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We describe a frequency-agile gyrotron which can generate frequency-chirped microwave pulses. An
arbitrary waveform generator (AWG) within the NMR spectrometer controls the microwave frequency,
enabling synchronized pulsed control of both electron and nuclear spins. We demonstrate that the accel-
eration of emitted electrons, and thus the microwave frequency, can be quickly changed by varying the
anode voltage. This strategy results in much faster frequency response than can be achieved by changing
the potential of the electron emitter, and does not require a custom triode electron gun. The gyrotron fre-
quency can be swept with a rate of 20 MHz/ls over a 670 MHz bandwidth in a static magnetic field. We
have already implemented time-domain electron decoupling with dynamic nuclear polarization (DNP)
magic angle spinning (MAS) with this device. In this contribution, we show frequency-swept DNP
enhancement profiles recorded without changing the NMR magnet or probe. The profile of endofullere-
nes exhibits a DNP profile with a <10 MHz linewidth, indicating that the device also has sufficient fre-
quency stability, and therefore phase stability, to implement pulsed DNP mechanisms such as the
frequency-swept solid effect. We describe schematics of the mechanical and vacuum construction of
the device which includes a novel flanged sapphire window assembly. Finally, we discuss how commer-
cially available continuous-wave gyrotrons can potentially be converted into similar frequency-agile
high-power microwave sources.

� 2018 Published by Elsevier Inc.
1. Introduction

Dynamic nuclear polarization (DNP) is a powerful tool to
increase nuclear magnetic resonance (NMR) sensitivity in which
the high polarization of electron spins is transferred to nuclear
spins via microwave irradiation that fulfills matching conditions
[1–3]. High microwave power levels (>5 W) are required to gener-
ate significant DNP enhancements for magic angle spinning (MAS)
samples at temperatures >80 K at high magnetic fields (>5 T) [4–6].
Gyrotrons, now widely commercially available, provide the requi-
site microwave power levels, yet can rarely be tuned quickly or
pulsed [7]. Such continuous-wave (CW) gyrotrons permit only
CW DNP mechanisms. Similar to the development of NMR and
EPR spectroscopy from continuous wave to pulsed regimes, pulsed
DNP will provide many advantages over CW approaches [8–12].
Although CW DNP mechanisms yield large signal enhancements
for model systems at lower magnetic fields, their performance is
sub-optimal with higher magnetic fields, higher temperatures,
and more complex samples [13,14]. Pulsed DNP transfers have
considerable promise to improve DNP performance where CW
mechanisms under-perform [15–18]. Chirped microwave pulses
have also recently enabled the first electron decoupling experi-
ments, which attenuate hyperfine interactions and alleviate detri-
mental paramagnetic relaxation effects [8].

Possible microwave sources which can produce high power
levels required for pulsed DNP and electron decoupling with MAS
include free electron lasers, slow-wave traveling wave tubes
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(TWTs), gyromonotrons, gyro-TWTs, and gyro-backward wave
oscillators (BWOs) [19–24]. Free electron lasers are unrivaled in
their tuning range and can also be frequency and phase stable,
yet occupy considerable volume making their broad applicability
in NMR laboratories across the world limited [25]. Slow-wave
TWTs are very promising sources for EPR and DNP below 300
GHz, yet their maximum power levels are lower than gyrotrons,
and the inverse scaling of the interaction cavity dimensions with
higher frequencies presents considerable micro-fabrication chal-
lenges [26,27]. Fast-wave gyro-TWTs have successfully been devel-
oped at 140 and 250 GHz, yet their broad dissemination into the
ranks of NMR spectroscopists has been hindered by the cost asso-
ciated with the requisite super-conducting magnets and electron
beam power supplies [20,28–30]. We have chosen to instead focus
on the development of frequency agile gyrotrons, which fall under
the category of gyro-BWOs. Gyrotrons have numerous advantages
including higher-power levels (up to 1 MW, 100% duty cycle) and
possible widespread dissemination of technology through
upgrades of existing and available MAS DNP spectrometers.

