 < 0 or 𝛾̇ > 0 (shown in green), electrons are accelerated and will gain energy. However, 

because the cyclotron frequency depends on the electron velocity (due to the 𝛾 term in Equation 32), 

accelerated electrons rotate slower with increased Larmor radius. The electrons in the deceleration region 

where 𝑣⊥ ⋅ 𝐄 > 0 or 𝛾̇ < 0 (shown in red), will lose their energy and rotate faster with decreased Larmor 

radius. After a few cycles, the electrons become azimuthally bunched in the phase of their cyclotron 

oscillation. This electron bunch will be located in the decelerating phase of the field and a net energy 

from the bunch will be transferred to the field. 



 

Figure 14: Azimuthal bunching of an electron beam interacting with a cavity electric field E in synchronism with the 

fundamental cyclotron harmonic (s = 1). Each frame corresponds to a multiple of microwave period at different axial locations in 

the interaction cavity. The red area 𝜸 ̇ < 𝟎  represents the decelerating region whereas green area 𝜸 ̇ > 𝟎  represents the 

accelerating region.   

  After the beam-wave (energy exchange) interaction, the generated microwave leaves the tube via a 

specially designed mode converter to convert a higher order circular waveguide TE mode into a field with 

more appropriate spatial distribution which is well suited for long distance propagation from the gyrotron 

exit into free space. The design of a mode converter is unique to individual gyrotron and depends on the 

operating TE mode of the cavity and the frequency of operation. Designing an efficient mode converter 

has been a topic of great interest for megawatt power level gyrotrons. A complete mode converter 

consists of a helically cut waveguide, called a Vlasov launcher,154,155 followed by a series of quasi-

parabolic or toroidal and plane mirrors. This mode converter unit transforms a TE mode into a Gaussian 



beam, or a low loss waveguide mode, an HE11 mode of a corrugated waveguide, which is well suited for 

long distance propagation from the gyrotron exit to the DNP probe and ultimately to the NMR sample. 

On the other hand, the spent electron beam in the gyroton tube travels into low magnetic field of the 

superconducting magnet and deposits its remaining energy on to a collector (Figure 12).  

 Figure 15a shows a photograph of a 527 GHz gyrotron, whose electron gun operates at 10 – 15 kV 

and 200 mA beam current.156 The electron beam passes through a beam tunnel of slotted rings of lossy 

ceramic to suppress unwanted microwave generation. The cavity (right in Figure 15a) is situated at the 

peak of the magnetic field at the center of the superconducting magnet. The magnet used in this 

experiment is a fully cryo-free magnet operating with a pulse tube cryo-cooler. The tube is operating in 

second cyclotron harmonic (s = 2) at 9.7 T magnetic field and TE11,2 mode in the interaction cavity. The 

mode converter with a helical cut waveguide and mirrors are also shown in the CAD view. The 

microwaves are extracted using an internal 12 mm i.d. corrugated waveguide through a quartz window 

and coupling to an external 16 mm i.d. corrugated waveguide through a corrugated linear taper. The spent 

electron beam is collected on a water-cooled copper collector which is at ground potential. The water 

cooling lines for cavity and collector can be seen in the photograph. The entire tube is kept under ultra-

high vacuum using two 20 L/s vac-ion pumps. 



 

Figure 15: Photographs of a (a) 527 GHz gyrotron (left) and the CAD view of different components of a gyrotron in the 

superconducting magnet (b) 330 GHz gyrotron (second harmonic operation in TE-4,3 operating cavity mode) in a 6 T magnet for a 

500 MHz NMR spectrometer (c) 460 GHz / 700 MHz DNP-NMR system with the gyrotron control system (left) and auxiliary 

components and the 19 mm i.d. corrugated waveguide transmission line made of aluminum (d) a commercial 527 GHz/800 MHz 

DNP-NMR system. 157 (Fig_gyro) 

5.1.2.2.2 State of the Art and Outlook 

There have been significant research efforts worldwide in improving gyrotron technology for DNP. Here, 

we summarize several current DNP-related gyrotron research programs to provide an idea of the currently 

available technology and directions for the foreseeable future. MIT initiated the gyrotron development 

and have successfully built five gyrotrons at 140, 250, 330, 460 and 527 GHz.156,158-162 Other than the 

conventional gyrotons, the MIT group’s focus has been on developing frequency agile gyrotron capable 



of frequency bandwidth of 1-2 GHz using high voltage or magnetic field tuning. This however produces 

another challenge of mode competition in the interaction cavity where electron beam can interact with 

nearby waveguide cavity modes. The gyrotron at 330 GHz and above are operating at second harmonic of 

electron cyclotron. The 250 GHz gyrotron developed for a 380 MHz NMR spectrometer produced 15 W 

operating CW at 10 kV and 85 mA of electron beam current.159,160 The frequency bandwidth of 3 GHz 

was achieved using voltage and magnetic field tuning. Excellent power and frequency stability were also 

achieved while the tube was operating at CW mode for very long duration, months. This was 

accomplished by the PID feedback control voltage based with stable output power and frequency. The 

330 GHz gyrotron (Figure 15b) was developed and integrated with the 500 MHz NMR spectrometer.161,163 

This gyrotron operated in the second cyclotron harmonic and TE-43 interaction cavity mode producing 18 

W at 13 kV and 150 mA of beam current. The 460 GHz second harmonic gyrotron (Figure 15b) 

developed for a 700 MHz NMR spectrometer is capable of generating 16 W (Figure 16a) of microwave 

power in the TE11,2 mode.162,164 The output beam (Figure 16b) measured with a pyroelectric camera after 

the corrugated waveguide reveals a high Gaussian-like mode content of ~92%. 

 

Figure 16: (a) Measured output power and frequency of the 460 GHz gyrotron with respect to the beam voltage showing a 

measured tuning range of ~ 1 GHz. (b) Output Gaussian beam profile generated by the 460 GHz gyrotron. The image is measured 

using a THz pyroelectric camera. (460gyro.ai) 



Idehara and colleagues at Fukui University have developed various high frequency gyrotrons for 

DNP-NMR applications. They have built a 395 GHz gyrotron for a 600 MHz NMR spectrometer at 

Osaka University.165 In the realm of ever higher frequencies, Idehara and colleagues have constructed a 

gyrotron to operate at 790 GHz in the second harmonic166,167 and theoretically explored operation at 1.2 

