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The dielectric properties of materials play a crucial role in the propagation and absorption of microwave beams 
employed in Magic Angle Spinning - Dynamic Nuclear Polarization (MAS-DNP) NMR experiments. Despite 
ongoing optimization efforts in sample preparation, routine MAS-DNP NMR applications often fall short of 
theoretical sensitivity limits. Offering a different perspective, we report the refractive indices and extinction 
coefficients of diverse materials used in MAS-DNP NMR experiments, spanning a frequency range from 70 to 960 
GHz. Knowledge of their dielectric properties enables the accurate simulation of electron nutation frequencies, 
thereby guiding the design of more efficient hardware and sample preparation of biological or material samples. 
This is illustrated experimentally for four different rotor materials (sapphire, yttria-stabilized zirconia (YSZ), 
aluminum nitride (AlN), and SiAlON ceramics) used for DNP at 395 GHz/1H 600 MHz. Finally, electromagnetic 
simulations and state-of-the-art MAS-DNP numerical simulations provide a rational explanation for the observed 
magnetic field dependence of the enhancement when using nitroxide biradicals, offering insights that will improve 
MAS-DNP NMR at high magnetic fields.
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I. Introduction

Magic Angle Spinning Dynamic Nuclear 
Polarization (MAS-DNP) combines electron 
paramagnetic resonance (EPR) with nuclear magnetic 
resonance (NMR) to enable high sensitivity and high-
resolution solid-state NMR experiments. The 
introduction of commercial MAS-DNP instruments [1–
4] operating at ca. 100 K has been key to numerous 
applications to biosolids and advanced materials [5–
16]. 

DNP relies on microwave (w) irradiation to 
transfer the higher electron spin polarization originating 
from paramagnetic species, called polarizing agents 
(PA), to neighboring nuclear spins. Over the past two 
decades, MAS-DNP sensitivity has improved due to 
optimization of PAs [17–33], new sample preparation 
strategies [13,34–38], the introduction of increasingly 
efficient cooling methods [39–46], and the design of 
stators for faster spinning [2,3,43,47–49]. Despite these 
significant efforts, experiments that achieve 
enhancements near the theoretical limit (ca. 658× that 
of 1H NMR) remain elusive. Typical experiments show 
polarization enhancements ranging from 10 to 100 
(with respect to thermal equilibrium)  [50,51], 
suggesting ample opportunities for further 
advancements. 

Today’s modern MAS-DNP instruments operate 
between 4.7 and 21.1 T (1H Larmor frequencies, 𝜈0(1H), 
from 200 to 900 MHz) with w frequencies ranging 
from ca. 100 to 600 GHz [52,53]. Progression to higher 
magnetic fields is challenging as most MAS-DNP 
mechanisms have some degree of field dependence; in 
particular, the most common of these is the cross effect 
(CE) [21,54]. This field dependence, which is partially 
explained by theory [54–58], could be counterbalanced 
with the use of more intense w irradiation [47,57–61], 
longer electron spin relaxation times (𝑇1e) 
[19,24,25,59,62] and increased electron-electron 
coupling constants for biradicals [21,22]. However, the 
experimental field dependence of the DNP efficiency 
for the PA AMUPol in large sample volumes is more 
drastic than predicted: in 3.2 mm rotors, the 
enhancement, 𝜖on/off, drops from ca. 240 at 9.4 T down 
to ca. 30 at 18.8 T [19,54]. Fortunately, DNP efficiency 
is better in smaller rotors, e.g., in 1.3 mm rotors, 𝜖on/off
≈ 60 ― 70 are obtained at 18.8 T [63]. Some 
disagreements between theory and experiment support 

the hypothesis that w absorption may be problematic 
at higher frequencies. In addition, the enhancements 
from other biradical PAs are largely field independent, 
which appears, in part, to be to their lower w power 
requirements [19,24,62].

Other reports have demonstrated improved 
enhancement factors by maximizing the average w 
magnetic field (𝐵1,e), i.e., the electron nutation 
frequency 𝜈1,e = 𝛾e𝐵1,e/2𝜋. Indeed, having a 
homogeneous 𝐵1,e throughout the sample is highly 
desirable [48,64–67], since this helps to avoid “inert” 
and/or overheated sample areas that negatively impact 
DNP experiments. Higher 𝜈1e values can be obtained 
by: (i) adding dielectric solids to the sample [64,65,68], 
(ii) changing the rotor wall thickness [40,66], (iii) 
converting the w beam from linear to circular 
polarization [40,43,49,69,70], (iv) reducing w losses 
due to RF coil interference [2,48,71,72], and/or (v) 
designing horns and lenses to focus the w beam 
[48,66]. 

To further improve hardware design, optimize the 
conditions for the CE mechanism, and refine sample 
preparation for MAS-DNP at high magnetic fields, we 
decided to measure the refractive indices (n) and 
extinction coefficients (k), to define the dielectric 
properties of many key materials used in high-
frequency EPR and MAS-DNP NMR experiments. At 
a given frequency, the speed of light in a medium is 
governed by n, while its opacity is determined by k – 
both play crucial roles in the propagation of the μw 
beam which impacts DNP efficiency. Except for liquid 
water and hexagonal ice, which have highly 
characterized properties [73], the values of n and k are 
not known for a broad range of materials used in high-
frequency EPR and MAS-DNP NMR. Non-magnetic 
absorption observed in the μw range arises from the 
interplay between the electric field generated by the 
source and the electric dipole moment within the 
sample. This dipole moment can be induced by μw 
irradiation or inherent to the molecular system as 
measured by infrared and rotational spectroscopy. At 
cryogenic temperatures, vibrational modes—either 
intramolecular bond vibrations or phonons—
predominate. This frequency range is commonly 
referred to as the THz gap due to a scarcity of available 
irradiation sources [74]. Consequently, dielectric 
properties within this range are underdetermined due to 
the limited availability of such sources.
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In this article, we report measurements of n and k 
from 70 to 960 GHz for a diverse array of liquids, frozen 
solutions, and solids commonly utilized in MAS-DNP 
NMR experiments and high-field EPR, by way of a 
Fabry-Perot interferometer apparatus. Specifically, we 
characterized the most common sample matrices, 
including glycerol/water, dimethylsulfoxide 
(DMSO)/water, 1,1,2,2-tetrachloroethane (TCE), and 
biological samples at 77 K in their frozen states, as well 
as ceramics and polymers used in probe components. 
We then use values of n and k in electromagnetic 
simulations to improve rotor geometries, optimize 
electron nutation frequencies, and reduce μw absorption 
by rotors and samples in MAS-DNP NMR experiments. 

Finally, we predict the electron nutation frequencies 
at different w frequencies and predict the expected 
enhancements with numerical simulations. We then 
discuss the challenges of MAS-DNP NMR at very high 
magnetic fields ( ≥ 18.8 T), specifically when using 
large rotors (e.g., 3.2 mm or larger). We conclude by 
highlighting the importance of improving sample 
irradiation for MAS-DNP NMR and, by extension, the 
application of “pulsed” DNP strategies, which are 
currently under development for lower fields [75–83]. 

II. Results

In a MAS-DNP experiment, n impacts the 
reflective/matching properties at the interface between 
two media of different refractive indices (𝑛1, 𝑛2). The 
reflection coefficient due to the interface, 𝑅Interface, is 
given by: 

𝑅Interface =
𝐼reflected

𝐼incident
=

𝑛1 ― 𝑛2

𝑛1 + 𝑛2

2
(1)

where I is the w power that is incident or reflected. 
Note that eq. (1) is only valid for normal angles of 
incidence. Significant differences in refractive indices 
lead to large reflection coefficients. One approach to 
minimize 𝑅 when there are multiple interfaces is to 
adjust the thicknesses of the materials to generate 
standing waves. They occur when a material with 
refractive index, 𝑛2, has a thickness, 𝑙2, that is a half-

integer multiple (m) of the radiation wavelength in the 
material, 𝜆2:

𝑙2 =
𝑚
2 𝜆

2
=

𝑚
2

𝑐
𝑛2𝑓  (2)

where c is the speed of light and f is the frequency.

