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We demonstrate that frequency-chirped dynamic nuclear polarization (DNP) with magic angle spinning
(MAS) improves the enhancement of nuclear magnetic resonance (NMR) signal beyond that of
continuous-wave (CW) DNP. Using a custom, frequency-agile gyrotron we implemented frequency-
chirped DNP using the TEMTriPol-1 biradical, with MAS NMR at 7 T. Frequency-chirped microwaves
yielded a DNP enhancement of 137, an increase of 19% compared to 115 recorded with CW. The chirps
were 120 MHz-wide and centered over the trityl resonance, with 7 W microwave power incident on
the sample (estimated 0.4 MHz electron spin Rabi frequency). We describe in detail the design and fab-
rication of the frequency-agile gyrotron used for frequency-chirped MAS DNP. Improvements to the
interaction cavity and internal mode converter yielded efficient microwave generation and mode conver-
sion, achieving >10W output power over a 335 MHz bandwidth with >110 W peak power. Frequency-
chirped DNP with MAS is expected to have a significant impact on the future of magnetic resonance.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

In dynamic nuclear polarization (DNP), the large polarization
present in an electron spin reservoir is transferred to nuclear spins,
thereby enhancing the intrinsically low sensitivity of nuclear mag-
netic resonance (NMR) [1–13]. Solid-state NMR and DNP can be
combined with magic angle spinning (MAS), which averages aniso-
tropic interactions by rotating the sample about an axis set at 54.7�
with respect to the static magnetic field. MAS NMR is a spectro-
scopic platform that can describe complex molecular and biologi-
cal architectures [14–20]. Continuous-wave (CW) DNP enhances
NMR signal-to-noise by orders of magnitude at moderate magnetic
fields and cryogenic sample temperatures. DNP performance is
expected to improve at higher magnetic field strengths (14–28 T)
and higher temperatures with time-domain DNP [21–24].

Time-domain DNP holds considerable promise to extend MAS
DNP to room temperature, at which high-resolution spectra of
dynamic molecules can be recorded. MAS DNP experiments are
typically performed at cryogenic temperatures (<100 K) due to
spin relaxation properties competing with DNP mechanisms. In
order to improve performance at high fields and room temperature
with time-domain DNP and MAS, a microwave source of sufficient
power is required to control electron spins with pulses [21].
Between time-domain DNP and CW DNP lies frequency-chirped
DNP, which improves upon CW DNP with modulations in the fre-
quency of the microwave irradiation. Important contributions from
Han, Ansermet, Bodenhausen, and colleagues have clearly demon-
strated the advantages of modulated, or chirped DNP in static
experiments [25–27]. We emphasize that the experiments
described in this contribution are not referred to as ‘‘time-
domain” DNP, as time-domain DNP should be reserved to describe
well-characterized coherent electron spin manipulation. Here we
describe a variation of the microwave frequency in the time
domain, which can be referred to as chirped DNP, or chirped micro-
waves and its application with MAS.

Gyrotron oscillators are coherent microwave sources well-
suited for chirped and time-domain DNP since they can be made
frequency-agile, output relatively high power levels, and efficiently
scale to higher frequencies [26,28–36]. Current MAS instrumenta-
tion prohibits the implementation of a microwave resonator, which
is often used in static experiments to generate a high
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Fig. 2. (A) The voltage waveforms used for frequency-chirped DNP. The black trace
is the output of the AWG and the red trace is the high-voltage amplifier output,
scaled down by a factor of 1000. (B) Simulated EPR spectrum of 1:1 trityl/TEMPO
combination. Both the continuous wave irradiation and frequency chirps are
centered at 197.670 GHz, the condition for maximum positive cross effect
enhancement [43]. The expansion on the upper-right depicts the range and
location of the frequency chirps (polychromatic block) with respect to the EPR
spectrum. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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electron Rabi frequency [37,38]. However, with relatively high
power output, gyrotrons do not require a sample resonator to achieve
the necessary microwave fields for time-domain DNP, thereby
enabling frequency-chirped and time-domain DNP with MAS.