THz in the third harmonic.168 They have experimentally demonstrated a 1.08 THz gyrotron operating in a 

pulsed mode using a 20 T SCM.169 Frequency-tunable gyrotrons at many frequencies159,161,162,170,171 have 

been developed as a way to satisfy DNP matching conditions for a variety of radicals and polarization 

mechanisms without a need to vary the field of an NMR magnet. Frequency-agile gyrotrons, in which the 

microwave frequency can be modulated over the course of an experiment by varying the accelerating 

voltage of the electron gun, represent one way to bring pulsed DNP to high fields. Idehara and coworkers 

have modulated the frequency output of a 460 GHz gyrotron by up to 50 MHz, observing an increase in 

overall DNP enhancement.172 Barnes and coworkers have built and used a frequency-agile 198 GHz 

gyrotron with a >200 MHz bandwidth to switch from a DNP matching condition to an electron 

decoupling condition, demonstrating a corresponding reduction in homogeneous linewidths with 

decoupling.57  

A 263.5 GHz gyrotron was developed at EPFL Lausanne for a 400 MHz NMR spectrometer173 

demonstrating over 100 W of output power. The MIT 527 GHz gyrotron magnet shown in Figure 15a is a 

copy of the magnet used for the successful EPFL 263.5 GHz gyrotron. Several research efforts are also 

ongoing at IAP in Russia, and in universities in China for developing 260 and 330 GHz gyrotrons 

respectively for DNP-NMR.174-176 Commercially, CPII Inc. has built and installed gyrotrons at the 

frequencies 263, 395, 527 and 595 GHz in collaboration with the Bruker Corp. These gyrotrons are fully 

integrated with the NMR spectrometers and are in use by more than 35 research groups across the world. 

A photograph of their 527 GHz/800 MHz gyrotron-NMR spectrometer is shown in Figure 15d. A 260 

GHz gyrotron has been built by the Gycom Co. of Russia and installed in Germany. 175  

 



While gyrotron oscillators (which we have referred to as gyrotrons) are the most common type of 

gyro-device for DNP, one can also develop fast-wave analogs of backward wave oscillators (BWOs), 

klystrons, and traveling wave tubes (TWTs). The existence of gyro-BWOs, gyro-TWTs, etc., is well 

known.152  

As the ultra-high field magnet is expected to become available soon due to demand for applications in 

biological NMR and material science, there is also a call for more efficient DNP techniques at high fields. 

Although the pulsed DNP techniques are expected to have more robust performance over the CW-DNP 

techniques at high fields, the technique is not feasible unless high power (500 – 1000 W) microwave 

pulses are available. Gyro-amplifiers are the most promising sources for producing such high-power 

pulses. Recently, Temkin and coworkers have built gyro-TWTs for use in pulsed DNP-NMR. One device 

operates at 140 GHz and uses a confocal waveguide to suppress backward oscillations and undesired 

modes.177 The gyrotron amplifier operates in a HE06 mode of a confocal waveguide circuit demonstrating 

a peak circuit gain of 35 dB, a bandwidth of 1.2 GHz while operating at 48 kV and 3 A of beam current 

producing 550 W peak power at 140 GHz. Another gyro-amplifier was developed at 250 GHz (Figure 17) 

using a novel electromagnetic circuit, a photonic-bandgap waveguide cavity.  This amplifier produced 

pulses as short as 260 picoseconds with a device gain of 38 dB and an impressive instantaneous 

bandwidth of 8 GHz. The total operational bandwidth was observed to be 16 GHz by adjusting the 

magnetic field and voltage. The circuit gain of more than 55 dB was obtained at very moderate operating 

voltage of 23 kV and 700 mA of beam current.178,179 These devices allow one to generate high-frequency 

microwave pulses of very short durations and waveforms at low power and amplify them to the power 

levels needed for pulsed EPR and DNP, as has been done at lower frequencies using solid-state and/or 

slow-wave amplifiers. 



 

Figure 17: A 250 GHz gyro-amplifier system placed in a 9.2 T cryo-cooled magnet. Corrugated waveguides made of brass can 

be seen in the picture. Simulated electric field distribution of a TE03-like mode in a photonic bandgap (PBG) waveguide made of 

metallic rods is shown in the upper right picture. White dots in the figure represent the metallic rods while the remaining space is 

vacuum. Electron beam passes through the hollow region in the waveguide. Bottom right picture shows the semi-assembled 

photo of the PBG waveguide showing the rods and empty space beam tunnel for electron beam. 

 

5.1.3 Waveguide and Quasi-Optical Bridge 

In order to avoid any field interference between the gyrotron and the NMR superconducting magnets, 

gyrotrons are kept at a safe distance from the NMR magnet. This means that efficient transmission of the 

microwaves from the gyrotron to the probe is vital to minimize power losses at the sample. Thus, the 

Gaussian beam created by the internal mode converter is transmitted through an overmoded corrugated 

waveguide whose radius is much larger than the wavelength of the incident microwave radiation. The 

high coupling efficiency of a Gaussian beam to the lowest order mode HE11 of a corrugated waveguide, 

over 98%, makes it convenient to couple into the corrugated waveguide. Extensive research has been 

published on high power overmoded corrugated waveguide in sub-millimeter wavelength region because 

of their use in megawatt level power transmission in fusion plasma experiment.180-188  



A low-loss corrugated waveguide (Figure 18a) typically have a groove depth of 𝑑 ∼ 𝜆 4⁄ , period 

𝑤1 ∼ 𝜆 3⁄  and tooth width 𝑤2 ≪ 𝑤1 2⁄ .149,188,189 It becomes mechanically challenging to fabricate the 

waveguide due to shorter wavelengths at higher microwave frequencies. Thus, helically tapped grooves 

are preferred at higher frequencies. For instance, a photograph of a corrugated section of a 19 mm inner 

diameter waveguide machined with a tap of 0.318 mm groove is shown in Figure 18a.190 Ohmic losses for 

a fundamental HE11 mode in such an overmoded corrugated waveguide are less than 0.1dB/m. The 

measured insertion loss in the 330 GHz waveguide was 0.0259 dB/m. An example of calculated ohmic 

loss in overmoded corrugated waveguide, of i.d. 19 mm with rectangular corrugations d = 0.227 mm and 

𝑤1 = 0.3175 mm, is shown in Figure 18b. At higher frequencies into the THz region, the attenuation is 

very small. 

 

Figure 18: (Top) Schematic of a corrugated waveguide showing different parameters. (Bottom) Photograph of the cross-section 

of a 330 GHz waveguide and tap used to machine the corrugations. (b) Numerical simulations of ohmic loss in corrugated 

waveguide made of brass. Solid line: Analytical theory,191 dashed line: Impedance approximation method, dot: HFSS numerical 

simulations. (waveguide.ai) 

Changes in the direction of propagation of microwave are achieved by right angle bends known as 

miter bends. The overall transmission loss in the system is dominated by the power loss encountered at 



these miter bends, as well as any misalignments in the waveguide components and imperfections in the 

Gaussian beam quality. With careful alignment overall microwave efficiency of over 70% can be 

achieved from the gyrotron window to the NMR sample inside the probe.163 

Alternatively, quasi optical systems could be used for microwave transmission. They have the 

advantage that extremely low-loss transmission can be achieved over a broad range of frequencies. 

