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C H E M I C A L  P H Y S I C S

High-field pulsed EPR spectroscopy under magic 
angle spinning
Orit Nir-Arad1, Alexander B. Fialkov1, David H. Shlomi1, Nurit Manukovsky1,  
Frederic Mentink-Vigier2, Ilia Kaminker1*

In this work, we demonstrate the first pulsed electron paramagnetic resonance (EPR) experiments performed un-
der magic angle spinning (MAS) at high magnetic field. Unlike nuclear magnetic resonance (NMR) and dynamic 
nuclear polarization (DNP), commonly performed at high magnetic fields and under MAS to maximize sensitivity 
and resolution, EPR is usually measured at low magnetic fields and, with the exception of the Spiess group work in 
the late 1990s, never under MAS, due to great instrumentational challenges. This hampers the investigation of 
DNP mechanisms, in which electron spin dynamics play a central role, because no experimental data about the 
latter under DNP-characteristic conditions are available. We hereby present our dedicated, homebuilt MAS-EPR 
probehead and show the pulsed MAS-EPR spectra of P1 center diamond defect recorded at 7 tesla. Our results 
reveal unique effects of MAS on EPR line shape, intensity, and signal dephasing. Time-domain simulations repro-
duce the observed changes in the line shapes and the trends in the signal intensity.

INTRODUCTION
Electron paramagnetic resonance (EPR) is a spectroscopic tech-
nique that probes the electronic structure of atoms, molecules, and 
materials around the unpaired electrons. It is based on the electron-
ic Zeeman effect, where the degeneracy of the unpaired electron 
spin eigenstates is lifted under the presence of an external magnetic 
field. At the resonance condition, the energy difference between the 
eigenstates is matched by the energy of the applied electromagnetic 
radiation, and an EPR signal is observed. That resonance frequency 
informs about the local environment of the unpaired electron, 
which, in turn, provides information on the electronic structure of 
the system under investigation. EPR applications include probing of 
radicals, transition metals, and electronic defects in chemistry, biol-
ogy, and material science.

High-field (>7 T) EPR offers advantages such as increased sensi-
tivity, increased g-tensor resolution, reduced overlap of nuclear spin 
frequencies in hyperfine spectroscopy EPR experiments, and re-
duced linewidth of the central transition in half-integer high-spin 
systems (1–3). Despite these advantages, now most EPR spectrom-
eters operate at magnetic fields ranging between 0.3 and 3 T. This is 
because high-field EPR poses numerous instrumental challenges: 
As the field increases, so does the required radiation frequency. Be-
tween 0.3 T (corresponding to ~9 GHz) and 3.5 T (~95 GHz) and, 
mostly, between 3.5 and 7 T (~200 GHz), the performance of many 
components is strongly degraded. Above 7 T, many characteristic 
EPR components are unavailable. While the passive components 
can be replaced by clever quasi-optical analogs (4–6), the absence of 
sources and amplifiers constantly hampers the development of high-
field EPR. In particular, the limited power available at millimeter-
wave frequencies affects the development of pulsed EPR, which 
requires higher instantaneous power; thus, most high-field EPR 
spectrometers are continuous-wave (CW). Now, whereas commer-
cial low/medium-field EPR spectrometers are abundant, most high-
field EPR spectrometers are homebuilt (7–20).

The scarcity of high-field pulse EPR instruments affects the im-
plementation of high-field EPR, as well as the development of dy-
namic nuclear polarization (DNP) at high field. DNP is a ubiquitous 
method for signal enhancement in nuclear magnetic resonance 
(NMR), which has revolutionized solid-state NMR (ssNMR) allow-
ing for applications previously deemed impossible (21). At the core 
of the DNP experiment lies the polarization transfer from unpaired 
electron spins to nuclear ones (21–26). The underlying mechanisms 
for DNP are still incompletely understood, and their analysis re-
quires the inclusion of various time-domain properties of the elec-
tron spins, available only by pulsed EPR, preferably under identical 
conditions to the DNP experiment, because many of these proper-
ties are conditions dependent (26–36). At low fields (0.3 to 1.5 T), 
the high-power technology for electron spin manipulation is well 
established, and multiple advanced DNP experiments are being de-
veloped (37–40). At 3.3 and 7 T, EPR experiments have yielded im-
portant insights on the static solid (28, 41–43) and liquid Overhauser 
(44, 45) DNP mechanisms.