During irradiation, the attenuation of the w field 
and degree of sample warming is determined by the 
value of k. The absorption can be estimated as: 

𝐼absorbed

𝐼incident
= 1 ― 𝑒―4𝜋𝑓𝑘𝑙

𝑐 (3)

where l is the thickness of the material or sample. For 
example, with k = 5×10–3 and a thickness l = 2 mm, ca. 
4% of the w power is absorbed at f =100 GHz, while 
almost 35% is absorbed at 1000 GHz (i.e., an order of 
magnitude increase in absorption if k remains constant). 
Increased absorption not only diminishes the average 
electron nutation frequency but can also elevate the 
sample temperature. 

Both reflection/absorption effects are frequency 
dependent. This simple analysis underscores the 
significant impact of frequency increases, emphasizing 
the need to characterize these quantities for a complete 
understanding of their influence on DNP.

A. Dielectric measurements on solid and frozen 
samples

The measured dielectric properties, n and k, for a 
cross-section of materials at DNP-relevant frequencies 
are reported in Table 1. The measurements for solid 
samples at room temperature are straightforward, while 
those for the frozen samples can be more challenging, 
due to the need to form a homogeneous glass. We note 
that in some cases, the signal to noise ratio can be too 
low to reliably extract n and k; in particular, this is 
observed in the range of 270-320 GHz, where our µw 
source generates some artifacts. Furthermore, the main 
limitations at the highest frequency are the lower power 
of the source, lower sensitivity of the detector, as well 
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as higher losses for microwave isolation which reduces 
the dynamic range of the measurements.

Matrices for MAS-DNP - DNP requires long 
electron relaxation times (𝑇1,𝑒); therefore, to meet this 
requirement, biradicals are often dispersed in glass-
forming matrices at 100 K. Common matrices are 
divided into two categories: aqueous solvent matrices 
(e.g., DMSO/water and glycerol/water) and organic 
solvent matrices (e.g., TCE/methanol mixtures) 
[84,85]. We measured their dielectric properties, as well 
as those of their constituents. To validate the accuracy 
of our instrumentation and modeling approach, we 
initially characterized ice at liquid nitrogen temperature 
(77 K) and observed that its refractive index increases 
slightly from 1.77 to 1.80 over the frequency range from 
60 to 960 GHz. The extinction coefficient also increases 
across the same frequency range. This is in very good 
agreement with previously reported n values [73,86,87], 
confirming the robustness of our methods. k value 
trends are in agreement with reference [86]. However 
the values in ref. [86] indicate 2 × 10-3 (90 GHz), 6 ×
10-3 (245 GHz), 9 × 10-3 (395 GHz), 23 × 10-3 (935 
GHz). In general, we found lower k values, 2.6 × 10-3 
(220-270 GHz), 4.5 × 10-3 (370-420 GHz), 10 × 10-3 
(910-960 GHz). We attribute the lower k to the fact our 
measurements are carried out at 77 K while the reported 
measurements in ref [86] are carried out at 266 K. Note 
that our value at 70-110 GHz suffers from large 
uncertainty due to the difficulty to fit accurately the dips 
of the interferogram.

Frozen DMSO has n ~ 1.86 and k is essentially 
constant over the range tested, with a value of ca. 10–2. 
When mixed with water, the n tends to be larger and is 
not the weighted average of the n values of the two 
components (unlike in the liquid state [88]). 

The behavior of frozen glycerol mirrors that of 
DMSO, with an n of ca. 1.85 that remains essentially 
constant across all frequencies. A frozen glycerol/water 
(6/4 v/v%) mixture and frozen DMSO/water (1/9 v/v%) 

have similar values of n, with values of k which are the 
same order of magnitude. Frozen TCE and TCE/MeOH 
(96/4 v/v%) have n values near 1.67 and are relatively 
transparent (i.e. k < 10-2). MeOH has slightly higher n 
near 1.73, closer to that of glycerol. MeOH and TCE are 
observed to have similar extinction coefficients. 

Overall, and somewhat expectedly, all common 
MAS-DNP matrices, including mixtures of 
glycerol/water (6/4 v/v%), DMSO/water (1/9 v/v%) and 
TCE/methanol (96:4 v/v%), have moderate k values and 
are nearly transparent to the w beam in their glassy 
states. It is noted that values for glycerol/water (6/4 
v/v%) agree with values reported at 140 GHz [66]. 

Finally, it is important to note that freezing may 
induce fractures within the materials, potentially 
leading to significant scattering of the μw beam. This, 
in turn, can diminish the effective w field in the 
sample, as observed via EPR spectroscopy [89].

Biological samples - Frozen egg yolk, egg white, 
lard, pork, and glucose are included as examples of 
biological materials with varying lipid, protein, 
polysaccharide, and water content to mimic samples 
typically measured using MAS-DNP spectroscopy 
[7,8,14,90–97]. We chose glucose as a simple 
representative of carbohydrate materials. More 
complex natural materials, such as wood, demand a 
more thorough study due to the variability due to 
moisture content and other factors such as lignin 
content, fiber orientation, etc. [98,99]. The values of n 
are different among these samples but are all below 2 
and are, therefore, similar to the solvents. The 
extinction coefficients of each sample are relatively 
constant across all the frequency ranges. It is of note 
that egg yolk is the least transparent of the biological 
materials tested.  Pork loin was cut into slabs with the 
muscle fibers running parallel to the slab edge (pork 
parallel) and perpendicular to the edge (pork 
perpendicular). 
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Table 1: Dielectric properties (𝑛 above and 𝑘 below) for liquids and solids typically used in DNP experiments (either as part 
of the sample matrix, the sample rotor, or NMR probe components) 

𝒏 and (𝒌 × 𝟏𝟎𝟑)