Furthermore, better control over the polarization of the microwave beam is possible by introducing a 

Martin-Puplett interferometer. This quasi optical system requires the use of a number of curved or flat 

mirrors over the microwave transmission length and the initial set up can be challenging. For general use 

the optics need to be in an enclosed system. Pike et al. have successfully employed a quasi-optical 

microwave transmission setup for DNP applications.192 Han et al have fabricated a 200 GHz EPR-DNP 

spectrometer134,193 with a combined system of quasi optical microwave bridge and corrugated waveguide 

for microwave transmission. Their measurements showed a 28% increase in DNP enhancement at 4 K by 

circularly polarizing the microwaves rather than utilizing linearly polarized microwaves. On the other 

hand, a single gyrotron can be configured to serve two different NMR spectrometers via a quasi-optical 

transmission system.194 

5.2 DNP Probes 

The first experimental setup solid-state DNP-NMR spectroscopy was demonstrated by Wind et al.140. The 

main challenge of designing a DNP-NMR probe is to incorporate both RF coil and microwave cavity 

around the sample of interest. In principle, the ENDOR (electron nuclear double resonance) probes used 

in EPR spectroscopy at low magnetic fields have the capability to perform DNP-NMR experiment by 

adding an extra rf isolation and detection capability. Such double-resonant structure (Section 5.2.1) has 

the advantage that high quality factors Q can be attained for both w and rf channels. Nevertheless, the 

situation becomes more challenging at higher fields as the microwave wavelengths become shorter, i.e. it 

might obstruct the design of NMR coil and it can only accommodate smaller sample quantity. Another 



level of complexity is present upon considering the integration of MAS stator with resonant cavity. In the 

current state-of-the-art DNP-MAS technology (Section 5.2.2), the microwave is only focused onto the 

sample via a lens without a resonant structure, i.e. possibly Q~ 1. 

 

5.2.1 Resonators 

In principle, the design of a high-𝑄 microwave resonator can convert microwave power P to high Rabi 

frequency 𝛾𝐵1 efficiently since 𝛾𝐵1 ∝ √𝑃𝑄. Unlike the radio waves generated by an NMR coil in free 

space, the travelling microwave waves form a standing wave inside a resonator as they are spatially 

confined by dimensions that are comparable to the wavelength . This allows the energy of the 

electromagnetic (EM) waves to be redistributed and concentrated at the maximum amplitude of the 

standing wave. Depending on the mode of standing wave employed in a resonator, the size of the E field 

can be curtailed at the position where B field is most intense. This is a desired feature, especially in the 

solution-state DNP because the interaction between a dipole and the E field causes unwanted heating in 

the sample. 

 For efficient NMR excitation and detection, an RF coil can be placed inside the cavity with the 

tuning/matching circuit placed outside the cavity. This ‘coil in a cavity’ structure operating at millimeter 

wave lengths becomes increasingly difficult at higher frequencies as the size of the cavity gets smaller 

with respect to increasing resonance frequency. For instances,  2⁄ ~1.5 cm at 9.8 GHz (X-band) and ~1 

mm for 140 GHz. Furthermore, the presence of the RF coil inside the cavity substantially perturbs the 

standing wave and hence reduces the  𝑄-factor. An alternative approach is to wind the RF coil outside the 

cavity; however, slots/slits need to be cut into the cylinder walls to allow RF penetration.113 A third 

approach is to employ the cavity wall itself as the RF coil, i.e. a ‘ribbon-wound’ design.195 The design 

was adopted for DNP application at 140 GHz at MIT,132 where a gold coated copper ribbon-wound acts 

simultaneously as a cylindrical TE011 mode cavity and an rf coil (Figure 19). The plungers with silver-



coated surfaces are used to tune the microwave cavity by moving the plungers into or further away from 

the center of the cavity. The simulated time averaged ⟨B1S⟩ of this cavity is ~ 953 𝜇T/√𝑊 with a near 

constant field strengths and Q-factor over more than 1 GHz tuning range. Additionally, it can be either a 

1H/13C or 1H/15N double resonant probe depending on the attached tuning/matching box. Since high rf 

power is needed in solid-state NMR to perform cross polarization or decoupling, the close proximity of 

the waveguide to the RF coil causes it to prone to arc. Nevertheless, this issue was circumvented by 

designing a balanced RF circuit.196,197 An additional benefit of having a balanced rf circuit is that it 

ensures better rf homogeneity across the sample. 

 

Figure 19: Flat wound coil resonator at 140 GHz acting as both cavity and RF coil. The simulated magnetic field of the TE011 

mode inside the coil showing transverse B-field at the sample location transverse to the main NMR magnetic field. 

Again, the reduction in cavity size at higher frequencies severely limits the sample volume. One 

approach to overcome this size limitation is to design an overmoded cavity. While a fundamental mode 



resonant cavity restricts the sample size significantly below the wavelength in all three dimensions, an 

overmoded cavity restricts the sample size below the wavelength only in one dimension. Prisner et al. 

have successfully fabricated such an overmoded cavity for solution state DNP at 400MHz NMR/263GHz 

EPR. This probe works as a Fabry–Pérot resonator for the microwave and a stripline resonator for 

NMR.198 

5.2.2 MAS-DNP NMR Probes 

For DNP, conventional solid-state NMR probes need to be modified for cryogenic MAS and for efficient 

microwave irradiation at the sample. Hence, vacuum-jacketed transfer lines for the delivery of cryogenic 

gases as well as waveguides for propagation of microwave irradiation need to be incorporated into the 

probe design. Furthermore, to ensure that there is good thermal insulation between the magnet bore/shim 

stack and the DNP probe, the probe needs to be placed inside a vacuum jacketed cryostat. A diagram of 

this cryostat can be seen in Figure 20. All of these requirements must be achieved within the limited space 

available inside the magnet bore.  



 

Figure 20: Design of a cryostat in a DNP probe. The sample chamber is housed in a low-temperature oven, thermally insulated 

from the bore of the magnet via a vacuum-jacketed dewar. The dewar contains two ports for a vacuum-jacketed exhaust line as 

well as a sample insert/eject tube. 