Still, most DNP-NMR is carried out at high field, under which 
pulse EPR data are nearly unavailable. Moreover, DNP-ssNMR is 
almost exclusively carried out under magic angle spinning (MAS), 
where the sample is subject to a fast rotation along an axis tilted by 
θm = arccos
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√

3

�

≈ 54.74◦  with respect to the magnetic field. 
MAS partially averages out anisotropic interactions, allowing for 
high-resolution ssNMR spectra (46, 47). The corresponding high-
field MAS-EPR experiments have never been carried out, leaving 
the understanding of MAS-DNP to rely on theoretical consider-
ations (25, 26) and elaborate numerical simulations (48–52). The 
only pulsed MAS-EPR experiments were carried out under low field 
(0.3 T) in the late 1990s (53, 54), as were the related right-angle spin-
ning (RAS)–EPR experiments (55–57). Two noteworthy recent re-
ports include (i) a theoretical study, which focused on the observable 
effects in ultrahigh-speed MAS-EPR at νr > 150 kHz and high fields 
(58), and (ii) a demonstration of CW EPR under MAS in a custom-
built DNP/EPR probehead at 7 T (59). Still, the pulsed MAS-EPR 
experiments were never followed up; thus, despite the progress in 
static high-field EPR (2, 12, 60, 61), high-field pulsed MAS-EPR was 
never developed.
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Over the past years, we constructed a dual high-field DNP/EPR 
spectrometer, operating either in CW (62) or in pulse mode (63). 
Having imparted MAS abilities to it, we present here the first high-
field (7 T) pulsed EPR spectra acquired under MAS. Here, we 
first describe the design of the homebuilt MAS-EPR probehead. 
Then, MAS-EPR spectra and time-domain measurements are pre-
sented, revealing unique effects that are absent in static EPR spectra. 
Last, numerical simulations are used to reproduce the experimental 
observations.

RESULTS
MAS-EPR probehead
We constructed a dedicated DNP/EPR probehead to enable the 
MAS-EPR experiments. A photograph of the probehead is shown 
on Fig. 1A, and the computer-assisted design (CAD) cutout of the 
probehead and the spinning module on Fig. 1 (B and C), respec-
tively. The spinning module is based on the spherical rotor design 
introduced and developed by the Barnes group (64–67).

The design challenge in the MAS-EPR probehead design is to 
ensure minimal losses and high efficiency of millimeter-wave cou-
pling to the sample spinning at few kilohertz. We optimized the 
probe for induction mode EPR detection, where the sample is ex-
cited with linearly polarized millimeter waves and the signal is de-
tected at the orthogonal polarization (12); thus, our design ensured 
that both polarizations propagate efficiently.

In the DNP/EPR spectrometer in our laboratory, the millimeter-
wave radiation is generated by a 450-mW solid-state source. The 
beam propagates as a free-space Gaussian beam with a ~8-mm 
beam waist through the quasi-optical table positioned below the 
magnet and then enters the probe from the bottom (Fig. 1B). The 
beam is coupled to the bottom of the smooth-wall waveguide taper 
with an output diameter of 5 mm, which reduces the beam size. Af-
ter leaving the taper, the millimeter waves pass through the high-
density polyethylene (HDPE) stator and the polytetrafluoroethylene 
(PTFE) spherical rotor to reach the sample. The spherical rotors have 
an 8-mm outer diameter and were machined from Grade 10 PTFE 
bearing balls (Precision Plastic Ball Company, IL USA), by drilling a 
hole of 2-mm diameter to the depth of ~6 mm. The sample, a powder, 
was packed into the hole that was sealed with a three-dimensionally 
(3D) printed plug.

