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a b s t r a c t

Dynamic nuclear polarization (DNP) improves the sensitivity of NMR spectroscopy by the transfer of elec-
tron polarization to nuclei via irradiation of electron-nuclear transitions with microwaves at the appro-
priate frequency. For fields > 5 T and using g � 2 electrons as polarizing agents, this requires the
availability of microwave sources operating at >140 GHz. Therefore, microwave sources for DNP have
generally been continuous-wave (CW) gyrotrons, and more recently solid state, oscillators operating at
a fixed frequency and power. This constraint has limited the DNP mechanisms which can be exploited,
and stymied the development of new time domain mechanisms. We report here the incorporation of a
microwave source enabling facile modulation of frequency, amplitude, and phase at 9 T (250 GHz micro-
wave frequency), and we have used the source for magic-angle spinning (MAS) NMR experiments. The
experiments include investigations of CW DNP mechanisms, the advantage of frequency-chirped irradi-
ation, and a demonstration of an Overhauser enhancement of �25 with a recently reported water-soluble
BDPA radical, highlighting the potential for affordable and compact microwave sources to achieve signif-
icant enhancement in aqueous samples, including biological macromolecules. With the development of
suitable microwave amplifiers, it should permit exploration of multiple new avenues involving time
domain experiments.

� 2023 Elsevier Inc. All rights reserved.
1. Introduction

Dynamic nuclear polarization (DNP) [1–3] has transformed
from a niche spin physics experiment to a relatively widespread
and commercially available technique [4], and it can trace its mod-
ern renaissance to the adoption of the gyrotron as a microwave
source [5]. For magic-angle spinning (MAS) NMR, it has achieved
sensitivity improvements by orders of magnitude and enabled
investigations of materials and biological macromolecules hereto-
fore not feasible [6–9]. These impressive results have been
obtained with continuous-wave (CW) microwave sources exploit-
ing CW DNP mechanisms, which rely on the saturation of energy
level transitions. The further potential of DNP lies in the realization
of pulsed DNP [10] at high fields, which generates and manipulates
spin coherences as routinely done in the case of nuclear spin
energy levels using radiofrequency (RF) pulses in NMR. Pulsed
methods can lead to field-independent enhancements, in contrast
to CW methods which scale unfavorably with increasing magnetic
field.

However, pulsed DNP also imposes stricter requirements on
microwave source capabilities. The first requirement is that while
CW DNP only requires sufficient microwave fields to saturate elec-
tron energy level transitions, i.e. x1S � 2p=T1e, pulsed DNP
requires that the excitation rate of the coherence induced by
microwave irradiation be greater than the rate of spin–spin (T2)
relaxation, i.e. x1S � 2p=T2e. For a narrow-line monoradical such
as trityl OX063 at 80 K, T1e is on the order of ms while T2e is on
the order of ls, so pulsed DNP will require x1S=2p � 5 MHz
[10]. The second requirement, and the primary topic of this work,
is that the source must be capable of modulating the frequency,
amplitude, and phase of microwave radiation. Pulse lengths must
be concomitantly short with the higher microwave B1, on the order
of ns, and modulations of the amplitude and phase must occur
even faster.

Frequency-agile gyrotron oscillators have shown that they can
alter the microwave frequency by up to 20 MHz per ls and achieve
a pseudo-gating ability by quickly shifting the microwave fre-
quency on- and off-resonance [11,12]. However, pulsed DNP
sequences that generate and manipulate electron spin coherences,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2023.107511&domain=pdf
https://doi.org/10.1016/j.jmr.2023.107511
mailto:rgg@mit.edu
https://doi.org/10.1016/j.jmr.2023.107511
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


M. Mardini, R.S. Palani, I.M. Ahmad et al. Journal of Magnetic Resonance 353 (2023) 107511
such as TOP-DNP [13], TPPM- and XiX-DNP [14], and BEAM-DNP
[15], operate on the timescale of ns, too fast for the current gener-
ation of gyrotron oscillators, but perhaps within reach with further
innovations. Besides gyrotron sources, solid-state microwave
sources have recently emerged as attractive options for frequency,
amplitude, and phase modulations while also being cost- and
space-efficient. They consist of frequency multiplier diodes to take
advantage of mixers, amplifiers, and filters readily available at
lower frequencies to achieve complete amplitude and phase mod-
ulation. Incorporating arbitrary waveform generation leads to the
most flexible microwave sources for pulsed DNP applications. An
arbitrary waveform-modulated microwave source for EPR and
DNP applications was demonstrated at 5 T [16–18] and more
recently at 7 T [19–21]. Kuzhelev and Akhmetzyanov et al. showed
the advantage of arbitrarily-shaped, broadband pulses for PELDOR
measurements in EPR [22]. Sergeyev et al. demonstrated a 263 GHz
solid-state diode source for MAS DNP application [23], but without
arbitrary waveform capabilities.