Here, we present frequency-chirped DNP with MAS using a
coherent, high-power frequency-agile gyrotron. We achieve a
19% gain in enhancement over CW DNP with frequency chirps of
7 W microwave power incident on a sample, which is spun at
4.5 kHz at a temperature of 87 K and a magnetic field of 7 T. The
power output of the custom-built 198 GHz frequency-agile gyro-
tron exceeds 100W, with a bandwidth of 335 MHz. We describe
in detail the design and assembly of this frequency-agile gyrotron
used for frequency-chirped DNP in rotating solids. The develop-
ment of high-power, frequency-agile gyrotrons is expected to drive
time-domain MAS DNP toward room temperature and high mag-
netic fields.

2. Methods and results

2.1. Frequency-chirped MAS DNP

The spectra in Fig. 1A show a 19% increase in cross effect DNP
enhancement using frequency-chirped microwaves compared to
CW irradiation, on a sample of 4 M [U-15N, 13C] urea doped with
5 mM TEMTriPol-1 [39,40]. Microwave frequency chirps over the
trityl resonance of TEMTriPol-1 (Fig. 2B) were performed using a
frequency-agile gyrotron according to the pulse sequence shown
in Fig. 1B. An arbitrary waveform generator (AWG) was used to
create voltage waveforms for frequency chirps, which were then
amplified 1000� by a high-voltage amplifier (TREK, Inc., Lockport,
NY). The amplifier output was electrically connected to the gyro-
tron anode to control the potential and achieve frequency agility,
in the form of frequency-chirped waveforms. The voltage output
from the AWG and the high-voltage amplifier are shown in
Fig. 2A. Frequency chirps covered a range of 120 MHz and were
centered at 197.670 GHz (Fig. 2B). The time for one microwave
chirp was 78 ls, with 50 ls up and 28 ls down in frequency. These
chirps were repeated over a 20 s DNP period (spol, Fig. 1B). The
range of the chirps is illustrated by a polychromatic block superim-
posed on a simulated EPR spectrum of a 1:1 trityl/TEMPO combina-
tion. The EPR simulation was generated with a spin-physics
package written in our laboratory, and does not account for inter-
actions between electron spins.

Frequency-chirped microwaves over the resonance condition of
the radical have been implemented previously to improve NMR
sensitivity through electron decoupling [41,42]. Here, chirped
Fig. 1. (A) Spectra of 4 M [U-15N, 13C] urea with 5 mM TEMTriPol-1 in d8-glycerol, D2O, and H2O (60%/30%/10% by volume). The black line is NMR signal without microwave
irradiation. The blue line is a CW DNP-enhanced spectrum with an enhancement of 115. The red line is a DNP-enhanced spectrum using frequency chirps with an
enhancement of 137. (B) The DNP cross-polarization (CP)-MAS sequence with frequency chirps (polychromatic block) used to conduct frequency-chirped DNP. See Section 2.2
for further experimental details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Table 1
Gyrotron operating parameters.

Operating mode TEm,n,q TE5,2,q

Frequency 197.570–197.905 GHz
Voltage tuning range 335 MHz
Cavity magnetic field B 7.16 T
Cyclotron harmonic 1st
Beam voltage Vb 9–14 kV
Beam current Ib 183 mA
Output power up to 112 W
Compression factor 29

Fig. 3. Power and bandwidth of the 198 GHz gyrotron. The microwave power
shown was measured at the gyrotron window. A power output of >10 W is available
over 335 MHz bandwidth, with a peak power of 112 W.
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microwaves are applied over the maximum positive cross-effect
enhancement condition during the DNP period to increase the
DNP enhancements. The DNP period of 20 s utilizes polarization
transfer through proton spin diffusion.