To avoid high losses, which are detrimental to the EPR experi-
ments sensitivity, the materials used in the parts of the probehead 
lying on the millimeter-wave beam path, the stator and the rotor, 
were carefully selected. For example, resin-based 3D printed stators 
that were used in the initial stages of the MAS-EPR probehead de-
sign have limited transparency compared to computer numerical 
control-machined HDPE stator used in the final version. Similarly, 
zirconia spherical rotors that have good spinning characteristics (up 
to 10 kHz) result in a sixfold reduction in EPR signal intensity due 
to the high loss tangent and high refractive index, resulting in high 
Fresnel reflections from the rotor (68–70) (see the Supplementary 
Materials). Both HDPE and PTFE plastics have a low refractive in-
dex and a very low loss tangent at the 200-GHz frequency, thereby 
facilitating the EPR detection. In addition, the radio frequency (rf) 
coil is positioned in such a way as not to interfere with the millimeter-
wave beam. CAD files with the design of the stator and the stator 
holder are available in the Supplementary Materials. The magic an-
gle is roughly set by the design of the gas flow in the stator (64), and 
the fine adjustment is done mechanically by tilting the stator holder. 
A single gas flow is used for rotor spinning (64). The stator includes 
fiber optic connections for optical readout of the spinning frequency. 
The rf circuit was tuned to 74.1 MHz, the 13C frequency at 6.9 T. The 
79Br signal from the KBr powder was used to verify the magic angle 
adjustment as described in the Supplementary Materials. Note that 
the rf coil was present, although not used, in the MAS-EPR experi-
ments described here.

MAS-EPR spectra
Echo-detected EPR spectra for different MAS frequencies are shown 
in Fig. 2A. The limited output millimeter-wave power leads to selec-
tive pulses (900-ns pulses were used to acquire the spectra in 
Fig. 2A) that excite only a small part of the EPR spectrum. The spec-
tra are thus acquired by stepping the frequency throughout the EPR 
spectrum while plotting the magnitude of the echo at each point. 
This is a key aspect of the effects described below. The static spec-
trum, shown in black, is characteristic of the P1 center (substitu-
tional nitrogen) defect in diamonds. The P1 center is a spin S = 1/2 
defect that occurs when a single nitrogen atom substitutes for a car-
bon in the diamond lattice. The spectrum is dominated by the hy-
perfine interaction of the electron with an I = 1 14N nuclear spin. 
The principal values for the 14N hyperfine interactions are 81.3, 81.3, 

Fig. 1. The MAS-EPR probehead. (A) The photograph and (B) CAD cutout of the MAS-EPR probehead. (C) A detailed cutout of the spinning module assembly. The stator 
and the stator holder are cut in the plane of the spinning gas stream. mm waves, millimeter waves.
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and 114.0 MHz (71). The two powder patterns on the left and the 
right of the EPR spectrum correspond to the mI = 1 and mI = −1 
14N spin states, respectively. The sharp central line corresponds to 
the mI = 0 14N spin state and is not subject to the hyperfine interac-
tion. The powder patterns of the mI = ±1 transitions are due to the 
anisotropic e-14N dipolar coupling. Thus, the resonance frequency 
in the mI = ±1 manifolds depends on the orientation of the e-14N 
vector relative to the magnetic field, B0, which yields two Pake-like 
lines separated by the isotropic hyperfine interaction.

Upon sample spinning, the EPR spectrum undergoes marked 
changes. At the spinning frequency of 1 kHz, the EPR signal inten-
sity is substantially reduced for all the transitions. However, the ef-
fect is more pronounced for mI = ±1 transitions, where the signal 

reduction is stronger and a line shape distortion is observed. Upon 
further increase of the spinning frequency to 3 kHz, the mI = ±1 
transitions practically disappear, and the signal intensity of the cen-
tral transition drops to ~1/5 of its original intensity. Sample spinning 
results in a change in the orientation of the hyperfine tensor relative 
to the magnetic field and, thus, in a change in the resonance fre-
quency of the electron spin. When the sample is static, the first pulse 
of the echo pulse sequence (inset in Fig. 2A) excites a subset of the 
spin packets, and, then, a second pulse refocuses the same spin 
packets whose resonance frequencies are constant over time form-
ing an echo (72). In contrast, upon spinning the sample, the phase 
and frequency of all spin packets in the powder pattern have changed 
during the interpulse delay. In this case, the selective nature of the 