In typical locally tuned probes, the tuning and matching elements are in close proximity to the RF coil 

and are situated near the cooling area within a DNP probe. This is the approach taken by Tycko et al.199 as 

well as Bruker. Care must be taken to ensure that the tuning and matching elements remain thermally 

isolated. In many cases, remotely tuned transmission line (TL) probes, where the tuning and matching 

elements are placed outside the sample cooling area, are often preferred for DNP application.164,200,201 In 

these TL probes the tuning and matching elements are kept outside the magnet bore, at room temperature 



and separated from the RF coil(s) by the transmission line, mitigating space limitations near the sample 

chamber as well as temperature-induced changes in the properties of the RF circuit. 

Though DNP-MAS probes have a resonant RF circuit with high 𝑄 for multiple channels, the stator 

housing that holds the RF coil does not act as a resonant microwave cavity, i.e. low 𝑄 for microwave 

irradiation. Due to the space constraints the corrugated waveguide inside the probe has a smaller diameter 

than the waveguide transmitting microwaves from the source to the probe. The outer, larger diameter 

waveguide is coupled with the probe waveguide either quasi optically or by employing down tapers. In 

most designs microwaves enter through the bottom of the probe and are reflected vertically upwards by a 

miter bend.  At the sample chamber, another miter bend at the magic angle (Figure 21a) reflects the 

microwaves into the sample at an angle perpendicular to the rotor axis. The sample is surrounded by a 

holder (rotor) of a different material (sapphire or zirconia) and the rotor is itself surrounded by a metallic 

structure (the NMR coil) that reflects terahertz radiation. This irradiation technique causes scattering and 

diffraction of the microwave beam by the RF coil resulting in non-uniform microwave distribution 

(Figure 21b) across the sample.202,203 



 

Figure 21: (Top) CAD drawing of the stator housing with the sample and RF coil. (Bottom) Microwave field distribution inside 

the sample chamber (dashed region in top picture). Diffraction of microwaves can be observed at the RF coils. Microwaves are 

absorbed in a single pass through the sample and scattered in the chamber housing. 

The mechanical assembly of the sample and the surrounding components in the probe make it 

challenging to achieve high microwave coupling efficiency to the sample chamber. Detailed 

electromagnetic coupling studies have been very limited in the past, with first major study performed at 

MIT202 and then followed by others.203-205 The electromagnetic modeling predicts that only ~ 5 % of the 

incident power is deposited into the sample. The remaining of the power, ~ 35 % is reflected back into the 

waveguide and ~ 60% of the power is scattered and deposited ohmically in the stator and RF coil. The 

scattering effect can be minimized by using an RF coil with non-uniform pitch where the gap between the 

central turns of the coil are larger or by embedding the particles of high dielectric constant into the frozen 



sample.202,204 Attempts have also been made to improve the microwave field strength at the sample by 

coating the inner surface of the stator housing with reflective materials and focusing the microwave 

irradiation through a lens made from materials that refract microwave, i.e. Teflon. Another alternative 

approach is to employ microwave irradiation along the rotor axis.192,200,206 In this case microwaves are 

launched from the top of the magnet and directly in to the sample chamber, avoiding the need for a 

waveguide passing through the probe body. This may be an easier approach if one intends to modify a 

commercial probe for DNP applications. Studies of power coupling optimization can significantly reduce 

the microwave power requirements. Although the gyrotrons are capable of generating tens of watts of 

power, excess power may result in overheating in the sample chamber. Novel coupling schemes using 

state-of-the-art electromagnetics simulations are therefore necessary to further increase the DNP 

efficiency. Further, a DNP-MAS probe needs to have provisions for cryogenic sample spinning. The 

simplest regime to achieve this is to employ cold bearing and drive gas only, while an extra variable-

temperature (VT) system could be introduced as the third passage for VT experiments. We will discuss 

the details of the cryogenic system in the next section. 

 

5.3 Cryogenic MAS 

The size of DNP enhancement factor depends on the efficiency to saturate either the allowed or forbidden 

EPR transitions. (Section 2), depending on the type of dominant DNP mechanism. As the transitions are 

most easily saturated when the relaxation rates are slow, it is necessary to cool the sample at cryogenic 

temperatures to prolong the relaxation times. Thus, MAS-DNP experiments are typically conducted at 

temperatures between 20-180 K by employing either cold nitrogen (Section 5.3.1) or helium (Section 

5.3.2) gas for cooling the sample directly, as well as spinning the rotor. Some of the main considerations 

in assembling a cryogenic MAS setup include the type of cryogenics (N2 or He gas), cost of operation, 

type of DNP applications, experimental time due to prolonged T1 at low temperatures, etc. Nevertheless, 

we will discuss the setup of a standard cryogenic MAS system here. 



 

5.3.1 Nitrogen Spinning 

Two different methods are employed to generate the nitrogen gas: (1) using the boil-off from liquid 

nitrogen dewars and (2) using a nitrogen separator. The former method has the advantage that pure 

nitrogen gas without moisture can be obtained very easily. Although using a nitrogen separator is 

comparatively cheaper, care must be taken to remove any moisture content in order to avoid frosting 

inside the heat exchanger and/or the probe during the experiment. A typical DNP setup utilizing a 

nitrogen separator can be seen in Figure 22. Nitrogen gas generated by either of these methods is at room 

temperature and is sent to a heat exchanger for cooling. The heat exchanger has a coil-in-a-can design. 

Pressure regulated input gas enters the heat exchanger through a copper tube, which is coiled at the 

bottom, and exits through the other end of the coil. This tube is vacuum-jacketed, except at the coiled 

region, and is placed inside an external pressurized copper can.  Upon pressurizing the can, the nitrogen 

gas inside the can gets partially condensed to a liquid and cools down the MAS gas passing through the 

inner copper tube. It is important to maintain a higher pressure inside the can than the MAS gas flow to 

avoid liquefaction. Hence, controlling the can pressure will change the level of liquid nitrogen inside the 

can, which in turns regulate the gas temperature.  

 



 

Figure 22: Schematic of DNP setup with a nitrogen generator. Room temperature air from a compressor first passes through a 

series of filters and dryers to remove dirt and moisture. The dry air is then sent to a nitrogen generator where pure (>99%) 

nitrogen gas is generated. From there, the purified nitrogen gas is sent to a pressure regulation unit before flowing through a pre-

cooling refrigerator (optional) and heat exchanger to cool down to low temperatures before entering the probe. 

 

Figure 23: (a) Overview of a triple-can heat exchanger setup utilizing return gas from the probe to assist in cooling of the drive, 

bearing and VT gas. (b and c) Detailed view of the intermediate stage of the heat exchanger setup.   