Gyrotrons are especially appealing due to the experimental fea-
sibility of implementing chirped pulses for time-domain DNP and
electron decoupling, rather than hard pulses which are more com-
monly employed in NMR spectroscopy of spin ½ nuclei. For
instance, we previously calculated that 13 MW of microwave
power are required to generate sufficient electron Rabi frequency
(x1e) for a hard pulse to excite the 800 MHz nitroxide lineshape
at 7 T, given current widely available MAS DNP probes [31]. Fur-
thermore, the wavelength of high-frequency microwaves is smaller
than the sample geometries currently employed in MAS DNP
experiments leading to severe inhomogeneity of the electron Rabi
frequency, and would lead to a concomitant poor performance of
hard pulses. Notably, frequency chirped pulses such as adiabatic
rapid passages remain effective with a high degree of x1e inhomo-
geneity [9,10]. Microwave resonance structures and focusing
strategies (i.e. TE01 resonators and Teflon lenses) are being devel-
oped by our group and others, and could provide both uniform
and intense x1e fields required for pulsed DNP. However, we note
that their applicability will most likely be restricted to sample-
limited applications, as larger samples currently provide higher
sensitivity in MAS DNP experiments. Gyrotrons which exhibit fast
frequency tuning, or pulsing, include those described by Idehara
et al., Alberti et al., and the device we present herein [32–34]. In
this paper we describe the mechanical, vacuum, and electrical
design of a frequency-agile gyrotron which has previously been
employed in pulsed electron decoupling experiments [8]. We also
measure frequency swept DNP enhancement profiles of various
polarizing agents using the gyrotron. Importantly, the DNP
enhancement profiles of an endofullerene, N@C60, indicate that
the gyrotron has the frequency and phase stability required to per-
form time domain DNP transfers such as the integrated solid effect.
Finally, we conclude with a discussion of how currently available
spectrometers could possibly be upgraded to provide similar fre-
quency agility and a concomitant acceleration of the field of MAS
DNP into the pulsed regime.
2. Design

2.1. Overview

The gyrotron is shown within the context of the DNP-MAS NMR
spectrometer (Fig. 1), of which many components were custom-
built such as the NMR probe, cryostat, heat-exchanger, and corru-
gated waveguide transmission line. Corrugated transmission line
transmits microwave power from the gyrotron to the NMR probe.
A cryostat insulates the NMR superconducting magnet and
facilitates cryogenic MAS <6 K [35,36]. The DNP NMR probe
includes a four-channel transmission line circuit resonating at
300.184 MHz (1H), 75.495 MHz (13C), 30.427 MHz (15N), and
121.516 MHz (31P) [37,38]. A Tecmag Redstone spectrometer
(Tecmag Inc., Houston TX), drives each channel and includes an
arbitrary waveform generator (AWG) to generate shaped
microwave pulses.

The potential waveform from the AWG is amplified 1000:1 by a
low capacitance, high voltage Trek 5/80-L linear amplifier (Trek,
Lockport, NY). The amplifier output is connected to the gyrotron
anode, as shown in Fig. 2c and 3a. An electron beam is emitted
from a magnetron injection gun (MIG), and compressed by the
magnetic field gradient into the interaction cavity. A portion of
the electron beam power is deposited into the TE52q cylindrical res-
onator. Microwaves are directed out of the gyrotron by the internal
mode converter while the electron beam continues up through the
gyrotron body. Finally, the remaining electron beam energy is
absorbed at the grounded collector.
2.2. Electrical isolation and frequency agility

The amplifier driven by the AWG is connected to the anode by a
low-capacitance wire (pseudo-colored in yellow for clarity, Fig. 3a).
This high-voltage wire is isolated to reduce stray circuit capaci-
tance. The cathode, which emits the electron beam, is connected
to a separate high-voltage, high-power (4 kW) supply (Fig. 2c
and 3b) (Spellman, Hauppage, NY). Note that the capacitance of
the cathode power supply is very large to maintain a stable poten-
tial, yet prevents the generation of quickly-swept microwave
waveforms via control of only the cathode potential. The anode
amplifier has a low power and voltage requirement which permits
a fast slew rate of 1000 V/ls due to a low internal capacitance.
Therefore the potential of the anode can be changed quickly and
results in microwave output frequency agility of up to 20 MHz/
ls. This allows for frequency jumps from the DNP matching condi-
tion to the electron spin resonance for electron decoupling [8,31],
and should permit coherent electron spin manipulation with adia-
batic chirped pulses.