Sample
Temperature

(K)
70-110 GHz 220-270 GHz 270-320 GHz 370-420 GHz 910-960 GHz

Polychlorotrifluoroethylene
 (Kel-F®) 298

1.50±0.02

3±1

1.50±0.02

3±1

1.50±0.01

3±1

1.50±0.01

4±0.1

Poly(methyl methacrylate) 298
1.66±0.02

30±10

1.68±0.02

10.±1

1.68±0.02

10±1

1.70±0.02

6±1
-

cross-linked polystyrene 
(Rexolite®) 298

1.65±0.02

0.5±0.1
-

1.56±0.01

3±0.1

1.59±0.01

1.5±0.1

Sapphire 𝛼 ― Al2O3 298 3.15±0.04 
1.3±0.6

3.15±0.04

3±1

3.15±0.04

3±1

3.15±0.04

1.3±0.5

3.15±0.04

2.8±0.2

SiAlON 298
2.86±0.05

3±0.4

2.86±0.05

3±0.4

2.86±0.01

3±0.5
-

YSZ 298
5.83±0.03

30±10

5.82±0.03

35±3

5.82±0.03

35±3

5.87±0.06

38.1±0.9
-

Aluminum nitride (AlN) 298 2.92±0.01 
6.9±0.1

2.92±0.01

5.1±0.7

2.9±0.01

3±1

H2O 77
1.76±0.01

7±3

1.77±0.1

2.6±0.4
-

1.77±0.02

4.5±1

1.80±0.03

10 ±2

Dimethyl Sulfoxide (DMSO) 77
1.84±0.01

10.±5

1.87±0.01

10.±2

1.87±0.01

10.±2

1.85±0.2

10.±1

DMSO/H2O (1/9 v/v%) 77
1.86±0.05

6±2

1.84±0.05

6±2

1.84±0.05

6±2

1.91±0.05

7±3
-

DMSO/H2O (6/4 v/v%) 77
1.95±0.01

10.±5

2.03±0.5

8±2

2.03±0.5

8±2

2.03±0.1

15±4

Glycerol 77
1.83±0.01

10.±3

1.87±0.01

4±2
-

1.86±0.02

3.5±0.5
-

Glycerol/H2O (1/9 v/v%) 77 1.85±0.006 
4±1

Glycerol/H2O (6/4 v/v%) 77
1.98±0.1

15±2

1.98±0.03

6±2
-

2.00±0.03

11.7±0.5
-

1,1,2,2-tetrachloroethane (TCE) 77
1.61±0.01

4±4

1.64±0.02

7.8±0.3

1.64±0.02

7.8±0.3

1.64±0.03

6±0.3

Methanol (MeOH) 77
1.73±0.03

8±2

1.73±0.03

8±2

1.73±0.02

10±1
-

TCE/MeOH (96/4 v/v%) 77
1.64±0.02

10±1

1.67±0.01

3.5±0.8

1.67±0.01

3.5±0.8

1.67±0.01

12±3

Egg white 77
1.79±0.03

8±2

1.712±0.0004

3.8±0.1

1.712±0.0004 

3.8±0.1

1.83±0.03

4.3±0.1

1.82±0.03

7.7±0.6

Egg yolk 77
1.68±0.02

10.5±0.4

1.71±0.02

10.0±0.5

1.71±0.02

10.0±0.5

1.69±0.02

8.5±0.3
-

Lard 77
1.5±0.01

10.±4

1.484±0.001

3.2±0.3

1.484±0.001

3.2±0.3

1.46±0.01

7±0.1

1.49±0.02

5.1±0.4

Pork parallel 77
1.79±0.02

8±4

1.87±0.02

4.3±0.5

1.87±0.02

4.3±0.5

1.85±0.02

5±1

1.93±0.06

10.±2

Pork perpendicular 77
1.88±0.02

18+4

2.05±0.05

5±1

2.05±0.05

5±1

1.98±0.02

10.0±0.5
-

Glucose/Water (1/1 w/w%) 77
1.86±0.02

8±0.5

Glucose/Water (2/1 w/w%) 77
2.00±0.02

7±2

 “-“ indicates an unquantifiable due to low signal to noise, blank means value not measured. The corresponding values of 𝜀′ 
and tan 𝛿 are reported in the supplementary information (Table S1).
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 Solid materials at room temperature - Common 
materials used to fabricate NMR rotors such as sapphire 
crystals, aluminum nitride ceramics (AlN), silicon 
nitride doped with aluminum oxide ceramics (SiAlON), 
and yttria-stabilized zirconia ceramics (YSZ), have 
been characterized (Table 1). Of these, SiAlON and AlN 
have the lowest refractive indices (n ≈ 2.8 - 2.9), while 
n = 3.15 for sapphire, in good agreement with the 
literature [87]. 

Sapphire, AlN, and SiAlON are considered non-
lossy, since k ranges from 1 × 10―3 to 7 × 10―3. YSZ 
possess the largest refractive index, with n ≈ 5.8, and 
the largest extinction coefficient (𝑘 ≈ 35 ×  10―3). 
This makes it the most lossy and most reflective 
material evaluated herein. We note that measurements 
of dielectric constants at 77 K did not reveal significant 
changes of n and k for SiAlON and we expect similar 
behavior for the other rotor materials [100], except for 
k in YSZ [101].

Common polymers used to make probe parts such as 
polychlorotrifluoroethylene (Kel-F), poly(methyl 
methacrylate) (PMMA), and cross-linked polystyrene 
(Rexolite) have nearly constant values of n and k for 
room temperature measurements across a frequency 
range of 70 – 960 GHz.  We note that some of these 
materials have been characterized at various 
frequencies [102–104], which allowed us to verify our 
method.

 

B. Designing and testing custom MAS-DNP rotors

Optimizing the rotor wall thickness via 
numerical simulations – We explored the DNP 
performance of sapphire, YSZ, AlN, and SiAlON by 
designing and testing different rotors for MAS DNP. 

To maximize the electron nutation frequency, 𝜈1,e, 
in the active sample volume, we conducted 
electromagnetic simulations with CST Studio suite, a 
product of Dassault Systemes (Vélizy-Villacoublay, 
France). Simulations were conducted to minimize the 
incident μw reflection by optimizing the rotor wall 
thickness, using the determined dielectric values and 
assuming the presence of a frozen glycerol/water (60/40 
v/v%) solution in the rotor and an irradiation frequency 
of 263 or 395 GH and an input power of 5 W. For each 
rotor wall thickness, 𝜈1,e was extracted via a home-

written MATLAB script. As previously reported 
[64,66], 𝜈1,e has a very broad distribution within the 
sample (see Fig. S2) and the average values for each of 
the four materials are shown in Fig. 1. For each 
material, an optimal wall thickness corresponds to a 
half-integer multiple of the wavelength for the w beam 
inside the material [40,66]. In addition, 𝜈1,𝑒 increases 
with the wall thickness, which is attributed to a lens 
effect from the rotor wall that focuses the w beam in 
the sample [40,66].

At 263 GHz, for all rotor materials, the simulations 
predict 𝜈1,e to be on the order of 0.2 to 0.50 MHz for 
5 W of w input power (Fig. 1a). The behavior of the 
average 𝜈1,e heavily depends on the refractive index of 
the material. Sapphire, AlN, and SiAlON have similar 
refractive indices and extinction coefficients (n ~ 3 and 
𝑘~10―3). In general, sapphire offers the highest 
average value of 𝜈1,e over the entire thickness range. 
Thus, for a standard rotor wall thickness (0.51 mm), 
sapphire is both the optimal material and has the near 
optimal wall thickness. SiAlON and AlN match 
sapphire’s performance for wall thicknesses of ca. 0.4 
and 0.44 mm, respectively. Beyond these thicknesses, 
their performance is little worse, eventually surpassing 
sapphire for thicknesses >0.6 mm.

The case of YSZ, where n ≈ 5.85 and k ≈ 35 × 10–3, 
differs significantly from the others. Since the refractive 
index is much larger than the other materials, 𝜈1,e 
depends more strongly on the rotor wall thickness, as 
expected from eqs. 1 and 2. The average value of 𝜈1,e 
ranges between 0.18 MHz (ca. 0.44 mm) and 0.37 MHz 
(ca. 0.51 mm) and is much lower than for other 
ceramics. For thin walls (0.3 mm), the YSZ rotors have 
values of 𝜈1,e similar to sapphire. This agrees with 
experimental observations that thin wall YSZ rotors 
perform well on a 400 MHz / 263 GHz DNP instrument. 
As the wall thickness increases, the average 𝜈1,e in YSZ 
has a strong dependence on wall thickness, which is due 
to the interference/resonances induced by the slab [40], 
and optimal transmission can be found at ca. 0.38 and 
0.51 mm.

At a higher w frequency of 395 GHz, the 
simulations predict slightly lower nutation frequencies 
overall (Fig. 1b). The largest values of 𝜈1,e are obtained 
for AlN, sapphire, and SiAlON, with the lowest 
observed for YSZ, irrespective of the wall thickness. 
For the first three materials, changing the wall thickness 
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only induces a change in the nutation field of ca. 10 %. 
The highest 𝜈1e reaches ca. 0.4-0.45 MHz for AlN, 
sapphire, and SiAlON. This value is in good agreement 
with previous reports in sapphire [51,67]. The average 
𝜈1e in YSZ is even more strongly dependent on the rotor 
wall thickness and, on average, significantly lower than 
for the other materials: the optimal value of 𝜈1,e is 0.29 
MHz for rotor wall thicknesses of 0.39, 0.46 and 0.53 
mm; this decreases to 0.18 MHz for 0.3 mm. 