In earlier designs, a common heat exchanger can was used to cool down bearing, drive and VT (if 

present) gases. For better control and cooling efficiency, it is advantageous to use separate heat exchanger 

cans for bearing, drive and VT. Hence, current cooling systems employ separate triple can heat exchanger 

(Figure 23a) for each passage. These cans are placed in an external vacuum-jacketed liquid nitrogen 

dewar so that the MAS gases can cool down efficiently. Periodic refilling of this dewar is necessary to 

maintain a stable gas temperature. Liquid nitrogen consumption from the dewar can be minimized by 

precooling the MAS gases before it enters the heat exchanger. Recently, Barnes and coworkers have 

developed a heat exchanger (Figure 23) that uses less than 90 L/day of liquid nitrogen to cool MAS 

gases.207 In this design, the cold returning gas from the MAS probe is transported back to the heat 

exchanger to reduce the liquid nitrogen consumption. In addition, there are built-in heaters on the transfer 

lines to maintain the gas temperature. 

5.3.2 Helium Spinning 

In order to perform experiments below 80 K, helium gas is preferred over the nitrogen gas as the 

cryogenics despite the higher cost. A cost-effective strategy was implemented by Tycko et al. where 

helium is used for cooling only keeping nitrogen gas for spinning.199,208,209 An elongated Zirconia rotor 

with poor thermal conductivity is necessary in this case to avoid condensation of nitrogen gas at the 

center of the rotor. Though this method minimizes helium consumption, i.e. to 1.3 L/h for T < 30 K,209 

mixing of the gases makes it unviable to recover helium. A more economical  and practical option is to 

design a closed helium recovery system (Figure 24).101,210-212 NUMOC, developed by the Grenoble team, 

is a semi-closed loop helium recovery system utilizing liquid helium as the cooling source for the MAS 

gases. This design consumes an average of 5-25 L/h of helium depending on the desired temperature. It is 

still an ongoing development to upgrade the system to a closed-loop helium recovery system, 

SACRYPAN. The Osaka design developed by Matsuki and coworkers is closed-loop and capable of 

maintaining stable MAS frequencies (+/- 5 Hz) and temperatures (+/-0.5 K) for weeks at a time, with 

running costs as low as ~$3/h.  



 

Figure 24: (a and b) Layout of the helium recovery systems, NUMOC and SACRYPAN. (c) Helium recovery system built by 

Matsuki and coworkers. 

5.3.3 Fast MAS DNP 

It was shown recently that not only faster MAS frequency increases the NMR resolution for both 

biological samples and inorganic materials, it also enables higher DNP enhancements.43,213,214 However, 



the maximum MAS frequency 𝜔 of a rotor is determined by the rotor material and the speed of sound 𝑣S 

at the drive tips, i.e. the tangential velocity 𝑣 has to fulfill the inequality 𝑣 = 𝑟𝜔 < 𝑣S to avoid shock 

wave and turbulences.215,216 Nevertheless, the MAS frequency 𝜔 can adopt higher values if a smaller rotor 

with diameter 𝑑 = 2𝑟 is employed. For examples, the maximum MAS frequencies of the commercial 

probes are 15, 25, and 40 kHz for the 3.2, 1.9, and 1.3 mm DNP probes, respectively at 100 K. The 

maximum MAS frequencies decrease at low temperatures because the density of the gas is higher and the 

speed of sound is lower. For instance, the speed of sound in nitrogen reduces by approximately half from 

a temperature of 300 K to 90 K at 2 bar of pressure. It is worth noticing that the speed of sound in helium 

remains much higher than nitrogen at all temperatures, i.e. the speed of sound in helium at 35 K is similar 

to that of nitrogen at room temperature.101 Hence, much higher spinning frequencies can be achieved by 

employing helium gas instead of nitrogen for MAS. Recently, spinning frequencies of 25 kHz were 

achieved with a 3.2 mm zirconia rotor at 90 K by employing helium gas cooled by nitrogen.210 Another 

technical challenge in using smaller rotors is that it is difficult to integrate a sample eject system with the 

stator because the lighter rotors are more prone to eject out without a mechanism to hold them in place. 

More recently, a suction assembly has been developed by Bruker Inc. to sustain stable MAS at DNP 

temperatures without a cap on the stator.  

5.3.4 Rotor Materials 

In order to achieve faster MAS frequencies and higher DNP enhancements, the three most important 

material properties (Table 1) of a DNP-MAS rotor are thermal conductivity, microwave 

absorption/permittivity and flexural strength. Thus, sapphire rotors are often employed  than the zirconia 

rotors because of superior heat dissipation and microwave penetration. It was reported that the DNP 

enhancements are typically 20% higher in sapphire than zirconia rotors. However, sapphire is more 

fragile than zirconia and thus the maximum spinning frequency is lower. This can be circumvented by a 

diamond rotor, which is an ideal material for DNP application due to its excellent strength, microwave 

penetration, and thermal conductivity.  



Table 1. Comparison of the properties of zirconia, sapphire, and diamond at room temperature.217 

Property                     Material 

Zirconia 

3Y-TZP 
Sapphire 

Synthetic 

Diamond 

(CVD) 

Density (
g

cm3) 6.04 3.97 3.51218 

Youngs Modulus ( GPa ) 205 468 1050 

Tensile Strength ( MPa )  - 399 1000 

Compressive Strength ( MPa ) 2500 2930 ~1000 

Flexural Strength ( MPa ) 965 689 - 

Thermal Conductivity (
W

mK
) 2 46 2000 

Thermal Diffusivity (
cm2

s
)  - 0.123 2.97 

Thermal Expansion (10−6K−1) 11 8 0.8218 

Heat Capacity (
J

gK
) - 0.764 0.516 

Poisson's Ratio 0.30 0.28 ~0.2 

Permittivity 𝜖r ( 170 GHz ) - 9.7 5.674 

Loss Tangent 𝑡𝑎𝑛𝛿 10−5 ( 170 GHz )  15 1-2 

6  Applications 

Prior to the development of the hyperpolarization techniques, conventional NMR experiments often 

require special labeling schemes like 13C or 15N isotope enrichments, or large sample quantity to obtain 

satisfactory sensitivity. One of the solutions to this issue is to integrate the DNP technique into the 

existing NMR experiments, which allow natural abundance materials92 to be studied without expensive 

and possibly challenging isotope labelling or having long acquisition times. The DNP-NMR technique 

has enabled access to structural information or molecular mechanism that are otherwise beyond its reach. 

While the enhancement of the solution-state DNP technique is fundamentally limited by the relaxation 

mechanisms at high magnetic fields, we will focus on the DNP applications incorporated into solid-state 

MAS experiments. Earliest known solid-state DNP studies were undertaken by Wind140,219-221 and 

Schafer141,222-224, primarily to study coal, diamond polymers, and other materials at room temperature. The 

application was further extended to biologically relevant sample at cryogenic temperature with amino 

acids and a protein, T4 lysozyme.225,226 Thereafter, cryogenic MAS-DNP has been employed in various 



fields of solid-state NMR, particularly biological macromolecules, porous materials, natural abundance 

pharmaceutical products, quantum dots227, Lithium batteries228, etc. In this review article, we will focus on 

the recent MAS-DNP applications on biological solids (Section 6.1) and inorganic materials (Section 

6.2). 