Finally, in developing new and improving established DNP
methods, it is important to be able to record the Zeeman field pro-
files to discern and disentangle the dominant DNP mechanism.
Historically, this has required a magnet equipped with a sweep coil
to vary the main magnetic field B0. The sweep process is tedious,
requiring that the probe be retuned as the NMR frequency changes,
data is usually low resolution for that same reason. This process
also increases the rate of helium boiloff, increasingly relevant as
helium becomes scarce and expensive. In the worst case, an
improperly conducted field sweep can lead to a magnet quench.
Using an arbitrary waveform generator (AWG) to independently
perform frequency sweeps over any range up to several GHz cir-
cumvents these issues: the sweeps require essentially no supervi-
sion or retuning of the probe, and pose no danger to the magnet. All
told, these reasons provided ample rationale for developing an
AWG-based microwave frequency sweep system for DNP at high
fields.

We report here the implementation of a frequency-swept AWG-
equipped solid-state source for DNP experiments at 250 GHz (9 T).
We attain a frequency range of �8 GHz centered at 250 GHz with
microwave output power of 160 mW, and demonstrate the obser-
vation of all contemporary high-field CW DNP mechanisms – the
Overhauser effect (OE) [2,24–28], the solid effect (SE) [29–31],
the cross effect (CE) [32–37] and the recently discovered mecha-
nism of resonant mixing (RM) [38,39]. With this modest power,
the generated Rabi field B1 is insufficient to fully realize the useful-
ness of frequency chirps with MAS probes, though we do observe a
modest improvement over monochromatic irradiation in a mixed
radical system. Among CW DNP mechanisms, we observe the best
performance with the Overhauser effect, and have previously used
the microwave source to investigate the nuclear polarization trans-
fer pathway in BDPA radicals in ortho-terphenyl matrix [27,28].
Here, we demonstrate the OE with a recently reported water-
soluble BDPA as a promising means for DNP studies of biological
macromolecules without requiring an expensive high-power
gyrotron.

The reported instrumental advances are important steps
towards realizing pulsed DNP at magnetic fields of 9 T and above.
The AWG enables any conceivable pulsed DNP sequence with a
time resolution of <100 ps, including the repeated pulse architec-
ture of TOP-DNP and XiX-DNP. Beyond rectangular pulses, the pos-
sibility of shaped pulses achieving desired excitation patterns,
becoming increasingly relevant as our ability to manipulate elec-
tron spins approaches that of dedicated EPR spectroscopy. The next
steps include increasing the generated B1 by augmenting the
arrangement with a microwave amplifier and/or a more efficiently
coupled sample chamber.
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2. Results and discussion

Our 250 GHz microwave circuit is shown schematically in Fig. 1,
and can be divided into two sets of components: one for the gen-
eration of arbitrary shaped microwaves at relatively low frequen-
cies and the second for amplification and frequency
multiplication up to 250 GHz. Regarding the capabilities, the cir-
cuit can output arbitrarily modulated microwaves of frequency
250 ± 4 GHz at up to 220 mW, but with the directional isolator
inserted (protecting the sensitive multiplier diodes from reflec-
tions), we achieve an overall output power of up to 160 mW.
Modulation of the phase, frequency, or amplitude is performed
by appropriately varying the AWG output. The AWG is a Keysight
M8190A with two output channels operating at 12 gigasamples/
sec with 12-bit vertical resolution. The nominal bandwidth of the
AWG is 5 GHz (slightly under the Nyquist frequency), though we
normally operate it around half that frequency, at 2.5 ± 1 GHz.
The time resolution of the AWG is �83 ps, though further investi-
gation is needed to understand the implications of this parameter
on the length of our shortest possible well-defined pulse.

Developments in diode technology enabled the two frequency-
doubling diodes (depicted as the ‘‘�4” block in Fig. 1) to handle the
increased input power from the high-power amplifier at 60 GHz
while maintaining 8% total conversion efficiency (�32% for the first
doubler, �25% for the second doubler) in the multiplication pro-
cess. Similar diodes from the same research efforts have been used
in commercial instruments, and the trajectory of engineering
advances shows promise for 500 mW at 263 GHz and 100 mW at
527 GHz in the future.