Optimizing the rotor wall thickness via an 
analytical model - The utilization of finite element 
simulations with CST is necessary to obtain accurate 
nutation frequencies. However, as the µw frequency 
increases, simulations become very time-consuming. 
For example, it takes multiple days to simulate with a 
527 GHz w beam impinging on a 3.2 mm YSZ rotor. 
Thus, we devised a simpler approach to obtain the 
optimal wall thickness at various frequencies. The 
transmission with respect to the wall thickness can be 
calculated using the matrix for a transmission line 
[105,106]. The transmission coefficient, T, is given by:

 

Fig. 1: (a,b) Average electron nutation frequency, 𝝂𝟏,𝐞, plotted as a function of wall thickness at μw irradiation 
frequencies of (a) 263 GHz and (b) 395 GHz, as simulated in CST Studio assuming 5 W of w input power and a gaussian 
beam waist (i.e., irradiance is  ∝ 1/e2 of the maximum) of 3.2 mm, to mimic the presence of a lens. Sample: glycerol/water 
(6/4 v/v%) glass, rotor materials as labeled. Reported nutation frequencies are for a linearly polarized beam. (c,d)  Calculated 
electron nutation frequency, 𝝂𝐜𝐚𝐥𝐜

𝟏,𝒆 , from the waveguide output to the center of a rotor using eq. (7). See text for details. 
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𝑇 = | 2
𝐴 + 𝐵 + 𝐶 + 𝐷|2

,  (4)

where A, B, C, and D are obtained using the matrix for 
a transmission line 𝑀 [87]. This matrix for a simple slab 
of thickness 𝑙 and dielectric constants 𝑛 and 𝑘 is:

𝑀 = 𝐴 𝐵
𝐶 𝐷 =

cosh 𝛾𝑙 𝑍 sinh 𝛾𝑙
1
𝑍

sinh 𝛾𝑙 cosh 𝛾𝑙  (5)

where 𝑍 = 1/(𝑛 ― 𝑖𝑘) is the characteristic impedance 
normalized with respect to the impedance of free space, 
and 𝛾 =

2𝜋
𝜆0

(𝑘 + 𝑖𝑛) with 𝜆0 as the wavelength of the 
beam in free space [106,107]. If the beam goes across 
two slabs, the matrix becomes: 

𝑀 = 𝐴 𝐵
𝐶 𝐷 = 𝐴2 𝐵2

𝐶2 𝐷2
𝐴1 𝐵1
𝐶1 𝐷1

(6)

In our case, indices 1 and 2 refer to the rotor and sample, 
respectively. To find the optimal rotor wall thickness, 
one calculates the w power transmitted through a slab 
of rotor material followed by a slab of the sample while 
keeping the total thickness equal to 1.6 mm (half of the 
3.2 mm rotor diameter), i.e., 𝑙1 + 𝑙2 = 1.6 mm.

From the transmission coefficient, 𝑇, we can predict 
the nutation frequency, 𝜈calc

1,e , in the sample. If we 
assume that full transmission of the w beam, i.e., 𝑇
= 1, leads to a nutation in the sample of 𝜈1,e,0, we have:

𝜈calc
1,e = 𝜈1,e,0 𝑇

= 𝜈1,e,0| 2
𝐴 + 𝐵 + 𝐶 + 𝐷|,  (7)

To have a good agreement between the CST simulation 
and the model we chose a scaling factor 𝜈1e,0 = 0.45 
MHz. The results are plotted for each material at both 
frequencies in Fig. 1(c) and 1(d). The general shapes of 
the plots of 𝜈calc

1,e  are similar to the nutations predicted 
by CST. The model provides close to quantitative 

agreement with results obtained with CST. However, it 
fails for larger wall thicknesses, since the curvature of 
the rotor wall and effect of the other half of the rotor is 
not considered in the model. The plots of 𝜈calc

1,e  as a 
function of wall thickness indicate that thicker walls 
appear to generate a lens/mirror effect that increases 
𝜈1,e. This is observed in Fig. S1, but the exact details 
are beyond the scope of this article. We note that the 
model does not accurately capture the behavior of the 
sapphire rotors at 263 GHz, which may arise from the 
convexity of the rotor wall (Fig. S1).

All in all, this analytical model enables easy 
computation of the expected values of 𝜈1e at low 
computational expense, enabling studies of the effects 
of the w frequency, as well as the impacts of the rotor 
contents and wall thickness on the optimal values of 𝜈1,e
. Further examples are given in Fig. S3.

Testing the rotors for MAS-DNP: Enhancement 
and volume-adjusted sensitivity at 395 GHz - To 
verify some of the predictions made with the CST 
simulations, we designed and tested several rotors made 
of the aforementioned materials and tested them under 
600 MHz/395 GHz MAS-DNP conditions. Seven 
rotors were tested, including two commercial rotors 
(standard wall sapphire and YSZ from Bruker), and five 
custom-made rotors by O’Keefe Ceramics (Colorado, 
USA). We evaluated their performances in term of 
signal enhancement and volume-adjusted sensitivity, 
i.e., taking the sample volume into account (Table 2). 
The optimal w power for each material was 
determined by dialing power down with an attenuation 
grid on the 600 MHz / 395 GHz MAS-DNP instrument 
[70] (Fig. 2). At the time of machining, only the 
sapphire and YSZ rotors had the optimal wall 
thicknesses.

Table 2 Maximum enhancements observed for 13C-proline 
with 10 mM AMUPol using different rotors. All rotors 
have the same outer diameter (3.2 mm). 
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Rotor 
material

Wall 
thickness 

(mm)

Relative 
volume, 

𝑹𝒗

𝝐𝐨𝐧/𝐨𝐟𝐟 𝝐𝐨𝐧/𝐨𝐟𝐟
× 𝑹𝒗

Std. 
sapphire 
(Bruker)

0.51 1 170
± 10

170
± 10

Cust. 
Sapphire

0.48 1.14 170
± 10

194
± 11

Thin wall 
YSZ

0.30 1.41 91 ± 5 128 ± 7

Cust. YSZ 0.34 1.42 125 ± 5 178
± 14

Std. YSZ 
(Bruker)

0.51 1 90 ± 5 90 ± 5

Std. 
SiAlON*

0.51 1 157*
± 5

157*
± 5

Cust. 
SiAlON

0.35 1.40 141 ± 5 197
± 14

Cust. AlN 0.48 1.12 148 ± 5 166
± 11

*The MAS-DNP experiments were conducted on the same 
probe with the same solution for all rotors except for the 
SiAlON rotor with a wall thickness of 0.51 mm. This rotor 
was tested on another probe with a new batch of solution. 
Therefore, measurements were performed on the same 
probe and on the new solution in the standard sapphire 
rotor (0.51 mm), 𝜖on/off = 152. The enhancements 
obtained with the SiAlON rotor (0.51 mm) were scaled to 
enable the comparison with the other rotors.

The sapphire rotors, either standard or custom wall, 
provide the highest 𝜖on/off, with an average 
enhancement of ca. 170 ± 10, as previously reported 
[51]. This is in line with the prediction that indicated the 

minimal impact of the wall thickness on 𝜈1,𝑒 (Fig. 1). 
For these samples, we observed a large uncertainty in 
𝜖on/off and both rotors appear to be equivalent within 
experimental uncertainty (~5 %). We did observe 
variations in enhancements and believe that it is related 
to the formation of a bubble (~1 mm diameter) that 
appears to affect the MAS-DNP efficiency but cannot 
easily be reproduced.

Experiments using the commercial thin wall YSZ 
(0.3 mm) and custom wall (0.34 mm) rotors had the 
lowest enhancements, with 𝜖on/off of 91 ± 5 and 125
± 5, respectively. This again matches our predictions, 
since  𝜈1,𝑒 is expected to be lower (0.18 vs. 0.25 MHz). 
We note that the experiments using rotors with the 
slightly thicker custom walls (0.34 mm) performed 
significantly better than those employing both the thin 
and standard walls. The commercial Bruker standard 
wall rotor (0.51 mm) has a predicted 𝜈1,𝑒 = 0.22 MHz, 
as corroborated by a smaller 𝜖on/off of 90±5.