 

6.1 Biological Applications 

While the sensitivity enhancement from DNP yields significant advantage to any biomolecular NMR 

experiment, there are additional considerations for its application, particularly of the effects of low 

temperatures on biomolecular structure and function. At low temperatures, many NMR peaks broaden 

inhomogeneously due to the presence of multiple molecular conformations whose contributions to the 

lineshape are no longer averaged by the temperature-dependent dynamics. Therefore, DNP is best suited 

to rigid biological samples, or for samples with sites whose chemical shifts are unique, so that the peaks 

remain unambiguously assigned even at low temperature. Some examples of rigid systems are amyloid 

fibrils (Section 6.1.1) such as Aβ40
229 and other supramolecular assemblies such as Type III secretion 

system (T3SS) needles (Section 6.1.3). Systems with a unique chemical shift include the membrane 

protein bacteriorhodopsin (bR),230-232 with a well-resolved Schiff base which is of mechanistic interest 

(Section 6.1.2). On the other hand, a chemical shift can also be made unique through careful isotope 

labeling scheme, which was employed to study drug binding to the membrane protein M218-60 

(Section 6.1.2). 

In some cases, the low temperature may offer certain advantages or be required, thereby 

facilitating the use of DNP as something of a natural choice. For example, the low temperature may 

enable the trapping of mechanistic intermediates in bR, and enabling the study of drug binding to M2 by 

quenching interfering dynamics. Another interesting type of dynamics present in protein samples is 

threefold hopping of methyl groups. When the hopping rate becomes comparable to the proton 



decoupling field strength at low temperatures, i.e. in an intermediate-exchange regime, the peaks could 

have broader linewidths. To mitigate this problem, one can adjust the temperature to avoid the 

intermediate-exchange regime, or simply deuterate the methyl groups.233,234 The choice of deuteration is 

particularly apt for DNP since it can often yield high-resolution spectra and higher DNP efficiency (see 

Figure 25a).  

With these considerations in mind, DNP has been successfully applied to many biological 

macromolecules including small peptides,235 amyloid fibrils,143,229,236-238 membrane proteins,91,230-232,239-247 

ribosomes,248  bacteriophages,214,249 nucleic acids,250 and other protein complexes.251-256 

6.1.1 Amyloid Fibrils 

Amyloid fibrils are self-aggregate proteins that are of interest to the biochemistry community due to their 

relevance to diseases including Alzheimer’s disease (AD), Parkinson’s disease, and type-2 diabetes. Since 

the fibrils are insoluble and non-crystalline, solid-state NMR is an indispensable tool for studying these 

systems, and DNP has been applied to further probe their chemical properties. 

The amyloid forming peptide ‘GNNQQNY’, extracted from the yeast prion protein Sup35p, was the 

first fibril to be studied with DNP. Depending on the experimental condition, GNNQQNY can form 

nanocrystals or amyloid fibrils. Using isotopically-enriched nanocrystals, Van der Wel et al. showed that 

nanocrystals with a size up to 1 μm can be efficiently polarized via DNP,235 and the study was extended to 

multidimensional correlation experiments on both GNNQQNY nanocrystals and fibrils.236 It was shown 

that the chemical shifts of the water-accessible residues change upon cooling to cryogenic temperature in 

the case of nanocrystals while the effects are minimal in the case of fibrils.  

After the initial study on GNNQQNY, the DNP technique was applied to larger amyloidogenic 

proteins like transthyretin (TTR105-115)238 and the 86-residue SH3 domain of PI3 kinase (PI3-SH3). 237 

In the latter case, a large number of additional contacts, especially in the aromatic region (Figure 25b) 

were discovered via DNP-enhanced ZF-TEDOR. This is because at room temperature, the rates of 



dynamic processes like the aromatic ring-flip motion are in the regime that interferes with cross 

polarization or decoupling during NMR experiments, resulting in quenched signal intensities or line-

broadening. Here, the cryogenic temperature requirement of DNP has other advantages, namely the 

recovery of signals that are otherwise unobservable at room temperature.  

DNP has also been applied to amyloid-β (Aβ), the self-assembled fibrils of which are believed to be 

responsible for AD. Potapov et al. have exploited the advantages of DNP to probe four different self-

assembly stages of Aβ (Figure 25c), where the amount of protein sample available in each transient stage 

is limited. It was confirmed that the parallel intermolecular alignment observed in Aβ40 develops only at 

the final stages of fibril formation.143  



 

Figure 25: (a) s Effect of deuteration in PI3-SH3 on enhancement (left) and resolution (right). (b)  The ring-flip motions in the 

aromatic region interferes with NMR experiments and therefore not visible at 300 K (top and red), but the aromatic peaks 

reappear at a lower temperature of 100K (bottom and purple). (c) The figure shows the spectra of Aβ at different self-assembly 

stages with the microwave turned on (blue) or off (red). Reprinted with permission from ref 143,257,258. (amyloid.ai)  

 

6.1.2 Membrane Proteins 



Like amyloid fibrils, membrane proteins are of significant biochemical relevance and are not well-suited 

to study by atomistic-resolution techniques other than ssNMR. In particular, DNP-NMR has been applied 

to the membrane protein bacteriorhodopsin (bR),230-232 which acts as a light driven ion pump transporting 

protons for ATP synthase in archaea. The translocation of protons is facilitated by the Schiff base (SB), 

formed between the chromophore retinal and Lys216, and its nearby counterion residues. Upon light 

irradiation, bR proceeds through a photocycle forming a series of intermediates labeled K, L, M, N, and O 

with effective shuttling of a proton during these steps. These intermediates can be trapped cryogenically, 

but the relative proportion of an individual state can be quite low. As such, DNP is a valuable technique 

in this case to boost the sensitivity since the study already requires low temperature. Some of the initial 

studies with DNP involved using ξ-15N lysine labeled bR. Mak-Jurkauskas et al. reported the first NMR 

spectrum of the K-intermediate and identified four different conformations for the L intermediate.230 Later 

13C-15N correlation experiments with a U-13C,15N-labeled bR sample permitted unambiguous 

identification of several co-existing states and it was found that only one of the four L intermediates is 

functional and proceeds thereafter in the photocycle.231 Nevertheless, details of bR’s primary proton 

transfer step from the SB to Asp85 are still unclear. It was suggested in the earlier literature that there are 

three possible pathways that contained the lowest energy barriers,259 in particular the path B (Figure 26a), 

where the proton is relayed to Asp85 via Thr89. The recent multidimensional correlation DNP-NMR 

experiments performed in our laboratory had indicated the presence of an alcohol group in the Mo 

intermediate (Figure 26b).239 Moreover, 13C-13C spectra showed correlations between the Cγ of Asp85 and 

the alcohol carbon of Thr89 (the only alcohol-containing residue close to the SB) in L and in Mo. Finally, 

13Cγ(Asp85)-15N(SB) distance measurements across the active site reveal helical movements between 

helices C and G, the two come closer together just before the primary transfer and relax thereafter. In 

conclusion, all experiments converged in pointing to path B as the primary proton transfer pathway and 

that these findings would not have been possible without DNP.  