2.2. Experimental details for frequency-chirped MAS DNP

The frequency-chirped DNP experiments were performed using
a custom-built DNP MAS NMR spectrometer. The spectrometer fea-
tures two unique elements: a frequency-agile gyrotron and a four-
channel, cryogenic transmission-line probe, both of which were
designed and assembled at Washington University in St. Louis. A
Redstone spectrometer console (Tecmag, Inc., Houston, TX) was
used in conjunction with TomCo radiofrequency (RF) amplifiers
(TomCo, Adelaide, Australia) to provide RF pulses to the transmis-
sion line probe for NMR experiments. The AWG used to generate
the voltage waveforms was housed in the Redstone spectrometer
as an integrated channel.

Experiments were performed in a 7.1584 T magnetic field with
1H and 13C Larmor frequencies of 300.1790 MHz and 75.4937 MHz,
respectively. The sequence employed 1H–13C cross-polarization
MAS (CP-MAS) with a rotor-synchronized Hahn echo (Fig. 1B). A
20 s (1.26*T1DNP) DNP transfer period was used during the experi-
ments (Fig. 1B), based on the 15 s DNP buildup time. To remove
magnetization buildup, a series of saturation pulses were applied
to both the 1H and the 13C spins before the DNP period. CW micro-
waves of 197.670 GHz irradiated the sample during the saturation,
CP, spin-echo, and signal acquisition periods (Fig. 1B). The 13C cB1

was 33 kHz, and the 1H cB1 was ramped over the Hartmann-Hahn
matching condition to conduct efficient CP. The 1H cB1 was 83 kHz
for the excitation pulse and two pulse phase modulation (TPPM)
decoupling [44].

The sample, 4 M [U-13C, 15N] urea with 5 mM TEMTriPol-1 in a
cryoprotecting matrix of d8-glycerol, D2O, and H2O (60%/30%/10%
by volume), was spun at 4.5 kHz at 87 K for all experiments (a
<1 K increase in sample temperature is observed with microwaves
on the sample, as determined with KBr T1 measurements [45]). The
temperature was monitored by a calibrated temperature sensor.
The TEMTriPol-1 biradical contains a Finland trityl and a 4-
amino-TEMPO tethered through a glycine linker. 4-amino-TEMPO
is a nitroxide monoradical with a broad electron paramagnetic res-
onance (EPR) lineshape (�900 MHz), whereas Finland trityl is a
stable organic monoradical with a relatively narrow EPR lineshape
(�60 MHz). With an EPR profile (Fig. 2B) width that exceeds the 1H
Larmor frequency, TEMTriPol-1 utilizes the cross effect DNP mech-
anism. The microwaves from frequency-agile gyrotron were atten-
uated to provide an incident power of 7 W and an estimated
electron Rabi frequency of 0.4 MHz on the sample. 7 W was used
as the optimized power to yield the highest DNP enhancement.
The microwave power was attenuated with an adjustable
copper-slit apparatus that allowed a variable amount of micro-
wave power to pass to the sample. Incident microwave power
was calculated using water-load power measurements and
previously-determined attenuation of the reduced-diameter
waveguide that interfaces with the NMR MAS probe head. The
beam current was maintained at 183 mA, varying by less than
3 mA during microwave chirping. The gyrotron operating parame-
ters are summarized in Table 1.

2.3. Gyrotron power output

The gyrotron achieved a peak power of 112W, and a frequency
bandwidth of 335 MHz with power >10W (Fig. 3). The microwave
power was measured with a calorimeter (Scientech, Inc., Boulder,
CO), which was calibrated at multiple operation parameters using
a water load. The frequency was detected with a frequency mea-
surement system (Bridge 12 Technologies, Inc., Framingham,
MA). All experiments were conducted with a beam current of
183 mA. The gyrotron achieved an output efficiency of 4.4% with
112W power output at 14 kV beam potential (Vb) and 183 mA
beam current (Ib).