MAS-DNP experiments using a custom AlN rotor 
with a 0.48 mm wall thickness (same as the optimal 
sapphire thickness to find matching rotor caps), 
performed very well, with a maximum 𝜖on/off = 148 ± 5
.

Finally, two SiAlON rotors were assessed, one with 
a wall thickness concurrent with the Bruker standard 
(0.51 mm) and one with a “custom” thinner wall (0.35 
mm). (The latter was designed to maximize sample 
volume while maintaining mechanical stiffness [108]). 
Values of 𝜖on/off  of 157 and 141 were obtained, 
respectively. While the 0.35 mm walled rotor does not 
have the optimal wall thickness for maximum 
transmission (according to the simulations), 
experiments confirm the predictions: experiments with 
SiAlON rotors are superior in performance to those 
employing YSZ rotors with an optimal wall thickness 
of 0.34 mm. This suggests that SiAlON rotors could be 
made with thinner walls (e.g. 0.42 mm) to maximize the 
sample volume without sacrificing the DNP 
performance, unlike the case of YSZ rotors. 

In summary, sapphire, AlN, and SiAlON are 
acceptable materials for MAS-DNP NMR at 395 GHz.  
Notably, changing the wall thickness of rotors made 
from these materials does not significantly impact the 
performance. On the opposite, YSZ is not a good 
material for a 3.2 mm rotor at 395 GHz, as all the 



10

experiments led to the lowest enhancements, even for 
the rotors with optimal wall thicknesses. AlN is rather 
brittle, hence using thinner walls may not be 
recommended.

In accounting for the relative sample volume, 𝑅𝑣, of 
each rotor, it is observed that DNP experiments using 
custom sapphire, custom YSZ, and custom SiAlON 
rotors offer the best signal intensities, with effective 
sensitivity gains, 𝜖on/off × 𝑅𝑣, of ~180-200. All other 
custom rotors offer performance within 10% of 
commercially available sapphire rotors, with SiAlON 
being the best alternative rotor material at 395 GHz. 
Sapphire remains the best rotor material in terms of 
absolute enhancement, but the performance of SiAlON 
in terms of sensitivity and mechanical resistance is 
worth exploring, since this stronger material supports 
the creation of rotors with thinner walls and larger 
sample volumes.

Testing the rotors for MAS-DNP: Power 
dependence analysis at 395 GHz - Beyond the 
comparisons of direct enhancements, the incident w 
power was varied to assess the power dependence of the 
enhancement for each type of rotor. This relates to the 
ability of the material to deliver w power to the sample 
and dissipate heat. The DNP efficiency, and therefore 
enhancement, improves with decreasing temperature.

Experimental enhancements as a function of the w 
input power as shown in Fig. 2. Sapphire, AlN, and 
SiAlON rotors lead to similar dependences and the 
optimal enhancements are obtained with an input w 
power at the probe base of ca. 10 W. All these materials 
enable good sample irradiation, heat dissipation, and 
low absorption at 395 GHz, 𝑘 ≈ 1.8 × 10―3 ―5.1 ×
10―3. SiAlON, has a thermal conductivity of 12-25 
Wm–1K–1 at 300 K, while sapphire has a thermal 
conductivity of 190 W m–1 K–1  at 100 K, and AlN’s is 
170-220 Wm–1K–1  at 290 K) [109–112]. The better 
DNP performance of sapphire rotors may be due to both 
their higher thermal conductivity and low absorption 
coefficients.

The experiments with the YSZ rotors exhibit the 
lowest enhancements at all w powers, even in the case 
of optimized wall thickness, with a low optimal input 
w power of ca. 7-10 W. Beyond 10 W, the 
enhancements decrease significantly in comparison to 

the other materials. This decrease is caused by sample 
heating [64], illustrating the increased w absorption 
and generating heat. Indeed, due to the large n, most of 
the w power tends to be contained within the rotor wall 
(Fig. S1), while the larger k leads to significant 
absorption. The sample heating is significant, and we 
observe that the 1H NMR spectra show two peaks: one 
broad and one narrow. The narrow peak is indicative of 
the liquid state arising from sample melting. The DNP 
enhancements in these rotors thus decrease at high w 
input powers. YSZ has low thermal conductivity (1.8-
2.9 W m–1 K–1) in comparison to sapphire (thermal 
conductivity 190 W m–1 K–1) [109,110,113]; therefore, 
samples in YSZ rotors tend to melt at lower w powers 
than those in sapphire rotors. 

The thin-walled YSZ rotor exhibits different 
behavior: no sample melting is observed. Instead, even 
using a w power of 13 W at the probe base, the 
enhancement does not reach a plateau. This indicates 
that the actual w field in the sample is low and, based 
on the transmission calculation, a significant portion of 
the w beam is reflected by the rotor’s walls.

In summary, these experiments confirm the findings 
from the CST studio suite simulations: sapphire, AlN, 
and SiAlON are good choices of materials for 3.2 mm 
MAS-DNP rotors at 395 GHz. Conversely, for 3.2 mm 
rotors, YSZ should be avoided at 395 GHz. 

C. MAS-DNP at high field.

A long-standing debate exists in the MAS-DNP 
community about the magnetic field dependence of the 
cross effect. Early literature reports that the 
enhancement obtained with the cross-effect mechanism 
has a 1/𝐵0 dependence on magnetic field, 𝐵0 [114], 
while subsequent work claims a scaling proportional to 
1/B0

2 [54]. Both are in contradiction with other 
theoretical predictions [57–59,62]. However, the 
experimental observations also contradict the 
simulations. We believe that some of the observed 
trends can be attributed to the rotor and sample 
absorbing the w beam, which could be responsible for 
the reduction of enhancement at high field.

In Fig. 3(a) we report the simulated values of 𝜈1,𝑒, 
using CST studio suite for different rotor materials and 
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w frequencies. In standard sapphire rotors, the 
nutation drops from 0.46 to 0.30 MHz as the μw 
frequency increases from 263 GHz to 527 GHz. With 
knowledge of the 𝜈1,𝑒 values, we can attempt to 
quantitatively simulate the enhancement using a 
previously published method [23,51,115]. The results 
are reported in Fig. 3(b).

The simulations capture the qualitative nutation 
behavior as a function of the w frequency/magnetic 
field. The enhancement, 𝜖on/off, decreases with the w 
frequency/magnetic field and the simulations provide 
quantitative agreement at 263 and 395 GHz (with an 
overestimation of ca. 15%). At 527 GHz, the 
experiment and simulation is not as quantitative. The 
latter still predicts a decrease in enhancement with 
increase in w frequency, but still overestimates the 
enhancement by a factor ranging from 2 to 3. 

Fig. 3 (a) Simulated average electron spin nutation 
frequencies as a function of w irradiation frequency for 
a 3.2 mm sapphire rotor (green circle), a 3.2 mm thin-wall 
YSZ rotor (blue triangle), a 1.3 mm YSZ rotor (black 
squares). In all cases, 5 W input linearly polarized 
irradiation and rotors filled with glycerol/water (6/4 v/v%) 
were assumed. (b) simulated enhancement using a prior 
MAS-DNP model [23,51,115] for a 3.2 mm sapphire rotor 
containing 10 mM AMUPol in glycerol-d8/D2O/H2O 
(6/3/1 v/v/v%) assuming the calculated nutation behavior 
shown in (a).