Fig. 2. MAS-EPR results. (A) Frequency swept pulsed EPR spectra of P1 centers in diamond powder as a function of the MAS frequency (νr). Top line, experimental spectra; 
bottom line, simulation. All experimental/simulated spectra are normalized by the maximum intensity of the experimental/simulated static spectra, respectively. 
techo = 2.85 μs, trep = 5 ms. (B) Comparison of static and spinning two-pulse echo decays of the central (mI = 0) line. Solid symbols, experimental data; open symbols, 
simulation; lines, exponential fit. All four datasets are normalized by their individual maximum intensities. tp = 1.2 μs, trep = 2.5 ms. (C) Changes in the EPR line shape as a 
function of the pulse sequence length for νr = 2.16 kHz. Top line, experimental spectra; bottom line, simulation. All 10 spectra are normalized by their individual maximum 
intensities. Experimental parameters: techo = 3.8 μs: tp = 1.2 μs, τ = 700 ns; techo = 2.85 μs: tp = 900 ns, τ = 525 ns; techo = 1.9 μs: tp = 600 ns, τ = 350 ns; techo = 0.95 μs: tp = 300 ns, 
τ = 175 ns; trep 5 ms. (D) Simulated resonance frequency νres of a single spin packet belonging to the mI = +1 manifold (black) and absolute value of its time derivative 
|

|

|

dνres

dt

|

|

|

 (red) as a function of time for νr = 3 kHz. The yellow vertical bars denote the region with the highest change in resonance frequency, which results in the highest 
distortion in the MAS-EPR spectrum. a.u., arbitrary units.
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pulses prevents full refocusing by the echo pulse sequence. The fast-
er the sample reorientation, the fewer spin packets are refocused by 
the echo sequence, resulting in the signal reduction with increase of 
the MAS frequency. Such orientation dependence of the resonance 
frequency is much smaller for the central mI = 0 transition, where, 
in the absence of the hyperfine interaction, the only source of the 
orientation dependence is the modest dependence of g(t) upon sam-
ple spinning due to small g-anisotropy, which prevents full refocus-
ing of the echo. The intensity of the central (mI = 0) transition is 
thus affected by the MAS to a much lesser extent compared to the 
mI = ±1 transitions. This dephasing is reflected in the decrease of 
the phase memory time from Tm = 3.5 μs in the static experiment to 
Tm = 0.9 μs for the sample spinning at 3 kHz (Fig. 2B); both were 
fitted with a monoexponential function.

To further understand the nature of the line shape distortion 
and intensity decrease observed with MAS, we performed numeri-
cal simulations of the MAS-EPR experiment, using an S = 1/2, I = 1 
system, as in the experiment, and the same magnetic tensors. The 
simulated MAS-EPR spectra presented in Fig. 2A reproduce well 
the line shape change but underestimate the intensity decrease 
upon spinning. The remaining discrepancy is attributed to the pres-
ence of additional unresolved electron-electron dipolar couplings 
(63, 73), which we did not take into account in the simulations. 
Because the dipolar interaction is anisotropic, it will serve as an ad-
ditional dephasing mechanism. We note that the experimental stat-
ic spectrum shows a nonzero intensity between the three main 
lines, whereas the simulated one does not. The reason for this is the 
presence of exchange-coupled P1 center clusters in the diamond 
(63), which we excluded from the simulation. It should thus be 
noted that sample spinning has an additional effect of removing the 
broad component observed in the static spectrum, which also con-
tributes to the discrepancy between the experimental and simulat-
ed signal reduction upon MAS. The disappearance of this broad 
component is attributed to the presence of strong dipolar interac-
tions, the anisotropy of which is responsible for the rapid dephasing 
of this broad component upon MAS. Thus, MAS can serve to dis-
tinguish between overlapping signals based on their different an-
isotropies. The simulation also reproduces the increased dephasing 
of the central mI = 0 manifold upon spinning (Fig. 2B); again, the 
extent of the MAS induced dephasing is underestimated with simu-
lated Tm = 1.15 μs (compared to experimental of 0.9 μs), which is 
attributed to the e-e dipolar interactions that we did not take into 
account in the simulations.

The EPR spectra line shape of the mI = ±1 transitions can be 
partially recovered by shortening the length of the pulse sequence 
(techo in the inset in Fig. 2A). Figure 2C (top) shows the change in 
the EPR spectral line shape with reduction of the echo time for MAS 
frequency of 2.16 kHz. Expectedly, the spectra acquired with long 
echo times are strongly distorted. Shortening the echo time allows 
for complete recovery of the EPR line shape, albeit at the expense of 
reduced signal-to-noise ratio due to the reduced flip angle of the 
shorter millimeter-wave pulses. The shorter the pulse sequence, the 
smaller the frequency shift due to MAS and the better the refocusing 
becomes, thus restoring the line shape. The simulation accurately 
captures this trend (Fig. 2C, bottom). The slight variations in signal 
intensity throughout the experimental spectrum, which are not cap-
tured by the simulations, are due to the variations in the millimeter-
wave source power output with frequency and the presence of 
standing waves in the quasioptical bridge.