Ceramic breaks allow for electrical isolation between different
sections of the gyrotron (Fig. 2c). Vacuum ion pumps must be
grounded to function properly and are electrically isolated from
the collector and anode. The collector is also grounded so that
the electron beam colliding with its surface does not accrue a neg-
ative charge. Note that the collector must be kept electrically sep-
arated from the anode to permit fast microwave frequency tuning.

The microwave output frequency is partially determined by the
acceleration potential of electron emission. The electron beam is
generated by a barium impregnated tungsten ring within the
MIG and carries 190 mA of current. The potential between the
anode and cathode is maintained between 9 and 17 kV. This high
potential accelerates electrons to relativistic speeds. The associated
increase in electron mass results in a lower microwave frequency
according to the cyclotron frequency equation:

X ¼ eB0

m
ð1Þ

where X is the cyclotron resonance frequency, e is the charge of the
electron, B0 is the magnetic field at the interaction cavity, and m is
the relativistic electron mass [24]. Within the interaction cavity the
electron beam deposits power into a cylindrical microwave mode.
This TE52q mode supports a continuous tuning bandwidth over a
frequency range of 197.2–198.4 GHz, which can be controlled with
1 MHz precision by adjusting the potential across the MIG. Here, the
q subscript refers to axial modes present along the long axis of the
cylindrical resonator (Fig. 4a) [7,22].



Fig. 1. Schematic of the DNP spectrometer showing the NMR magnet, probe, microwave transmission line, gyrotron, and heat exchanger.
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2.3. Interaction cavity

The cavity radius is 2.542 mm, optimized for interaction with
the electron beam. The magnetic field gradient focuses the electron
beam at a compression factor of 28 for optimal overlap with the
TE52q mode [7]. The compression factor is defined as RMIG/RC where
RMIG is the beam radius at the MIG and RC is the beam radius at the
interaction cavity. Ohmic losses in the copper cavity walls generate
heat. If the cavity is sufficiently heated, the cavity radius and fre-
quency change concomitantly [39]. For this reason, the cavity is
cooled by a water channel within the stainless steel outer jacket
(Fig. 4c). The 30 mm long interaction cavity supports a large con-
tinuous frequency bandwidth, here explored from 197.2 GHz to
198.4 GHz to allow for electron paramagnetic resonance (EPR) or
DNP excitation of several radicals. The cavity can support up to
0.67 GHz bandwidth for a fixed magnetic field, and the gyrotron
can access additional frequency ranges by adjusting the primary
gyrotron magnetic field. In this way, the gyrotron can excite EPR/
DNP transitions for a variety of different radicals without changing
the NMR spectrometer magnetic field.

Achieving continuous tuning of >1 GHz with gyrotrons requires
access to hybridized axial modes within in the interaction cavity
(Fig. 4a) [7,22]. Therefore, we used a cavity with a length of 30
mm (20 k for 198 GHz electromagnetic radiation in a vacuum),
which supports hybridized axial modes. After the straight section
of the interaction cavity, the walls taper away from the center
for 37 mm until the Vlasov launcher of the internal mode con-
verter. The taper prevents parasitic oscillations as the beam
expands in the weaker magnetic field above the interaction cavity.

2.4. Internal mode converter

The microwaves generated in the interaction cavity (Fig. 4b)
propagate inside the gyrotron in the TE52q mode, which is not sup-
ported by an overmoded corrugated transmission line [40]. For this
reason, it is desirable to convert the microwave output into a beam
of high Gaussian content which couples with high efficiency to the
HE11 mode supported within the waveguide [7]. The TE52q mode is
broadcasted by a Vlasov launcher and further shaped by an off-axis
parabolic mirror and three concave mirrors [24,41]. The Vlaslov
launcher and mirrors are defined as the internal mode converter.
All portions of the internal mode converter are machined in copper
so that the microwaves can reflect off the surface in a quasi-optical
manner. The internal mode converter is specifically designed for
the TE52q mode; other modes will not be converted efficiently into
a Gaussian-like beam.