All in all, the simulations confirm that lower w 
nutation frequency can be responsible for the reduction 
of DNP efficiency at higher fields. The disagreement at 
527 GHz can be explained by taking into account 
additional factors such as: 

1. The simulations overestimate 𝜈1,𝑒 in the sample, as 
the NMR radio-frequency coil is not taken into 
account in the EM simulations;

Av
er

ag
e

nu
ta

tio
n

fre
qu

en
cy

(M
H

z)

0

0.2

0.4

0.6

0.8

Frequency GHz
300 400 500

Sapphire 3.2 mm
YSZ 3.2 mm
YSZ 1.3 mm

(a)

263 GHz

395 GHz

527 GHz

Si
m

ul
at

ed
ε o

n/
of

f

0

100

200

300

Experimental εon/off

0 50 100 150 200 250

y = 1.15x

(b)

 Fig. 2 Normalized DNP enhancement (signal w on/ 
signal w off) as a function of w power for a sample of 
250 mM proline with 10 mM AMUPol in 6:3:1 glycerol-
d8/D2O/H2O using different rotors. Full and open symbols 
correspond to standard or custom wall thickness. 

std. Sapphire
cst. Sapphire
std. ZrO2:Yt
cust. ZrO2:Yt
std. SiAlON
cust. SiAlON
cust. AlN

N
or

m
al

iz
ed

 E
nh

an
ce

m
en

t

0

0.2

0.4

0.6

0.8

1

μW power (W)
0 2 4 6 8 10 12 14



12

2. The electron relaxation times, 𝑇1,𝑒, are assumed 
constant for all simulations – however, they may be 
shorter at high field; 

3. The effect of sample heating is ignored in the 
simulations. However, they would impact the 𝑇1,𝑒′s 
and k which is likely to increase with temperature 
(particularly if a phase transition occurs), thus the 
𝜈1,𝑒 which would be reduced. 

Testing these hypotheses is outside the scope of this 
work. 

We conducted additional EM simulations using CST 
studio suite for YSZ 3.2 mm thin wall and 1.3 mm 
standard rotors. Again, 𝜈1,𝑒 drops significantly at higher 
fields for the 3.2 mm rotor, whereas the drop is 
significantly less for the 1.3 mm rotor. This is 
reinforced by experimental results that show better 
performance for AMUPol in 1.3 mm rotors at 527 GHz 
[63]. Note that the MAS-DNP simulation tool was not 
used, since the presence of the coil was ignored; it is 
very likely that experimental nutation frequencies are 
lower if the coil interferes with the w beam [48]. 

Small rotors combine multiple advantages for high 
field MAS-DNP: (i) since the w beam radial power 
distribution is gaussian [87], the highest power density 
is in the center (Fig. 4) which leads to a higher and  more 
homogeneous 𝜈1,𝑒; (ii) smaller rotors allow better heat 
dissipation, thus keeping the sample cooler, which in 
turn ensures longer 𝑇1𝑒s; (iii) the amount of w 
absorption by the sample is inherently lower due to the 
shorter path length. In a nutshell, the surface to volume 
ratio favors better heat dissipation in smaller rotors.

However, it should be noted that due to Malus’ law, 
the acceptance angle for the w beam narrows as the 
index of refraction is increased (see schematic in Fig. 4). 
Thus, for high-n materials such as YSZ, the w power 
that reaches the sample should be lower. Instead, 
materials with lower refractive indices should be 
favored for small rotors.

All in all, these results point to the observed field 
dependence being due to changes in 𝜈1,𝑒 at high fields, 
especially for bis-nitroxides. Unfortunately, in a sample 
that absorbs w, increasing the irradiation power may 
not improve the efficiency of the DNP as higher w 
power lead to an increased sample temperature, which 
in turn can lead to shorter relaxation times that reduce 

the enhancement (as observed in the custom YSZ rotors 
in Fig. 2). As pointed out in the introduction, recent 
hetero-biradicals, such as TEMTRiPol-I [19], 
PyrroTriPol [24], or HyTEK-2 [25], show very good 
performance at all fields – this could be explained by 
their lower w power requirements.

 Fig. 4 Schematic of w irradiation of rotors of different 
sizes. θ denotes the acceptance angle of the incident 
beam. Outside of that angle the w are reflected by the 
external surface of the rotor.

Lastly, we draw the reader’s attention to the fact 
𝜖on/off does not provide quantification of the 
performance of the cross effect [55,116]. Indeed 𝜖on/off 
includes the effect of the nuclear depolarization in the 
case of AMUPol [51,55]. The decrease of 𝜖on/off at 
higher μw frequencies is also due to a reduction of the 
depolarization effect, as previously discussed [51,55]. 
When considering the polarization gain, which 
quantifies the cross-effect performance, the ratio of the 
signal intensity with w compared to the thermal 
equilibrium signals, 𝜖𝐵 (see SI for definition), does not 
drop as abruptly as shown in Fig. S4.
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III. Discussion and conclusions

In this article, we present measurements of dielectric 
properties for key materials and matrices used in high 
field DNP and EPR. Many of the dielectric properties, 
particularly those of solvents and biological matrices, 
have not been previously reported within the frequency 
range of 70-960 GHz. Using a distinctive 
instrumentation approach based on quasi-optic 
principles, we developed a method enabling the 
extraction of dielectric properties at liquid nitrogen 
temperatures.

Across the entire frequency range, refractive indices 
remain nearly constant, with some observed variations 
in the extinction coefficients. As expected, all materials 
and matrices prove to be transparent in this frequency 
range. While the extinction coefficients remain 
consistent, their influences become more pronounced at 
higher frequencies. Consequently, materials and 
matrices that absorb w radiation to some degree may 
prove impractical for high-field/high-frequency DNP. 
As a general guideline, k appears to correlate with the 
polarity of the chemical structure as previously reported 
[117] and thus samples with larger k are challenging for 
high field MAS-DNP. For instance, glass matrices such 
as DMSO/H2O, where DMSO constitutes a sizable 
portion, exhibit higher absorption, as does PMMA in 
comparison to polypropylene. Therefore, these matrices 
and materials are not advised for use in high-field DNP 
experiments. In practice, mixtures of DMSO-
d6/D2O/H2O (6/3/1 v/v/v%) serve as reasonable 
matrices at 263 GHz, while sample melting can be 
observed at 395 GHz if the maximum available w 
power is used. The dielectric measurements conducted 
here offer valuable insights to guide sample preparation 
for high-field DNP experiments. 

The knowledge of dielectric properties is necessary 
to develop new hardware for high field DNP. Using the 
measured dielectric properties, we have been able to 
design new rotors to conduct DNP experiments at 
395 GHz. EM simulations enabled us to determine the 
nutation frequencies that are in good agreement with 
empirically determined values [50,51]. These were 
complemented by a simpler model that allows for the 
quick determination of the optimal rotor wall thickness 
for a given rotor material and sample content. This 
simple model can be used at any frequency and could 
be used to predict the optimal wall thickness for future 
1.2 GHz MAS-DNP NMR instruments. It can also be 

used to tailor rotors for specific applications, e.g., 
samples with very large refractive indices such as 
oxides (an example is shown in Fig. S3). 

Sapphire, AlN, and SiAlON exhibit lower refractive 
indices and lower absorption compared to conventional 
YSZ rotor materials, with sapphire standing out as the 
optimal choice due to its high thermal conductivity, 
making it particularly well-suited for DNP applications. 
On the contrary, conventional YSZ has unfavorable 
properties for high-field DNP. Despite its strength, 
YSZ's high n contributes to increased reflection, while 
its high k leads to increased μw absorption. Its limited 
thermal conductivity also makes it less suitable, 
especially at 395 GHz and potentially at higher 
frequencies.

SiAlON emerges as a favorable alternative to YSZ. 
Although it has a lower tensile strength, 𝑇 (400-700 
MPa vs. 500-750 Mpa for YSZ), it boasts a lower 
density (𝜌 ≈ 3 vs. 6 g cm–3); thus, the two materials 
have similar maximal spinning frequency, 𝜈max

𝑟 ∝
(𝑇/𝜌) [108]. Meanwhile, SiAlON has similar 

dielectric properties to sapphire, making it attractive for 
high-field DNP applications. We also note that Si3N4, a 
very stiff material, has been successfully employed in 
very low-temperature DNP scenarios [45,118] and 
could also be of interest; however, it is challenging to 
machine in comparison to SiAlON.