The strongest reduction in the MAS-EPR signal intensity in the 
middle of the mI = ±1 powder patterns and smaller effect at the 
canonical orientations (Fig. 2, A and C) can be understood by con-
sidering the rate of the change in the resonance frequency of the 
electron spin with MAS. A trajectory of a resonance frequency 
νres(t) of a single spin packet belonging to the mI = 1 manifold at 
3-kHz spinning frequency is shown on Fig. 2D in black overlayed 
with absolute value of its time derivative ||

|

dνres
dt

|

|

|

 in red. We expect that 
the EPR signal will be the least affected by MAS where ||

|

dνres
dt

|

|

|

 is the 

smallest. This is the case: The ||
|
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dt
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|

|

 is the smallest around the g⊥ and 
g∥ where it reaches zero. The maximum of the ||

|

dνres
dt

|

|

|

 occurs in the 
center of the powder pattern (marked by yellow rectangles on 
Fig. 2D) away from the canonical orientations, and, therefore, the 
pulsed EPR signal reduction is maximal in this region.

Echo shapes under MAS
Examples of the time-domain EPR echo traces are presented in 
Fig. 3. They were acquired at the central (mI = 0) line and on the 
maximum of the mI = 1 powder pattern. The exact spectral posi-
tions are indicated in the MAS-EPR spectrum in the inset. The echo 
of the central line acquired under MAS has a similar shape as the 
one acquired under static conditions. Still, it has a weaker intensity, 
its maximum is shifted to an earlier time, and its width is smaller. 
The same effects are much more pronounced in the echoes acquired 
within mI = 1 powder pattern. The signal intensity is reduced fur-
ther, the maximum of the echo is shifted to even earlier times, and 
the width is narrower. The reduced echo intensities, especially at 
later times, result from the dephasing and the shift of the resonance 
frequencies associated with the change in the electron spin reso-
nance frequency. As expected, they are more pronounced for the 
mI = 1 compared to mI = 0 due to the faster change in the resonance 
frequency with MAS for the former. The same data presented with 
the simulated echo traces normalized to the intensity of the corre-
sponding experimental ones is presented in fig. S3.

The simulated echo shapes, width, timing, and relative intensity 
reproduce the trends observed in the experimental ones. The static 
echo has its recognizable shape, while the echoes observed under 
MAS are much smaller, shifted to earlier times and narrower.

Repetition time
Unlike in most MAS-NMR where, typically, the whole spectrum is 
excited, the pulses in EPR experiments are selective; while, in static 
pulsed EPR experiments, where a pulse sequence repeatedly applied 
at a given frequency affects the same spin packets, under MAS, each 
subsequent pulse sequence affects a different spin packet that be-
comes on resonance at that instant due to MAS. This allows for a 
much faster pulsed EPR signal accumulation compared to the static 
case where a delay of >T1e ~ 1.5 ms is used to allow for the recovery 
of the magnetization. While the reduction of signal intensity due 
to saturation is clearly visible for the static pulsed EPR spectrum 
(Fig. 4, topmost traces), it is absent from the MAS-EPR spectra, and 
the spectra acquired with 50-μs and 5-ms repetition time are identi-
cal (bottom traces). Thus, much faster signal averaging is possible 
for the MAS-EPR spectra, partially offsetting the reduced signal in-
tensity necessitated by using low flip-angle pulses. The ability for fast 
signal averaging was previously discussed in the RAS experiments 
at low field (74), and we note that similar benefits are obtained by 
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using field jumps to acquire multiple pulsed EPR experiments in 
parallel (75).