2.5. Interaction cavity and internal mode converter deficiencies

The ceramic break above the window reaches up to 82 �C during
nominal operation despite plastic water cooling lines, as shown in
Fig. 3a. This indicates that a portion of the microwave power is
trapped inside the gyrotron body and absorbed into the ceramic
break as heat. There are several possible reasons why microwaves
may be misdirected inside the tube. First, mode excitation in the
cavity may not be the expected TE52q mode and is, therefore, not
properly reflected by the mode converter. However the TE52q mode
was specifically chosen for operation because there are no compet-
ing modes nearby in frequency [7]. Second, a cylindrical section
between the interaction cavity and the Vlasov launcher could act
as a secondary cavity and generate microwaves in a competing
mode. Third, gaps in the tapered waveguide between the cavity
and the Vlasov launcher or misalignments in the interaction cavity
could cause a significant portion of microwaves to be scattered
away from the window. These potential sources of error will be
addressed in the next generation of the frequency-agile gyrotron,
currently under fabrication.

2.6. Output window

The microwave output port is a sapphire window cut perpen-
dicular to the crystallographic C-axis, with a width of 0.0685 mm
to optimally transmit 198 GHz microwaves. An incorrect window
thickness would reflect the majority of the microwaves back into



Fig. 2. Schematics of the frequency-agile gyrotron (a) full view and (b) cross section. (c) Electronic schematic showing the anode and cathode connections for frequency
agility. Ceramic electrical breaks are shown in white.
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the gyrotron body. However, the window has been tested indepen-
dently of the gyrotron and found to be transparent at 198 GHz. The
sapphire is brazed to a Kovar sleeve, which is in turn welded to a
316 stainless steel CF flange to allow for window removal or
replacement as needed. The exchangeable window is advanta-
geous compared to welding the window directly to the gyrotron
body.
2.7. Alignment apparatus

The purpose of the alignment stage is to adjust the gyrotron
position inside the super-conducting magnet to optimize interac-
tion of the electron beam with the interaction cavity. For maxi-
mum microwave power output, the electron beam should run
parallel to the axis of the interaction cavity, and aligned concentri-



Fig. 3. (a) Photograph of the gyrotron in the magnet. The anode is connected to the
low capacitance amplifier by cord highlighted in yellow. (b) Cathode connection to
high-voltage power supply. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Schematic of gyrotron (a) cavity (b) internal mode converter, and (c)
interaction cavity in context with beam tunnel.
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cally within the cavity. Misalignment on the scale of fractions of a
millimeter lead to drastic reduction in microwave conversion effi-
ciency. The electron beam should overlap with the first radial max-
imum of the TE52q mode, which is experimentally achieved by
changing both the alignment stages and the magnetic field at the
electron gun [7]. The gyrotron’s alignment apparatus has been
optimized since its first installation. The gyrotron was originally
held in place by an arm attached to the top of the magnet and
mounted on a table underneath the primary magnet. The top
arm was supported by two crossed x-stages such that the cavity’s
location in the x-y plane could be adjusted in addition to the angle
with respect to the electron beam. The bottom stage also held two
orthogonal translation stages for alignment, on which a Delrin
high-voltage plug was mounted. The high-voltage plug consisted
of two brass cylinders fitted with finger-stock separated by a
concentric Teflon cylinder. This first design had a number of
problems: (i) finger stock was employed for connection of the
high-voltage MIG, but often lost electrical connection during the
alignment process, (ii) the numbers on the translation stages
underneath the magnet could not be read by eye, making precise
alignment difficult, and (iii) the high voltage from the power
supply occasionally arced to the grounded aluminum table
underneath the magnet. For these reasons, a new alignment stage
was designed.

The new alignment apparatus features two sets of translation
stages mounted to the top of the superconducting magnet, as
shown in Fig. 3a. The lower stage support is just above the vacuum
extension arms, and the upper stage support is clamped around the
top flange of the collector. Alignment is achieved by axial sliding
stages shown on the right of the magnet in Fig. 3a. Furthermore,
heavy-duty springs accommodate motion when the internal
springs of the translation stages are too weak to move the
gyrotron.

Although there have been no arcs external to the gyrotron since
the plug was replaced, a round Plexiglas shield prevents access to
the bottom of the magnet for safety. A second Plexiglas shield sits
around the top of the magnet to protect the user from the anode.
The upper shield is not shown in Fig. 3 because the glare concealed
gyrotron details.