With the goal of providing some helpful insights for those inter-
ested in constructing similar systems, we show in Fig. 2 an alterna-
tive design of the microwave circuit, which we ended up rejecting,
detailing the undesired results and the changes we made to our
current design. An off-the-shelf amplifier-multiplier-chain (AMC)
for our frequency would take an input signal of just over 10 GHz
and, through a series of multiplication and amplification steps,
multiply it N ¼ 24 times to yield 250 GHz microwaves. Accord-
ingly, we used a 10 GHz local oscillator (LO) and mixed it with sig-
nals from an AWG, outputting only a few tens of MHz. However,
the resultant DNP frequency profiles for a BDPA/OTP sample were
abnormal (Fig. S1). This prompted us to investigate the signals pro-
vided to the circuit at 10 GHz and those exiting at 250 GHz. We
found that despite a relatively clean input signal, where undesired
frequencies were suppressed by �30 dB relative to the desired one
(Fig. 2(A)), the output signal was a comb of frequencies (sidebands)
centered about the desired frequency, almost equal to the desired
frequency in amplitude and spaced by the AWG frequency (Fig. 2
(C)). We then saw that the sidebands were related to the multipli-
cation process, with an intermediate density of sidebands observed
after the first tripler stage (Fig. 2(B)). The result is understood by
considering that the multipliers also act as mixers when multiple
tones are present in the input signal. Thus, the amplitude of an
undesired sideband relative to the primary frequency is increased
by a factor of 20 � logN dB during a multiplication step with multi-
plication factor N, the same as the fundamental increase in phase
noise with frequency multiplication. As such, even though our
sidebands were well-suppressed at 10 GHz, they became promi-
nent following multiplication by N ¼ 24. In our revised circuit
design (Fig. 1), we use a much higher AWG frequency to ensure
that any sidebands are far away, and we use a bandpass filter to
remove those sidebands and provide the multipliers with as clean
an input as possible. Additionally, we perform the mixing at a
higher frequency so that the multiplication factor after mixing is
as low as possible; a high-frequency IQ mixer operating around
60 GHz was available off-the-shelf and easily incorporated into



Fig. 1. The circuit used to generate microwaves at 250 GHz. A 10 GHz signal from an oscillator is fed into a series of passive components, starting with a set of three frequency
doublers, and the output at 60 GHz is mixed at an IQ Mixer with a signal from an arbitrary waveform generator operating between 1.5 and 3.5 GHz. The upper sideband of the
mixer between 61.5 and 63.5 GHz is filtered before being amplified (active component), and further multiplied using frequency doublers to achieve an output frequency
between 246 and 254 GHz at an output power of 220 mW. To protect the multipliers from reflected power, we utilize an isolator with an insertion loss of �1.4 dB, attenuating
the power to 160 mW.

Fig. 2. Block diagram of the initial frequency multiplier design which was rejected. Illustrated are representative frequency measurements made at points (A), (B), and (C) as
shown in the circuit diagram in (D), with the LO set to 10.4 GHz and the AWG outputting + 10 MHz, for a nominal final frequency of 249.84 GHz. Plotted spectra are
approximate reconstructions of the spectrum analyzer output onto the absolute frequency domain, and powers can be assessed within a plot but not between plots as the
downconversion schemes for each frequency differ significantly. (A): output from the IQ mixer shows the desired signal at 10.41 MHz and the suppressed opposite sideband
and leakage of the LO. (B): output following a single tripler step. (C): dense comb of sidebands at the final output. (D): schematic of source configuration for these
measurements.
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our system. These changes appeared to resolve our issues, as sub-
sequent measurements of the output frequency now yield only a
single tone, as illustrated in Fig. 3, where we see a line of
�0.5 MHz width. Finally, we note that the diode array runs at an
elevated temperature, and therefore we added cooling fans and
thermoelectric Peltier devices to reduce the operating temperature
and prolong the device lifetime.

We also compared the frequency stability of the new system’s
output to that of our 250 GHz gyrotron (Fig. 3). The AMC output
frequency had a standard deviation of about 60 kHz, while that
of the gyrotron was about 1.6 MHz, an order of magnitude larger.
3

This result is expected: ultimately, the AMC frequency stability is
primarily tied to the stability of our 10 GHz phase-locked loop local
oscillator, while the gyrotron output frequency is tied to fluctua-
tions in the beam voltage and current, among other factors
[40,41]. For most applications, the slight fluctuations of the gyro-
tron frequency are not critical, but for precise DNP and EPR mea-
surements, the additional stability of the AMC is essential.