Experimental determination of the ν1 frequency in the 
spinning sample
The ability to perform pulsed EPR experiments with the MAS-DNP 
probehead allowed us to experimentally determine the efficiency of 

millimeter-wave delivery to the sample by measuring the electron 
nutation frequency, ν1 = ω1/2π. This ability has great practical im-
portance for the DNP probehead development. A massive effort is 
invested in high-power millimeter-wave sources and optimization 
of the probehead design to facilitate the millimeter-wave delivery to 
the sample, because the strength of the electron nutation frequency 
is crucial for saturation of the electron spins and the success of the 
DNP experiment (76, 77). Figure 5 shows the experimental three-
pulse echo-detected nutation experiment recorded with the MAS-
EPR probehead. The nutation experiment was recorded under static 
conditions on the central mI = 0 line. The experimental trace was 
fitted with a damped cosine function (solid line in Fig. 5), and the 
nutation frequency ν1 ~ 180 kHz was extracted from this fit. The 
experimentally obtained value is higher than the one obtained from 
simulations by the Barnes group (77), similar to the one calculated 
by the Griffin group (76), and lower than the estimated ones by the 
Bruker team for their probes (78). While an analogous nutation ex-
periment can be carried out under MAS (fig. S4), its interpretation 
is not straightforward because the nutation pulse and the pulses 
forming the echo no longer affect the same spin packets.

DISCUSSION
In this work, we report the first high-field pulsed EPR spectra in 
spinning samples. We were able to observe the time domain evolu-
tion of the electron spins under MAS at high magnetic fields, reveal-
ing effects such as the line shape distortion and the faster decoherence 
caused by MAS. Simulations reproduce the changes in line shapes 
and echo shapes observed in the experiments and thus aid in clarifying 

Fig. 3. Echo shapes. Comparison of the static and spinning experimental transient traces acquired in magnitude mode for the central line and the middle of the mI = 1 pow-
der pattern. The spectral positions where each of the echo traces was acquired are indicated with arrows in the spectrum presented in the inset. The experimental param-
eters were as follows: tp1 = tp2 = 1.2 μs; τ = 0.7 μs; repetition time, 5 ms; a 16-step phase cycling with 50 averages per step was applied, νr = 1 kHz.

Fig. 4. MAS-EPR results. Comparison of the pulsed EPR spectra acquired with 5-ms 
and 50-μs repetition times for static and MAS with νr = 2.16-kHz pulsed EPR spectra. 
Other experimental parameters appear in the caption of Fig. 2C.
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the source of the former phenomena. We attribute the success of the 
pulsed EPR experiments presented here to the probehead design 
that allows for propagation of the two orthogonal polarization 
modes and for the efficient millimeter-wave penetration that we 
achieved by the material choice of HDPE and PTFE for the stator 
and the rotor, respectively, with both plastics having a very low loss 
tangent and small refractive indices at the millimeter-wave frequen-
cies. In addition, in the presented design, the rf coil is positioned 
such as not to interfere with the millimeter-wave beam path.

These experiments open the possibility for the long sought after 
observation of the electron spin dynamics under MAS at high field 
for the investigation of DNP. One of the most useful experiments for 
the investigation of static DNP mechanisms is the electron-electron 
double resonance experiment. This is a pump probe experiment that 
allows for probing the effect of prolonged millimeter-wave irradia-
tion, typical of DNP, on the electron spins (27–30). We envision its 
MAS-EPR analog to be extremely useful in the investigation of 
MAS-DNP mechanisms. Accessing the regime typical of contempo-
rary DNP experiments will require the development of a cryogenic 
MAS-EPR probehead capable of MAS-EPR experiments at ≤100 K.

Further developments would include rotor-synchronized pulsed 
EPR; while in MAS-NMR rotor-synchronized sequences, where the 
pulses are repeated in multiples or a constant fractions of a rotor 
period are very common, their analogy is not possible in MAS-EPR, 
because all the electron coherences decay in the fraction of the rotor 
period due to the short electron T2. Still, experiments such as stimu-
lated echo, where the magnetization is stored along the z direction 
and thus decays with T1 timescale, should be possible in the future, 
when MAS-EPR with faster spinning is developed. The slower decay 
of the longitudinal magnetization will allow for rotor-synchronized 
sequences where the EPR signal will be refocused following the re-
turn of the rotor to its original orientation. The original MAS-EPR 
work used similar ideas (53) borrowed from NMR (79). This will 
require an order-of-magnitude increase in the spinning speed, which 
is well within the capabilities of the current MAS technology. In addi-
tion, the increase in EPR relaxation times at lower temperatures 

characteristic of DNP will further facilitate the rotor-synchronized 
MAS-EPR experiments when the relevant experimental capabilities 
(νr ≈ 40kHz, T ≤ 100K) are developed. To reach the “true MAS-
NMR” regime will require not only >1-MHz spinning speeds but 
also hundreds of MHz electron spin nutation frequencies (58). 
While tens of MHz nutation frequencies are possible when high 
millimeter-wave power is combined with high-quality factor (high-
Q) resonance structures (80, 81), implementation of high-Q reso-
nance structures compatible with MAS remains a challenge.