Fig. 5. (a) Gyrotron output power over tuning bandwidth. Power output is stable
over a 300 MHz range and present over a 670 MHz (197.13–197.80 GHz) range.
Error bars <0.5 W are not shown. Average linewidth change due to electron
decoupling (Hz) reproduced with permission from the Journal of the American
Chemical Society [8]. (b) Response to change in cathode voltage for the same
frequency range.

50 F.J. Scott et al. / Journal of Magnetic Resonance 289 (2018) 45–54
2.8. Fabrication and implementation

The MIG was purchased from Bridge12 Technologies (Framing-
ham, MA). Unless otherwise stated, parts were machined at Wash-
ington University in St. Louis from 316 stainless steel or oxygen-
free high conductivity (OFHC) copper. Vacuum-tight CF flanges,
ceramic breaks, and the all-metal valve were purchased from
MDC (Hayward, CA). The internal mode converter was machined
at Ramco Machining (Rowley, MA), and the interaction cavity
was machined at Midwest Precision Tool and Die (Sioux Falls,
SD). The upper beam tunnel was machined in SiC by International
Ceramics Engineering (Worchester, MA).

At every welding and brazing step, joints were vacuum tested to
ensure proper seals. When all components were complete, each
was cleaned meticulously with acetone followed by ethanol to
remove machining oils [42]. Prior to operation in the magnet, the
gyrotron was baked out under vacuum by wrapping in fiberglass
heating tape and covering in aluminum foil. The gyrotron body
was heated to 200 �C and the collector was heated to 350 �C for
six days. The MIG was then attached for a second vacuum process-
ing session at 100 �C. Subsequently the emitter was activated
under a DC potential of 0.3–2.2 V and an AC heater current up to
2.3 A.

3. Results

3.1. Power output and voltage frequency sweeps

The gyrotron microwave power and frequency over a range of
670 MHz (or 4.5 kV) are shown in Fig. 5. To measure power output,
a section of corrugated transmission line was removed and a water
load of 500 mL was placed in the path of the transmission line at 1
m from the gyrotron window. The water load was stirred continu-
ously and the temperature rise was measured with a thermocouple
to determine the microwave power. Microwave frequency was
measured with a commercial frequency measurement system
(Bridge 12 Technologies, Inc, Framingham, MA). The microwave
power output peaked at 27 W, but a frequency span of consistent
power at 12–13 W is more desirable for frequency-agile DNP
sequences such as electron decoupling. We note that 36 W of
power was measured directly at the output window, indicating sig-
nificant power is lost in the first meter of the transmission line, due
to poor mode quality emitted from the gyrotron.

This gyrotron was previously employed in the first utilization of
chirped microwave pulses in MAS NMR and concomitant demon-
stration of electron decoupling [8]. The average NMR linewidth
change due to electron decoupling from that study is shown in
blue1 in Fig. 5a [8]. Note that electron decoupling was demonstrated
in a bandwidth of constant microwave power output.

The dependence of the microwave frequency on voltage is
remarkably linear (Fig. 5b) [34,43]. The frequency measurement
system records at a rate of 2 sweeps per second, so this system can-
not directly measure the fastest frequency sweeps. Frequency agi-
lity is inferred from electron decoupling performance and the
observed change in anode voltage [8].

3.2. DNP enhancement profiles

Frequency-stepped DNP enhancement profiles were recorded
for Finland trityl radical, N@C60 endofullerene, and bcTol-M on
the DNP spectrometer (Fig. 6) [44,45]. Two trityl samples at con-
centrations of 10 mM and 40 mM and bcTol-M at a concentration
of 20 mM were characterized; all except the fullerene contained
1 For interpretation of color in Fig. 5, the reader is referred to the web version of
this article.
4 M [13C, 15N] urea in 60% glycerol-d8, 30% D2O, and 10% H2O.
The Finland trityl radical was purchased from Oxford Instruments
(Abingdon, UK). N@C60 endofullerene was prepared and purified
following a previously described procedure [46,47]. This useful ref-
erence S = 3/2 material is stable at room temperature [48,49]. The
final powder contained 170 ppm of N@C60 within a cubic lattice of
C60 (C60:N@C60). 13C DNP NMR was performed on natural abun-
dance 13C nuclei in the C60 fullerene. We feature the negative
enhancement in this manuscript, but we have observed a positive
enhancement 150 MHz away. This confirms the DNP mechanism
for N@C60 endofullerene is the solid effect.