Fig. 4 shows the DNP frequency profiles obtained with the
instrument configuration in Fig. 1 on DNP test samples exhibiting
different CW DNP mechanisms: the cross effect with AMUPol
[42], the solid effect and Overhauser effect with BDPA [26,28],



Fig. 3. Frequency stability measurements of the two sources near 250 GHz.
Measurements were made using a harmonic downconversion scheme and the FFT
function of a digital oscilloscope. The scope’s sampling rate was 5.0 GSa/s and each
trace contains 50 kSa (10 ls acquisition time); each plotted point corresponds to
the frequency of maximum intensity for a particular trace, and two traces acquired
per second.

Fig. 4. 1H DNP (A-C) and 13C DNP (D) frequency profiles obtained with the setup on
polarizing agents (A) AMUPol in 6:3:1 glycerol-d8:D2O:H2O exhibiting CE DNP, (B)
h21-BDPA and Phe-d5-BDPA in OTP matrix exhibiting OE and SE DNP, (C) Trityl-
OX063 in 6:3:1 DMSO-d6:D2O:H2O exhibiting SE and arguably resonant mixing
(RM), and (D) diamond powder containing P1 centers primarily exhibiting CE DNP
(to natural abundance 13C nuclei). Profiles in (A–C) were collected under MAS (5–
7 kHz) at 90–100 K, and (D) under static conditions at room temperature. Specific
experimental details are available in the SI.
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the resonant mixing effect [38] (or debatably thermal mixing effect
[43]) with trityl, and the 13C enhancement profile of diamond pow-
der containing P1 centers, which has been reported to include sev-
eral overlapping mechanisms [44]. The enhancement of the static
diamond powder was ~200 and will be discussed in more detail
in a future publication. One unexpected result was the emergence
of fine, ripple-like features in the AMUPol profile (Fig. 4(A)). A pre-
vious study with a solid-state diode source also showed some fine
features when compared to a field profile with a gyrotron source
[23], and we likely have somewhat lower power than that study,
exacerbating the effect. One might also suspect that the effect is
an instrumental artifact, e.g. standing waves on the waveguide.
We believe this not to be the case as no such ripples are observed
in any of the other profiles in Fig. 4. We are currently investigating
these ripples using other samples and instruments, and will dis-
cuss the results including their physical origin in a forthcoming
publication.

At 9 T, the frequency range needed to explore all these mecha-
nisms spans �1.5 GHz while maintaining a constant output power.
With a conventional gyrotron, one would fix the frequency and
power of the gyrotron and sweep the NMR magnetic field, which
is a tedious process, expensive both in time and excess helium boil-
off. A gyrotron can be designed to be tunable over several GHz [45],
but the frequency and power must be constantly monitored to
guarantee an accurate profile. With the AWG, frequency adjust-
ment is instantaneous and repeatable, allowing entire profiles to
collect largely unattended. As a result, while the absolute enhance-
ments with only 160 mW of microwave power are modest com-
pared to those with several watts from a gyrotron, the ease of
collecting these profiles has made it practical to investigate these
CW mechanisms in detail.

To take advantage of our ability to modulate the microwave
output, we compared the single-frequency enhancements in
Fig. 4 to those using a frequency chirp. In most cases, our limited
output power made the chirp no better than the single frequency.
However, we did observe a slight improvement in cross effect
enhancement for a mixed radical system [46] of 30 mM 4-amino
TEMPO and 15 mM Trityl-OX063 as Han and colleagues reported
previously [21]. This system is favorable for observing the benefit
of chirped irradiation: the narrow-line trityl is more efficiently sat-
urated by chirping the microwave frequency across the EPR line at
a rate faster than the MAS frequency.

The resultant cross effect enhancement, which depends on the
polarization difference between the narrow-line trityl and wide-
line nitroxide, concomitantly increases. In Fig. 5 we report a max-
Fig. 5. Relative performance of repeated 1 microsecond chirps of varying chirp
widths for a sample of 15 mM trityl OX063 and 30 mM 4-amino TEMPO in 6:3:1
glycerol-d8:D2O:H2O. For all experiments, the MAS frequency was 5 kHz and the
sample temperature 100 K.