We envision that further development of MAS-EPR hardware 
and methodology may lead to EPR experiments with enhanced res-
olution. The method can be used to simplify spectra by separating 
broad and narrow components of overlapping EPR spectra such that 
the signal with the larger anisotropy disappears while the one with 
the smaller is still observable. In addition, this can be further ap-
plied to yield high-resolution electron-nuclear double resonance 
experiments where small interactions, amenable to averaging with 
modern >100-kHz spinning speed MAS, are resolved.

MATERIALS AND METHODS
The DNP/EPR spectrometer
We performed the MAS-EPR experiments using the homebuilt 
DNP/EPR spectrometer recently constructed in Tel-Aviv University 
(62). For pulsed EPR experiments, we modified the spectrometer 
by the addition of a pulse-forming unit, allowing for phase adjust-
ment and pulse slicing of the CW microwave to generate the pulses 
at ~16 GHz. The pulse-forming unit is equipped with an arbitrary 
waveform generator (AWG), allowing for the generation of micro-
wave pulses with an arbitrary phase. The pulse durations and the 
phases are set in the ~16-GHz pulse-forming unit (the phases are set 
to 1/12th of their target phase at 200 GHz, to account for subsequent 
frequency multiplication). The microwave pulses are fed into the 
high-power (~0.5 W) ×12 amplifier multiplier chain (Virginia Diodes 
Inc.), which outputs the desired millimeter-wave pulse sequence 
with correct phases and pulse durations.

The detection is achieved using a superheterodyne scheme with 
the downconverted in-phase and quadrature (I and Q) signals being 
digitized using a fast (3 giga sample/sec) two-channel digitizer 
(Vitrek LLC). This scheme allows for a phase sensitive detection and, 
together with AWG capabilities of the pulse forming unit, for full 
phase cycling capabilities. The DNP/EPR spectrometer uses induc-
tion mode EPR detection where the electron spins are excited using 
linearly polarized millimeter waves. The circularly polarized EPR 
signal is detected at the polarization orthogonal to the one used for 
excitation. This scheme, known as inductive detection, facilitates 
isolation between the transmitting and receiving parts of the spec-
trometer and allows for the use of high-power pulses that would, 
otherwise, damage the receiver (12). Induction mode detection re-
quires that both orthogonal modes can efficiently propagate through 
all the millimeter-wave pathways. We constructed the MAS-EPR 
probehead with this requirement in mind. The detailed description 
of the pulsed EPR operation of the DNP/EPR spectrometer will be 
published elsewhere.

MAS-EPR spectra
The MAS-EPR spectra were recorded using a Hahn Echo pulse se-
quence (inset in Fig. 2A) with two pulses of the same length (tp) and 
a delay (τ) between them. The echo signal appears approximately at 

Fig. 5. Nutation experiment. The three-pulse nutation experiment performed on 
the P1 center defects in diamond powder using MAS-EPR probehead. The solid line 
is a fit using a damped cosine function to extract the nutation frequency.
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time τ after the second pulse. The EPR spectra were recorded by step-
ping the millimeter-wave frequency. A 16-step phase cycling ϕp1 = 
[0°4,90°4,180°4,270°4], ϕp2 = [0°,90°,180°,270°]4, and ϕdetection = 
ϕp1 − 2ϕp2, where subscript 4 refers to the four consecutive repetitions 
for the pulse/block of pulses, was applied to remove the contribu-
tions of the free induction decays from both pulses and mixer im-
perfections. The EPR spectra were obtained by integrating over the 
full width at half maximum of the echo signal in the magnitude 
mode. The pulse and delay lengths are given in the figure captions.