All profiles were recorded on a custom-built 4-channel NMR
DNP MAS probe housing 3.2 mm diameter cylindrical sample con-
tainers, or rotors, at a B0 of 7.05 T. The 1H carrier frequency was
300.184 MHz and the 13C frequency was 75.495 MHz. Specific
experimental parameters are given in Table 1. Saturation trains
were used to destroy any residual polarization before experiments.
The DNP polarization transfer time is defined as spol, and the power
of the gyrotron was 13–16W. The temperature was 90 K for all
profiles. Profiles were generated by taking individual spectra at
varying microwave frequencies and using DMFit [50] to find the
areas of resonances recorded with and without microwaves. Each
of the areas are plotted as a function of microwave frequency.



Fig. 6. The left panel shows DNP-enhanced spectra of (a) N@C60 endofullerene polarized by solid effect and 4 M [13C, 15N] urea polarized by: (b) cross effect to 1H and CP with
bcTol-M at 20 mM, (c) solid effect directly to 13C with trityl at 10 mM, (d) solid effect to 13C with trityl at 40 mM, and (e) solid effect to 1H and CP with trityl at 40 mM. The
right panel shows the full enhancement profiles, NMR signal areas vs. microwave irradiation frequency, of each radical. The inset shows a larger scale negative enhancement
profile of the N@C60 endofullerene.

Table 1
Experimental NMR parameters.

Radical profile Sequence m1H (kHz) m13C (kHz) s (ms) mrot (kHz) spol (s) Transients Maximum enhancement DNP mechanism

bcTol-M CPMAS 67 83 215 4.6 3 8 342 Cross effect
10 mM trityl Hahn echo 67 83 250 4.0 7 8 8 Solid effect
40 mM trityl Hahn echo 67 83 250 4.0 7 4 242 Solid effect/Cross effect
40 mM trityl CPMAS 67 83 250 4.0 7 4 21 Solid effect
N@C60 Bloch decay – 83 – 4.2 30 8 1.3 Solid effect

m1H = x1,1H/2p during proton decoupling, v13C = x1,13C/2p during carbon echo pulse, s = Hahn echo delay time, mrot = rotation frequency, spol = polarization time.
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3.3. Spectral purity

The spectral purity is difficult to directly observe with the fre-
quency measurement system due to the instability in the mixer’s
local oscillator (LO) frequency. As the frequency of the local oscil-
lator changes, so does the difference between the LO signal and the
gyrotron output frequency. This results in the appearance of a
broadened linewidth as the receiver sweeps across the selected
frequency window. However, here we introduce a novel experi-
ment to determine the spectral purity of microwave sources which



Fig. 7. The top axis and red spectrum show the EPR echo detected field sweep of
N@C60 endofullerene. The bottom axis and blue spectrum show the enhancement
profile of N@C60 endofullerene. (For interpretation of the references to colour in this
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should have a broad applicability. The spectral purity can be seen
indirectly by overlaying DNP enhancement profile of N@C60 with
the frequency-shifted EPR signal (Fig. 7). The echo-detected field-
sweep EPR spectrum of N@C60 was recorded on a 263 GHz Bruker
Elexsys E780 puled EPR spectrometer (Bruker, Billerica, MA) using
a custom-built resonator. Pulses with a Rabi frequency of 5 MHz
were used, the echo delay was set to 600 ns. The superconducting
sweep coil of a Bruker Ascent DNP magnet (B0 = 9.4 T) was used for
the field-sweep (sweep rate: 0.01 mT/s). Temperature was regu-
lated at 100 K inside a cryostat (Oxford Instruments). N@C60 endo-
fullerene is unique in a sense that the active paramagnetic species
is a nitrogen atom in its electronic ground state (S = 3/2) which is
trapped inside the highly symmetric cavity of a C60 fullerene. This
results in an effectively isotropic EPR spectrum with a g value close
to the free electron and 15.8 MHz hyperfine coupling to the central
14N. If the gyrotron emits a wider range of frequencies over the
time course of the experiment (minutes), each peak of the resolved
14N hyperfine triplet in the enhancement profile will be broadened
with respect to the EPR spectrum. The enhancement profile of the
fullerene, taken together with the EPR spectrum exhibiting 2 MHz
broad resonance features, indicates that the spectral bandwidth is
a maximum of 7 MHz. We note that the spectral purity is most
likely far more narrow at shorter timescales. For instance, we
expect the frequency, and therefore phase, to be stable over the
14 ls, 100 MHz microwave chirps employed for electron decou-
pling [8]. We therefore expect frequency-agile gyrotrons will have
the requisite frequency and phase stability to perform chirped
microwave pulses also for pulsed DNP transfers.
figure legend, the reader is referred to the web version of this article.)
3.4. Microwave duty cycle