 

Figure 26: Proposals for the primary proton transfer pathway in bR. (b) DNP enhanced 15N-1H HETCOR spectra showing a 

downfield 1H chemical shift of 3.6 ppm in Mo, indicative an alcohol. (c) DNP enhanced 3D FS-REDOR experiments are used to 

obtain distances from the SB nitrogen to the Cϒ of Asp85(red) and Asp212 (blue), shown together with simulated curves (black 

dotted line). (Br.ai) 

Channelrhodopsin-2 (ChR2) is another retinylidene membrane protein of the rhodopsin family that 

has been investigated using DNP-NMR. The cis-trans isomerization of the ChR2 retinal was studied by 

employing U-15N ChR2 with 14,15-13C2 labeled retinal reconstituted into lipid bilayers.240 From the 

retinal 13C chemical shifts and the DQ buildup rates, existence of 100% trans form in the dark adapted 

state was confirmed unambiguously. Furthermore, three different photocycle intermediates were 

identified with 13C DQF and 15N DCP DNP-enhanced 1D spectra. 

Oligomerization of membrane proteins is a commonly observed phenomenon. Maciejko et al. have 

studied the interprotomer interactions within the oligomers formed by the membrane protein green 

proteorhodopsin (GPR) by observing the interprotomer contacts in DNP-enhanced 15N-13C TEDOR 



spectra.241 Interprotomer 13C-15N interfaces were created by mixing individually 13C and 15N labeled 

protomers in a 1:1 ratio and reconstituting them into a lipid bilayer to form mixed labelled pentamers. 

Their studies indicated that Lys and Arg residues play a major role in the interprotomer interactions and 

that a salt bridge between Arg51-Asp52 residues is necessary for oligomer stabilization and it acts as a 

switch between pentamer and hexamer conformations. 

 

Figure 27: (a) The DNP-enhanced ZF-TEDOR spectra between the 13C-labeled protein and 15N-labeled drug shows that the shift 

in the 13C resonance is correlated with the pore binding site. (b) The proposed structural model of the drug binding site with 

distance constraints obtained from the DNP-assisted distance measurement technique. Reprinted with permission from ref 260 

(Source: BioApp3.png) 

DNP can also be applied to investigation of protein-ligand interactions with NMR. For instance, 

Andreas et al. have studied the binding of the antiviral drug rimantadine (Rmt) to the membrane protein 

M218-60 , the proton transporter from the Influenza A virus.242 As the binding ligand is non-rigid and 

susceptible to dynamics at high temperatures, it was essential to perform the NMR experiment at 

cryogenic temperature to quench the dynamics, facilitating signal enhancement using DNP. Moreover, a 



structural model of the drug bound to the protein was suggested using the distance constraints determined 

using the DNP-enhanced TEDOR sequence (Figure 27).  

 DNP has also been applied to the study of substrate binding to EmrE, a small four transmembrane 

protein from E. coli.243 EmrE transports positively charged polyaromatic compounds in exchange for 

protons. A direct contact between the substrate tetraphenylphosphonium (TPP+) and Glu14 residue was 

observed in a DNP-enhanced 13C-13C DARR spectrum employing sparsely 13C labeled EmrE and 13C 

labeled TPP+
.  

Human ABC transporter associated with antigen processing (TAP) is another membrane protein-

substrate system that has been studied with DNP enhanced solid state NMR.244 Atomic scale backbone 

conformations of an antigenic peptide, KRYQNSTVY, bound to TAP were determined and the peptide 

binding cavity was identified. More recently, a study on the effect of drug binding on specific sites in 

transmembrane helices 4 and 6 of another ABC exporter MsbA was reported.245 

All the studies discussed so far have been conducted with protein samples after extensive purification 

protocols and reconstitution, which can be a very tedious process. There have been some attempts in the 

literature to study the membrane proteins in their native membranes without purification and 

reconstitution, made viable through the enhanced sensitivity with DNP.246,247  

6.1.3 Other Biological Systems  

Phytochromes are photoreceptors that regulate various aspects of plant growth. Stoppler et al. studied the 

functional sensory module of the cyanobacterial phytochrome Cph1 with DNP enhanced MAS NMR.253 

The chromophore, phycocyanobilin (PCB) is covalently bound to Cys259 of the protein. PCB has four 

pyrrole rings in its structure with a single positive charge. DNP enhanced chemical shift assignments 

helped to identify the localization of the positive charge in the chromophore and its interaction with 

functionally relevant water molecules. 



Proteins with intrinsically disordered regions (IDRs)261 are found in many biological systems, posing 

a challenge for structural characterization. The yeast prion domain of the protein Sup35 in the purified 

form has an N-terminal domain (N) that adopts a beta-sheet-rich amyloid conformation next to an 

intrinsically disordered domain (M), otherwise known as MN. However, the structure could be different 

in vivo. With DNP, Fredrick et al.254 have studied the prion fibrils in a complex cellular environment and 

established that the fibril structure is different from the purified form especially in the disordered 

region.254 Furthermore, the intrinsically disordered region of M is shown to make many direct interactions 

with the cellular components. 

 

Figure 28: (a) The MxiH needles exhibit higher resolution DNP-NMR spectra at higher magnetic fields. (b) The room-

temperature spectra show minor line-broadening effect due to addition of the radical AMUPOL. Reprinted with permission from 

ref 256 (Source:T3SS.png) 



T3SS needle is a supramolecular assembly of the protein MxiH, which is sufficiently rigid that the 

linewidths of the peaks in DNP experiments are mostly dominated by the homogeneous contribution. 