We performed a measurement of the millimeter-wave B1 field 
strength with the three-pulse nutation experiment using a tnut − td − 
tp − τ − tp − τ − echo sequence (inset in Fig. 5). The same 16-step 
phase cycle as in the echo detected EPR spectra was used for the last 
two pulses; ϕnut = 0°; td = 10 μs, tp = 1.2 μs, and τ = 700 ns were used. 
The repetition time was 2 ms, and 150 shots per point were recorded.

B0 = 6.92202 T for the experiments presented in the Results sec-
tion; all experiments were carried out at room temperature.

Sample
The sample used for EPR experiment was an HPHT diamond pow-
der with consistent but irregular crystal shapes with a particle size 
around 44 μm, purchased from Element Six UK Ltd. (PDA657 
325400 D46). The P1 center concentration in this sample is ∼120 parts 
per million as determined by spin counting on a CW X-band Bruker 
Elexsys E500 spectrometer.

Simulations
We performed simulations using a home-written MATLAB (Math-
Works) code. The spin system considered was a single electron spin 
1/2 with g-anisotropy coupled to a 14N nuclear spin. The experimen-
tal g-tensor [g⊥ = 2.0020; g∥ = 2.0018] and hyperfine tensor [A⊥ = 
2π × 81.3 MHz; A∥ = 2π × 114 MHz] were used and assumed to be 
colinear. The calculations were carried out in the rotating frame of 
the electron spin, and we considered the simple Hamiltonian

where g and Az are the instantaneous g-tensor value and secular hy-
perfine coupling; ωmw is the millimeter-wave frequency (in rad per 
second); ω1 is the nutation frequency (in rad per second); ϕ is the 
phase of the millimeter-wave pulse; Ŝz , Ŝy , and Ŝx are the electron 
spin operators; and Îz is the nuclear spin operator. We only consid-
ered the secular hyperfine coupling in the simulations here as, under 
high magnetic field and weak millimeter-wave pulses, the ESEEM 
effect can be neglected. This Hamiltonian can be projected on the 
nuclear spin state mI ∈ {−1,0,1} and is thus the sum of three inde-
pendent ones

The time evolution of the spin system is obtained from the Liou-
ville von-Neumann equation

This equation can be written in Liouville space to include relaxation. In 
the basis 
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 , where 
Ê is the identity, this leads to the homogeneous Bloch equation, and 
it is possible to account for T1 and T2 relaxation of the spin packets. 
The density matrix can be written as a linear combination in the 
basis 

{

Ê, Ŝz , Ŝy , Ŝx

}

, and the corresponding vector, σ̂ , evolves under 
a reformulated equation

where ̂̂L is the Liouvillian commutation super-operator 
[

Ĥ(t), .

]

 . 
The Liouvillian consists of three independent blocks, each per mI 
subspace. Each corresponding block, L̂mI

(t) =

[

ĤmI
(t), .

]

 is de-
fined as (51)

where P0,mI is the expectation value of Ŝ
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� when the spin 

system is at thermal equilibrium, P0,mI
= trace

�

Ŝz �mI⟩⟨mI �
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�

 

where ρ̂eq(t) = exp
(

−Ĥ0 ∕kBT
)

 , and Ĥ0 is the same Hamiltonian in 
the laboratory frame and T = 293 K. The equation is numerically 
integrated in a stepwise fashion to obtain

The time steps were set to δt = 1

214νr
 , where νr is the MAS fre-

quency, for the spinning spectra. The echo was integrated from 
−0.5 tp1 to 0.5 tp1 relative to the nominal echo time: techo = tp1 + tp2 
+ 2τ; except otherwise noted, tp1 = tp2 = 1 μs; τ = 0.7 μs, ν1 = 200 kHz. 
A three-angle ZCW grid made of 36,960 points was used for powder 
averaging (82, 83). The simulations used a T1 of 1.5 ms and a T2 of 
4 μs, which are close to the experimental values.

Supplementary Materials
The PDF file includes:
Supplementary Text
Figs. S1 to S4
Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1

REFERENCES AND NOTES
	 1.	 J. Krzystek, A. Ozarowski, J. Telser, Multi-frequency, high-field EPR as a powerful tool to 

accurately determine zero-field splitting in high-spin transition metal coordination 
complexes. Coord. Chem. Rev. 250, 2308–2324 (2006).

	 2.	 A. Savitsky, K. Möbius, High-field EPR. Photosynth. Res. 102, 311–333 (2009).
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