The gyrotron is most often operated at a 100% duty cycle, but
here we show that the power output can also be gated on a
microsecond timescale. This is achieved by quickly jumping the
acceleration voltage of the MIG between a potential which yields
power emission, and a potential which does not support micro-
wave power generation. In Fig. 8, the duty cycle is synchronized
with the rotor period. Rotor period synchronization alone did not
yield larger DNP enhancement, however, this on/off microwave
control is a useful feature that could be utilized in rotor-
synchronized EPR and DNP experiments in the future.
Fig. 8. Anode voltage and microwave duty cycle synchronized to the rotor period.
3.5. Upgrading continuous-wave gyrotrons

Dozens of continuous-wave gyrotrons are already in use for
DNP, and many of these gyrotrons could be modified for fast fre-
quency chirps using similar voltage agility techniques to those
described here. The anode and cavity body are often electrically
connected in gyrotrons currently implemented for DNP, but sepa-
rated from the collector in order to measure body current. There-
fore the anode would need to be connected to a high voltage
power supply, rather than connected to ground via a resistor which
is the more common arrangement. In principle, such an upgrade
would require modifications to the control system and wiring,
yet would not require a new gyrotron tube, super conducting mag-
net, or cathode power supply. We note that the bandwidth of com-
mercially available gyrotrons typically employed for MAS DNP is in
the range of 50–130 MHz; not as wide a tuning range as the device
we present in this study, but still sufficient to chirp through
narrow-line radicals. Such modified devices could also in principle
implement the rotor-synchronized microwave gating demon-
strated in Fig. 8. If upgrades to DNP spectrometers already in use
lead to improved microwave chirping and gating abilities, then
the progress of DNP from continuous to pulsed regimes could be
substantially accelerated.
4. Conclusion and outlook

Frequency-agile gyrotrons enable a new class of experiments
for DNP-NMR spectroscopy. Control of the microwave frequency
with our spectrometer allows for chirped microwave pulses in con-
junction with MAS NMR. The frequency agility of the gyrotron
depends on a low capacitance circuit equipped with an arbitrary
waveform generator on the electrically isolated anode. The interac-
tion cavity is long enough to support hybridized axial modes, yield-
ing a continuous microwave power output over a spectral width of
670 MHz at a single magnetic field. The frequency response is lin-
ear with respect to voltage, and the microwave power is nearly
constant over a 100 MHz tuning range previously employed for
electron decoupling. The gyrotron is used to characterize a variety
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of radicals including Finland radical trityl, bcTol-M, and N@C60

endofullerene. From the fullerene EPR spectrum and DNP
enhancement profile, we determine that the spectral bandwidth
of the gyrotron is no >7 MHz over a timescale of minutes, but on
a microsecond timescale, phase and frequency stability are
sufficient for electron decoupling experiments. The gyrotron power
emission can be gated with MAS frequency to enable rotor
synchronized DNP.

Importantly, we describe how existing DNP spectrometers
could be upgraded to permit similar microwave-chirped and
microwave-gated control. Improvements in frequency agile gyro-
tron design will result in higher microwave power levels than
the 36 W generated in this device. Applications of frequency agile
gyrotrons include electron decoupling and frequency-chirped
pulsed DNP. Frequency agile gyrotron technology, if adopted, could
usher in a paradigm shift from CW to time domain DNP.
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