Figure 28a shows the DNP-enhanced 2D spectra of the needle sample at 104 K at two different fields, 600 

MHz and 800 MHz. It was shown that the resolution is improved by 22 % when the magnetic field is 

higher, confirming that the lines are homogeneously broadened. Moreover, Figure 28b shows that the 

addition of radical has limited influence on the same T3SS sample. In addition to higher magnetic fields, 

the homogeneous components can also be minimized by exploiting faster MAS frequencies. This was 

demonstrated experimentally on the study of Acinetobacter phage 205 (AP205) nucleocapsid,262 showing 

that higher resolution can be achieved at faster MAS frequencies and higher fields (Figure 29). The high-

resolution DNP-enhanced spectra have enabled the assignment of the aromatic resonances and long-range 

contacts in AP205 coat protein and its RNA, which were not observed at room temperature. A similar 

protein, the coat protein of Pf1 virus, was studied using a DNP-enhanced sequential side chain–side chain 

(S3) correlation experiment for chemical-shift assignment.214  

 

Figure 29: (a) TEM image and (b) 3D structure model of the AP205 nucleocapsids. The aliphatic-to-aliphatic (c, e, g, and i) and 

aromatic-to-aromatic (d, f, h, and j) regions of a DARR spectrum at (c and d) 800 MHz / 280 K / 17.5 kHz MAS, (e and f) 400 

MHz / 107 K / 12.5 kHz MAS, (g and h) 800 MHz / 103 K / 12 kHz MAS, and (i and j) 800 MHz / 115 K / 40 kHz MAS. 

Reproduced from ref 262. 



6.2 Inorganic Materials 

MAS NMR is able to elucidate molecular structures at atomic resolution, quantify various solid-state 

forms, and probe molecular dynamics and chemical interactions in a non-destructive and non-invasive 

manner.  It is therefore highly suitable for investigating systems that are powder in its native state such as 

zeolites and pharmaceutics. However, high throughput measurements of these systems by MAS are 

limited by the inherent low sensitivity. In addition, the detection scheme becomes more challenging when 

the major natural abundance nuclei are not NMR active, have a quadrupole moment owing to their high 

spin, or have low gyromagnetic ratios. Thus, the integration of DNP into solid-state NMR experiments 

has opened a new avenue to the spectroscopy of 13C263, 29Si264-267, 27Al43,268-270, 15N271,  89Y272, 17O273-276 and 

119Sn277-279 nuclei in various systems.  

A major development in the application of DNP for study of inorganic materials was introduced by 

Emsley and colleagues,263 where powdered microcrystalline solids are wetted by incipient wetness 

impregnation with a solution of radical, enabling surface enhanced NMR spectroscopy by DNP (DNP-

SENS). This impregnation technique is similar to the way that GNNQQNY nanocrystals were polarized 

in earlier literature.235 The 1H-1H spin diffusion is an important step in the DNP-SENS technique to relay 

the enhanced polarization over a micrometer length scale, yielding a high overall sensitivity gain280,281. 

Figure 30 shows the natural abundance 13C DNP SENS spectrum of an aromatic substrate covalently 

bound to the surface site of a silica framework. 

Many nuclei involved in material studies are quadrupolar nuclei: for instance, 27Al is a half-integer 

quadrupolar nucleus and thus the resolution of its central transition improves at higher magnetic fields 

and faster MAS frequencies. This is demonstrated clearly in Figure 31 where the Al (IV) site of 

mesoporous alumina is clearly visible at 18.8 T and 40 kHz MAS frequency, along with higher DNP 

efficiency (=16 at 40 kHz vs. =8 at 10 kHz). 

 



 

Figure 30: Left: Schematic representation of the pores [mesopores (6 nm diameter) are shown as circles and micropores (<1 nm 

diameter) as small half-circles] and channel network with phenol functionalities. The shaded gray area represents bulk silica. 

Right: 13C DNP enhancements obtained for the surface substrates covalently incorporated into the silica framework. [Reproduced 

with permission from reference 263.] 

 

Figure 31: OE DNP-enhanced 27Al cross-polarization (CP) MAS spectra of mesoporous alumina at 18.8 at (a) 40 kHz and (b) 10 

kHz MAS frequency. [Reproduced with permission from reference 43] 

DNP exhibits considerable potential to advance the use of MAS NMR in the pharmaceutical sciences 

by alleviating the low NMR sensitivity in natural abundance drug systems. The major challenge remains 

in developing a suitable method to introduce polarizing agents into the sample for optimum signal 

enhancement with minimal sample perturbations. Emsley and coworkers demonstrated the first 



impregnation method in DNP for the investigation of commercially available pharmaceuticals.282 The 

impregnation method involves directly wetting the pharmaceutical formulations with the organic solvent 

(1,1,2,2-tetrachloroethane) containing polarizing agents for DNP experiments. Since then, numerous 

methods have been reported for preparing pharmaceutical samples for DNP, including polymer film 

casting, co-milling,283 and glass forming methods.284 An alternate approach to study pharamaceutical 

formulations was presented where the formulations during the research/developmental stage instead of the 

final stage were studied using DNP.285 Specifically, the polarizing radicals are incorporated in situ and 

sans solvent matrix into the amorphous solid dispersion via the spray drying and hot-melt extrusion 

processes. On the other hand, a solvent-free method where the radical like TOTAPOL is covalently 

bonded to a peptide was demonstrated.286,287 While it is important to prepare a glass-forming DNP matrix 

for better DNP efficiency, it is vital to ensure that both the polarizing agent and the solvent are compatible 

with the sample of interest.  

7 Conclusions and Outlook 

In this review article, we have presented a concise but comprehensive account on the theory, 

instrumentation, and applications of the DNP techniques on solid-state NMR. We have explained the 

basic operating principles and the recent developments of the CW- and pulsed DNP mechanisms. 

Although most DNP mechanisms exhibit efficient enhancement factors at moderate magnetic fields (less 

than 10 T), the observation that CW-DNP techniques become less efficient at higher magnetic fields 

remains a major challenge. There is ongoing interest and progress in further understanding and optimizing 

CE radicals for improved DNP enhancements using CW microwave irradiation. Nevertheless, we expect 

that a major improvement to DNP will be led by the development of novel pulsed DNP sequences and the 

newly discovered solid-state Overhauser effect in preparation for ever higher magnetic fields (1H Larmor 

frequencies above 1 GHz).288 To that end, further development in the DNP instrumentation including 

pulsed microwave sources (such as gyro-amplifiers), low-loss transmission waveguides, and high- 𝑄 



resonance structures will be imperative in attaining high DNP enhancements. Besides that, the biological 

applications of the DNP technique have not been extended to all biological samples yet mainly because of 

inhomogeneous line broadening at cryogenic temperatures. If the DNP methodology was to be more 

efficient and robust, we expect that a better compromise between enhancement factor and resolution can 

be reached at higher temperatures ( 200 K).229,289 On the other hand, future development on the faster 

MAS techniques with diamond rotors and helium spinning, non-uniform sampling scheme, and 1H-

detected sequences can all be integrated into the DNP experiments to further extend the applications 

across different disciplines in NMR spectroscopy and possibly also MRI techniques. 
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