Fig. 6. Results using the AWG driven solid state source in conjunction with water-soluble NMe3-BDPA. (A): Bulk 1H enhancement for 45 mMNMe3-BDPA in 6:3:1 glycerol-d8:
D2O:H2O at 95 K and spinning at 6 kHz, demonstrating the effect of freeze–pump–thaw degassing. (B): 13C CP spectra of uniformly labeled GNNQQNY microcrystals wet with
a small volume of the same 45 mM NMe3-BDPA at 95 K and spinning at 7 kHz.
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imum relative increase of about 13%, resulting in an absolute
enhancement of 9.0, using a chirp width of 30 MHz and a chirp
time of 1 ls. We expect that with a higher available x1S, from
increased microwave power and/or improved coupling efficiency,
chirped DNP will outperform single-frequency irradiation under a
broader range of conditions. We justify this expectation with the
theoretical understanding of the cross effect under MAS as distinct
events during a rotor period [47]. The microwave irradiation is
involved in electron-microwave events, which are avoided level
crossings when the microwave frequency matches the electron
Larmor frequency that result in saturation of the electron spin.
The efficiency of saturation during the event, which leads to polar-
ization difference between electrons and eventually nuclear
enhancement, is governed by the adiabaticity probability,

PEM � px2
1= 2

@ xej j
@t

� �
; ð1Þ

suggesting the importance of high x1, especially as the chirp rate
and thus the effective @ xej j=@t increases.

With the current instrumentation, we looked to Overhauser
effect (OE) DNP as an application which does not require high
microwave power. We have previously reported large OE enhance-
ments (e �70) with our AMC microwave source, but these
employed BDPA in the organic matrix ortho-terphenyl (OTP)
[27,28]. A water-soluble BDPA is desirable for OE DNP in aqueous
samples, including biological systems. A recently reported water-
soluble derivative of BDPA [48] aimed to mitigate stability issues
of previous water-soluble BDPAs [49,50]. With this NMe3-BDPA,
we observed bulk enhancements of �25 in a degassed sample
(Fig. 6(A)). We subsequently prepared a sample of microcrystals
of the fibril-forming peptide fragment GNNQQNY doped with
NMe3-BDPA and observed a relayed enhancement [51] of 4.2
(Fig. 6(B)). Further optimizations may make NMe3-BDPA an
appealing polarizing agent considering the favorable scaling of
the OE with increasing magnetic field [26] and the low required
microwave power.

3. Conclusions and Outlook

In this work, we document a solid-state 250 GHz microwave
source capable of arbitrary phase, frequency, and amplitude wave-
form modulation that will be essential for high-field pulsed DNP.
We have highlighted some of our considerations in constructing
the system, hopefully benefiting DNP spectroscopists planning to
5

assemble similar instruments. We also report a selection of results
which remain notable despite the low x1S available. In particular,
we showed a facile recording of CW frequency profiles for investi-
gation of DNP mechanisms, an early indication of the potential
benefits of frequency-chirped irradiation, and the prospect of using
these lower power sources in conjunction with water-soluble OE
polarizing agents for high-field investigations of biological
systems.

At present, this system is suboptimal for achieving enhance-
ments comparable to a gyrotron, but one can achieve increased
x1S while maintaining the arbitrary modulation capability in two
ways: a secondary amplification step and improved efficiency of
Rabi field generation in MAS stators. For amplifiers, both gyroam-
plifiers, and at low frequencies (	 250 GHz) more compact slow-
wave devices such as TWT’s and klystrons, offer the potential of
100–1000W output pulses amplified from our 160 mW input
source. Ongoing research in the field will soon make these ampli-
fiers available at frequencies relevant to high-field DNP. Regarding
stator efficiency, the model of pulsed EPR spectrometers is a rele-
vant waypoint for the potential of resonant cavities: a TE011 res-
onator can achieve efficiencies of � 35 MHz=

ffiffiffiffiffi
W

p
[52], so only 20

mW incident microwave power would achieve x1S=2p ¼ 5 MHz
for pulsed DNP, and our system could be used as-is for pulsed
DNP in such a static resonator. As for MAS, typical 3.2 mmMAS sta-
tors are estimated to achieve a microwave efficiency of
�0.56 MHz/

ffiffiffiffiffi
W

p
[23], requiring 80W for the same electron B1,

but a smaller rotor size and optimized design achieved
1.8 MHz/

ffiffiffiffiffi
W

p
[23], requiring only 8 W for pulsed DNP. It seems

inevitable that a combination of microwave amplifiers and
improved microwave coupling will lead to high-field pulsed DNP
during MAS.
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