Finally, our understanding of dielectric properties 
has provided crucial insights into high-field DNP and 
the observed trends in the underlying mechanisms. 
Generally, the μw field diminishes at higher fields due 
to increased absorption, especially in larger rotors. 
Although higher μw power could potentially 
compensate for this effect, it would simultaneously 
raise the temperature, leading to faster 𝑇1𝑒s, which 
result in reduced DNP efficiency. Hence, the 
optimization of DNP efficiency at high fields requires a 
delicate balance between mitigating absorption-related 
losses and managing the associated increases in 
temperature. Achieving this balance is essential for 
advancing the efficacy of high-field DNP applications. 
It is expected that as long as DNP instruments use cold 
N2 at ~100 K, this balance can only be obtained with 
small rotors at high fields. We anticipate that larger 
rotors will work effectively at high fields with lower 
temperature MAS-DNP instrumentation [46,118].



14

One important material for rotors was not 
characterized in this work, namely, diamond, due to 
cost limitations. Diamond exhibits the best properties in 
all the aforementioned categories for improvement of 
DNP enhancement. It has a relatively low n  ̴ 2.4 and 
low k  ̴  0.001) [87] at relevant frequencies 200 – 
1000 GHz, as well as a very high thermal conductivity 
(13000 W m–1 K–1 at 100 K) [109,119,120], which is 
several orders of magnitude higher than that of 
sapphire, allowing for more efficient sample cooling. 
Finally, its high tensile strength and low density permits 
higher MAS rates. It is noted that rotors designed from 
diamond material are still in the development phase, 
due to high costs and challenges in machining, but 
recent results offer promising prospects [109].

IV. Materials and Methods

Dielectric measurements 

n and k are extracted from the interference pattern 
generated by a Fabry-Perot interferometer [106,121]. 
Here, we use a broadband quasi-optical (QO) system 
[87] with appropriate sources for each frequency range 
(Fig. 5), allowing measurements on liquids, solids, and 
frozen samples. To cover the frequency range of interest 
to DNP (100-600 GHz), four different w 
source/receiver combinations were used, each covering 
the following bands: 70-120 GHz, 220-320 GHz, 370-
420 GHz, and 910-960 GHz. The sources and mixers 
(i.e., detectors) are controlled by a Keysight Network 
Analyzer model N5222B combined with either AB 
Millimetre or Virginia Diodes Inc. frequency 
multipliers to reach the desired frequency band.

Fig. 5 (a) Photograph of the dielectric measurement 
interferometer. The QO bench is oriented vertically such 
that the w beam interacts with the samples from the free 
surface. The dotted/dashed lines indicate the incident (red) 
and reflected (blue) w beam paths. The black dash-dot 
line shows that the top surface of the sample and the 
receiver horn aperture are in the same plane. This system 
supports measurements of (b) solids and (c) frozen liquids 
using an aluminum cup cooled with liquid nitrogen.

 The QO bench is designed to direct the w beam 
from the source to the sample and back toward the 
receiver via a series of refocusing mirrors. The beam 
exiting from the source (Fig. 5(a), red dotted lines) is 
linearly polarized, and first meets a wire grid oriented 
with respect to it as a mirror. After reflection, the beam 
then travels through space and through a ¼ wave plate, 
which rotates the polarization by 45°. The beam then 
travels to the sample and is reflected. This reflected 
beam (Fig. 5(a), blue dotted line) is thus rotated once 
again by 45° before traveling through the grid, which is 
transparent for this polarization angle (+90°) before 
reaching the receiver. The polarization of the w beam 

log(𝑅) = 2 log
𝐼0 ― 𝐼

𝐼0

= 2 log
𝑛 ― 𝑖𝑘 ―

1
𝑛 ― 𝑖𝑘 sinh

𝜋(4𝑛𝑙 ― 𝜆0)
2𝜆0

(𝑘 + 𝑖𝑛)

2 cosh
𝜋(4𝑛𝑙 ― 𝜆0)

2𝜆0
(𝑘 + 𝑖𝑛) + 𝑛 ― 𝑖𝑘 +

1
𝑛 ― 𝑖𝑘 sinh

𝜋(4𝑛𝑙 ― 𝜆0)
2𝜆0

(𝑘 + 𝑖𝑛)

 

(8)
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ensures isolation between the forward and return w 
beam paths. Using a vector network analyzer, the 
collected signal is normalized to a reference spectrum, 
such that it produces the reflection coefficient (R). The 
reflection spectrum is then fitted using equation (8) to 
extract n and k [106]. 

Examples of interference patterns are shown in Fig. 
6. The periodicity of the interference patterns relates to 
n and the thickness of the sample, l, while the 
amplitudes of the oscillations are related to k.

The interferometer can be used to characterize solid 
samples at room or low temperatures (in principle, 
liquids also). To form a Fabry-Perot resonator, the 
samples must have flat surfaces on both sides that are 
parallel to one another, thus leading to internal 
reflections and a quality factor, Q > 1. To this end, the 
solid samples characterized at room temperature were 
precisely machined. For frozen samples, such as DNP 
matrices (e.g., glycerol-water) at 77 K, the solutions 
were poured into an aluminum cup that was 
subsequently partially immersed in liquid nitrogen 
inside of a larger insulated bowl (Fig. 5(c)). To produce 
a flat frozen surface, additional sample was added to 
yield a domed surface, then a room-temperature 
aluminum plate was applied. The plate was then 
removed to measure the sample’s properties. Note that 
solutions must be degassed by freeze-thaw cycles to 
reduce internal cracking and obtain a precise 
interferogram (without scattering). Multiple thicknesses 
(Table 3) were measured whenever possible, especially 
in the case of challenging samples, so that more 
potential interferograms were available in the fitting 
step. 
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Table 3 Thicknesses of each sample studied.

Sample Thickness studied 
(mm)

Polychlorotrifluoroethylene (Kel-F®) 6.5, 13.3, 20, 26.5

Poly(methyl methacrylate) 11.4

cross-linked polystyrene (Rexolite®) 9.4, 19.3

Sapphire 𝛼 ― Al2O3 3.4, 5, 6.1, 12.1

SiAlON 7.5, 10.2, 12.7

YSZ 4.02, 5.07

Aluminum nitride (AlN) 6.9, 10.4,  13.9

H2O 5.5, 11.4, 18.2

Dimethyl Sulfoxide (DMSO) 5.5, 11.4, 18.2

DMSO/H2O (1/9 v/v%) 5.5, 11.4, 18.2

DMSO/H2O (6/4 v/v%) 5.5, 11.4, 18.2

Glycerol 5.5, 11.4, 18.2

Glycerol/H2O (1/9 v/v%) 5.5, 11.4, 18.2

Glycerol/H2O (6/4 v/v%) 5.5, 11.4, 18.2

1,1,2,2-tetrachloroethane (TCE) 5.5, 11.4, 18.2

Methanol (MeOH) 5.5, 11.4, 18.2
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TCE/MeOH (96/4 v/v%) 5.5, 11.4, 18.2

Egg white 3.0, 6.2, 16.0

Egg yolk 5.8, 17.7

Lard 4.1, 8.1, 14.5

Pork parallel 7.2, 12.7

Pork perpendicular 9.6, 15.3

Glucose/Water (1/1 w/w%) 5.5, 11.4, 18.2

Glucose/Water (2/1 w/w%) 5.5, 11.4, 18.2

Egg and pork-derived samples, serving as protein 
and lipid analogs to biomaterials studied by DNP, were 
allowed to freeze slowly in a –20˚C freezer to avoid 
crack formation before being measured in a liquid 
nitrogen bath. Generally, the absorption is relatively 
high (𝑘 ≈ 0.01) for these samples; thus, the sample 
thickness was reduced to observe clear interference 
patterns and accurately measure 𝑛 and 𝑘. Lean pork loin 
samples were cut and pressed to produce flat, uniform 
top and bottom surfaces before being frozen. 

