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In the 1990’s we initiated development of high frequency gyrotron microwave sources with the goal of
performing dynamic nuclear polarization at magnetic fields (�5–23 T) used in contemporary NMR exper-
iments. This article describes the motivation for these efforts and the developments that led to the oper-
ation of a gyrotron source for DNP operating at 250 GHz. We also mention results obtained with this
instrument that would have been otherwise impossible absent the increased sensitivity. Finally, we
describe recent efforts that have extended DNP to 460 GHz and 700 MHz 1H frequencies.
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In the early 1980s the combination of cross polarization (CP) [1]
and magic angle spinning (MAS) [2] began to be used to examine
biological systems, for example membranes and membrane pro-
teins [3,4]. Later, in the 1990s, the first studies of amyloid appeared
[5,6]. In addition, two-dimensional MAS experiments were devel-
oped [7–9], and we began to appreciate the fact that it was possible
to reintroduce dipolar couplings into the spectra in a manner con-
sistent with the goal of high resolution [10,11]. These develop-
ments subsequently lead to rotational resonance (R2) [12], rotary
resonance (R3) [13], REDOR [14] and a plethora of approaches to
measure 13CA13C and 13CA15N distances and torsion angles, and
what today is known as dipolar recoupling and to structures of
peptides [15] and proteins [16]. However, from the beginning of
these experiments, which were designed to elucidate the structure
of biological molecules, it was clear that the signal-to-noise was
lower than those performed in solution. The reason for this was
well understood and is because in most MAS experiments we de-
tect 13C, 15N, etc. directly rather than observing these nuclei
through 1H [17]. For this reason we began to consider approaches
to increase the sensitivity of MAS experiments. At the time our
thought was that if 1H could be incorporated into the experiment
for indirect detection, then so much the better. Accordingly, we ini-
tiated experiments using 2H labeled samples with �1% 1H and
showed that even at 10 kHz we were able to obtain reasonably nar-
row lines, and study exchange processes in solids [18]. These
Elsevier Inc.
experiments have continued in labs of our colleagues [19,20],
and today the availability of 40–70 kHz MAS rotors and perdeuter-
ated proteins, together with 1H back exchange of amide 1Hs is
making HSQC type experiments a reality. Nevertheless, there re-
mains a considerable loss in sensitivity when compared to 1H de-
tected solution experiments.

Because of my own Ph.D. research in EPR, I have long been
aware of the fact that it is in principle possible to introduce stable
free radicals into solutions, to irradiate the EPR spectrum with
microwaves, and therefore to transfer the much higher electron
spin polarization to nuclei. This experiment, first predicted by
Overhauser [21] and demonstrated by Carver and Slichter [22], is
known as dynamic nuclear polarization (DNP) and we started to
consider the possibility of integrating DNP into MAS NMR experi-
ments in the late 1970s and early 1980s. In addition, during this
period MAS and other NMR experiments were rapidly transitioning
from electromagnets to superconducting systems at 1H operating
frequencies of 200–600 MHz. Today, contemporary NMR experi-
ments are performed at these or the higher frequencies currently
emerging –700–1000 + MHz. To perform DNP with g = 2 electrons
at these fields/1H frequencies requires microwaves in the millime-
ter wave regime – roughly 2.3–0.75 mm – or 130–400 GHz. Thus,
while it was very intriguing to think about achieving large signal
enhancements with DNP (e P 100), it was also clear that the bar-
rier to wide applicability of these experiments was microwave
sources operating stably in the millimeter wave regime. If these
were available and we were able to perform signal enhancements,
the MAS dipolar recoupling experiments would be widely applica-
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ble to structural studies of proteins, nucleic acids and many other
problems including imaging.

Accordingly, in the late 1970s we began to investigate the avail-
able microwave sources and found that there were diodes (Gunn
and Impatt diodes), devices based on slow wave structures (ex-
tended interaction oscillators and amplifiers, EIO’s and EIA’s), and
a variety of other devices all with names ending in ‘‘tron’’ – klys-
trons, oratrons, etc., and gyrotrons [23]. With some exceptions they
operated at 6100 GHz. In addition, it was also clear that we would
need a substantial amount of microwave power (10–100 W) since
the experiment we clearly wanted to perform was DNP/MAS and
that meant that the sample would consist of a rotor with an rf coil
wrapped around it. Thus, the prospects of achieving a high-Q in the
microwave circuit were small. It is for these and similar reasons,
that the first efforts at performing DNP/MAS were limited to
60 MHz and used 10 W, 40 GHz klystrons as the microwave source
and a horn and reflector type arrangement [24–27]. However, it
was not possible to move these experiments to the fields used in
contemporary NMR experiments because of the paucity of higher
frequency microwave sources. Thus, during the 1980s DNP relaxed
into a position of an interesting intellectual exercise, but one
whose potential had yet to be realized.

In the mid 1980s the chronic need for increase signal intensities
for multidimensional experiments stimulated us to think seriously
about possible microwave sources for DNP. We found that not
much had changed – for example, there were Gunn and IMPATT
diodes available, and we could purchase EIO’s that operated at
220 GHz from Varian-Canada that would deliver 1 W CW and
was guaranteed to operate for 500 h (a rather modest period con-
sidering that we would want this to perform NMR experiments on
a 24/7/52 basis). We also discovered that our colleagues in the lab
across the street in the MIT Plasma Science and Fusion Center were
working with gyrotrons and they were functioning in what was
termed CW mode at 140 GHz. In fact, Paul Woskow and Richard
Temkin has just completed a plasma physics experiment and had
a 140 GHz tube that was not being used. We also learned that gyro-
trons could be operated at higher frequencies, although not much
work had been done above about 100 GHz, and furthermore that
they were fast wave devices, and, consequently can generate large
amounts of CW power. Thus, gyrotrons satisfied many of the
requirements for MAS/DNP experiments at high frequencies. Con-
currently, David Singel, who had perform 60 MHz DNP experi-
ments with Nino Yannoni at IBM, arrived in the Chemistry
Department at Harvard as an Assistant Professor and was also
interested in continuing DNP. Thus, this series of events catalyzed
the start of a new effort to initiate DNP at higher frequencies. It cul-
minated in the 1986 submission of a successful grant application to
NIH to construct a DNP spectrometer operating at 140 GHz or
211 MHz for 1H. In addition, since so little was known about high
field EPR spectra it was decided to also construct an EPR spectrom-
eter to operate at the same frequency. We note that this grant was
funded without any preliminary results and without a clearly dem-
onstrated application – something that would be unlikely in to-
day’s funding climate.

Thus, our initial effort at DNP/MAS was focused on a 140 GHz
instrument and our first papers appeared a few years later with
a study using a borrowed EIO on a 1D conductor. Later, Lino Bec-
erra and Gary Gerfen managed to get the gyrotron functioning
and to enhance 13C MAS spectra of polymers doped with BDPA
[28]. In 1995 we reported our first low temperature experiments
using TEMPO as a polarizing agent where we achieved and
enhancement e = 185 at 20 K [29], and we managed to polarize
a protein [30], virus particles [31], and perform some 2D exper-
iments [32]. However, as we stated above our ultimate idea for
DNP was that it would be a signal enhancement technique appli-
cable to problems in structural biology and therefore we were
motivated to move the experiments to higher field. In addition,
there were many things technically incorrect with the
140 GHz/ 211 MHz system that made it difficult to operate in a
CW basis. For example, the vacuum system on the tube was
poor, and the cathode would poison easily. In addition, our
low temperature probes, while advanced for the time, lacked
many important features such as sample exchange systems oper-
ating at low temperature. Thus, beginning in late 1990s we ini-
tiated an effort to address some of these issues and to move DNP
to higher frequencies. The first step in the process was to con-
struct a system that would operate at approximately double
the frequency or 400 MHz for 1H. In addition, we wanted a spec-
trometer that would be stable and permit long term dipole
recoupling experiments useful for structural biology. The result
was the 250 GHz gyrotron and a low temperature MAS probe
that would spin stably at �100 K for extended periods. The ini-
tial results with this system are described in the paper by Bajaj
et al. [33], which is the one that triggered the present writeup.
In particular, we showed there that at 20 K it was possible to ob-
tain e = 170 on static glycine sample and we were able to per-
form the initial double quantum DNP enhanced MAS 13CA13C
recoupling experiments using the SPC-5 sequence.

Subsequently, this spectrometer was improved in many ways.
For example, we added a corrugated waveguide [34], the probe
was reconstructed for triple resonance experiments and includes
a sample exchange system [35]. These improvements permitted
us to trap photocycle intermediates of bacteriorhodopsin and to
detect four L-intermediates that had never been observed previ-
ously [36,37]. A complete description of the gyrotron oscillator ap-
peared in a subsequent JMR paper [38]. In addition, the success
with the 250 GHz system stimulated work on higher frequency
DNP gyrotrons and we have successfully constructed devices at
330 GHz [39]and 460 GHz [40,41]}. The latter corresponds to a
700 MHz 1H frequency and we have recently obtained our initial
results with this system. In addition, solid state spectrometers
are now commercially available which utilize gyrotrons for DNP.
Collectively, these results suggest that high frequency DNP will
likely be an important ingredient of MAS and other types of NMR
and imaging experiments in the future.
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