MATLAB (Mathworks, Natick MA) was used to 
automate the fits using eq. (8), where 𝑅 is the 
normalized reflection coefficient, 𝐼0 is the intensity of 
the reflected signal in the presence of a reference mirror 
at the location of the sample, 𝐼 is the intensity of 
reflected signal in the presence of the sample, 𝑙 is the 
thickness of the sample, and 𝜆0 is the wavelength of the 
w radiation in free space. Note that eq. (8) assumes the 
presence of a perfect mirror below the sample 
(reflectivity of 1), and in the case of frozen solutions, 
the mirror is made of the sample cup (see SI for 
derivation). Whenever possible, n was extracted on 
thicker samples to obtain a higher precision fit. To 
determine k, we chose the thickness that leads to the 
best fit. (this value changes for each frequency range).

Experimental data were fit using MATLAB 
(MathWorks Inc., USA) script to extract n and k using 
equation (8). A four-step iterative fitting process was 
used to determine dielectric properties and their errors. 
An initial guessed refraction index, nini, is obtained 
based on the periodicity of the interference pattern over 
the measured frequency range. Using nini, a fit of the 
initial k value to the experimental data using the 
Levenberg-Marquardt algorithm. If this algorithm does 
not converge, the index of refraction is randomly varied 
(i.e., n selected in the interval [0.9, 1.1] × nini). Once a 
qualitative fit is obtained, the determined n and k are 

Fig. 6 Reflection interferogram for SiAlON (red line) 
and a frozen glycerol-water mixture (green line), and their 
respective best fits to eq. (8) (black traces). The SiAlON 
interferogram was acquired at room temperature with a 
l = 12.7 mm thick sample. The glycerol-water mixture 
interferogram was acquired at 80 K with a l = 11.4 mm 
thick sample. The n and k values used to fit the curves are 
shown for each trace. Interferogram curves are vertically 
shifted for clarity.
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stored as initial values, n1st and k1st, for the second step 
of fitting. In the second step, optimal values for n and k 
are found using a 300-step, hybrid Monte-Carlo 
Levenberg-Marquardt process to fit the data with n 
constrained to within 10% of n1st of its starting value 
and k unconstrained. In the third step of fitting, the 
uncertainties in the optimal n2nd, k2nd values are 
assessed. For optimal fitting of the data in cases where 
the absorption coefficient is low (k ≈ 10-4), weights are 
added to the evaluation of the least squares values in the 
Monte-Carlo/Levenberg-Marquardt calculation. to give 
more weight to destructive interference and less weight 
to the constructive interference in the interferogram 
leads to a more accurate fit of the k values. The weights 
are defined as:

weights

=
|interferogram ― max(interferogram) |

max |(interferogram ― max(interferogram) )|

(9
)

Without weighting, the dips in the interferogram are 
not well represented, particularly when they are tens of 
decibels deep, resulting in large overestimates of the 
absorption coefficients. 

In the fourth step, a two-dimensional grid of n, k 
values is used to generate a least-square 2D map, with 
n constrained to within 15% of its optimum value and k 
constrained to between 10-4 and 10-2 (corresponding to 
the dynamic range of the measurement setup). From this 
2D map, a 95% confidence interval is extracted that is 
used to determine the uncertainties reported in Table 1. 
For frozen samples, ~ 5 interferograms are measured for 
3 different sample thicknesses (generally 5.5, 11.4 and 
18.2 mm). Frozen samples were far more challenging to 
fit than solid samples at room temperature. When 
possible, n and k are extracted from the best fits of the 
thickest samples and the error bar is extracted from 
those measurements.

Note that in some instances, the signal to noise ratio 
of the interferogram was too low to enable a fit and 
concomitant extraction of n and k. This is especially the 
case at high frequencies (i.e., 920 GHz) where the 
sweep range is limited, and the absorption is large.

Custom MAS Rotors 

Custom MAS rotors were fabricated using various 
ceramic materials [α-Al2O3 (sapphire), Y2O3:ZrO2 
(yttria-stabilized zirconia or YSZ), AlN (aluminum 
nitride), Si1-xAlxO1-xNx (𝛽 ― SiAlON)] machined by 
O’Keefe Ceramics (Woodland Park, CO). All of these 
materials are commonly used for rotors for ssNMR 
experiments [69,122,123]. Two commercially available 
rotors made from YSZ and α-Al2O3 were also 
characterized (Cortecnet, NY, USA). The custom- 
ordered rotors were machined with a sample space 
0.5 mm deeper than that of a commercial standard-wall 
Bruker rotor (6% volume increase), which should not 
impact the DNP performance. Finally, values of n and k 
for these materials were obtained from slabs 
manufactured by O’Keefe Ceramics. 

MAS-DNP experiments

MAS-DNP experiments were carried out on a 14.1 T 
spectrometer with a 395 GHz gyrotron w source. All 
DNP experiments (unless otherwise noted) were carried 
out using a 1H-13C cross polarization (CP) sequence 
with a contact time of 1 ms, a 1H radio-frequency (rf) 
amplitude ramp from 47 kHz to 52 kHz, and constant 
13C rf amplitude at 42 kHz. During acquisition, the 
SPINAL64 decoupling sequence was used with a pulse 
power of 100 kHz [124]. Rotors were filled with 250 
mM proline and 10 mM AMUPol (Cortecnet, NY, 
USA) dissolved in a 60% d8-glycerol/30% D2O/10% 
H2O sample matrix. All samples were degassed by 
freeze-thaw cycling to ensure a buildup time, 𝑇b, 
ranging between ~ 4.8 – 5 s [17,51]. For each rotor, the 
Martin-Puplett interferometer built into the w beam 
path was adjusted to maximize the DNP enhancement 
[40,70]. The w power at the sample was then 
optimized using the QO setup installed on the MAS-
DNP instrument to reach the maximum enhancement 
value for each rotor [70]. It should be noted that the QO 
component of the MAS DNP instrument is not the same 
as the QO bench discussed in the previous section [70]. 
The MAS-DNP results are summarized in Table 2. The 
error bars were obtained by repeating the measurements 
multiple times. The error bar corresponds to the 
difference between the minimum and maximum 
enhancements obtained, |𝜖max

on/off ― 𝜖min
on/off|, and the 

measurements were carried out at least five times. The 
rotor caps for the custom rotors were machined by 
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RevolutionNMR. Due to the multiple rotor sizes, no soft 
plugs were used in the experiments.

Electromagnetic field simulations 

 The measured dielectric properties were used as 
inputs in CST Studio Suite electromagnetic field 
simulations to model the w beam propagation in the 
sample space (Dassault Systèmes, Paris, France). 
Simulations assumed a 5 W Gaussian w beam with a 
waist of 3.2 mm at 11 mm from the center of the rotor, 
corresponding to the geometry of our Bruker MAS-
DNP probe and expected w power at the end of the 
waveguide. Unless otherwise specified, the stator and 
coils were not included in simulations for simplicity.

To determine the w nutation frequency, the H field 
values for each voxel were projected into Hx, Hy, and Hz 
complex vectors [125]. Specifically, the H field is first 
rotated so that the long axis of the rotor is at the magic 
angle with respect to the z axis that corresponds to the 
main magnetic field axis. The relevant portion of the 
field for nutation is the transverse vector, Hxy, in the 
laboratory frame. This value corresponds to the 
averaged Hxy(t) over one irradiation period. For each 
voxel, Hxy was projected and its norm, ||Hxy||, was 
calculated. The average of all ||Hxy|| across the rotor was 
then converted to the nutation frequency using 𝜈1,𝑒 =
𝛾e||𝐻𝑥𝑦||𝜇0/2𝜋, where 𝛾e is the gyromagnetic ratio of 
the radical electron and 𝜇0 is the permeability of free 
space.

MAS-DNP simulations – MAS-DNP simulations 
were run using the same model and parameters as 
described in ref [51]. The reader is referred to this 
reference for the details. For this article, we only 
replaced the nutation frequencies by the ones calculated 
using the simulation tool. 
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