We note that the commercially available 263 GHz CW gyrotrons
manufactured by CPI (Communications & Power Industry) for Bru-
ker Biospin DNP spectrometers, operating at TE03 mode, can output
75 W microwave power at slightly higher efficiency (�10%) with a
15 kV and 50 mA electron beam [36,46]. However, the microwave
tuning range in this comparable commercial gyrotron is 100 MHz
and there is currently no capability for fast frequency modulation.

3. Gyrotron design and construction

3.1. Improvements in gyrotron design

In a gyrotron, electrons are thermionically emitted from a
barium-impregnated tungsten ring when the cathode is heated
by an alternating current. A potential between the cathode and
anode accelerates the electron beam, whose radius is compressed
as it propagates through the magnetic field. The electron beam
reaches a maximum compression in the interaction cavity, where
a combination of electron cyclotron motion and phase bunching
converts kinetic energy into microwave energy. This gyrotron gen-
erates microwaves in the TE5,2,q mode. Acceleration of electron
beam partially determines the electron cyclotron frequency, and
therefore the frequency of the microwaves generated. The spent
electron beam exits the cavity and propagates to the water-
cooled copper collector. Microwaves propagate through the inter-
nal mode converter where they are converted to a Gaussian-like
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mode before being directed out of the gyrotron tube through a sap-
phire window.

This gyrotron utilizes a ceramic break (Fig. 4) to electrically iso-
late the anode such that the potential can be controlled by high-
voltage waveforms to achieve microwave frequency agility. We
have used previous gyrotrons to develop novel techniques such
as electron decoupling [41–43]. Here we describe the design and
construction of a gyrotron with improved power output for
frequency-chirped DNP. Major design improvements were made
in three main areas: the magnetron injection gun (MIG), the inter-
action cavity, and the internal mode converter (Fig. 4).

3.1.1. Magnetron injection gun (MIG)
The MIG provides a reservoir of electrons and the necessary

geometry for electron beam generation. Fig. 5 illustrates the MIG
design of a gyrotron described by Scott et al. (will be referred to
as ‘‘Scott et al. gyrotron”), which utilized an in-body water cooling
system to maintain ambient operating temperature for the MIG
[43]. The proximity of the brass connection to the grounded gyro-
tronmagnet bore resulted in several arcing events when the poten-
tial was modulated for frequency chirps. In the improved design
these brass connections were removed and external air cooling
Fig. 4. Schematics of frequency-agile gyrotrons. (A) Full view and cross section of the i
section of the gyrotron described by Scott et al. [43]. Red dashed boxes indicate areas that
in this figure legend, the reader is referred to the web version of this article.)
was used instead, maximizing the space between the MIG and
the magnet bore to avoid arcing events.
3.1.2. Interaction cavity
The alignment of the cylindrical interaction cavity and the

precision of its radius are paramount for obtaining high-power
microwave output at the intended frequency and mode. Tapered
sections on either side of the interaction cavity prevent unde-
sired microwave modes (parasitic oscillations) (Fig. 7). To facili-
tate precise fabrication of the interaction cavity, this gyrotron
design features an interaction cavity body separate from the
tapered segments. The interaction cavity was attached to the
up-taper using set screws with pins to ensure proper alignment.
While the Scott et al. gyrotron featured a 30 mm-long interaction
cavity (Fig. 7B and red box of cross section in Fig. 4B), this gyro-
tron was designed with a cavity length of 25 mm (Figs. 6 and 7A
and the red box of cross section in Fig. 4A) [43]. Note, the 25 mm
length is roughly 17 wavelengths (198 GHz), and is sufficient to
lead to the excitation of hybridized axial modes in the cavity and
continuous frequency tuning, as has been observed previously
[31,47].
mproved gyrotron for frequency-chirped DNP experiments. (B) Full view and cross
are shown in later figures with detail. (For interpretation of the references to colour



Fig. 5. Schematic of the MIG with brass connectors to water cooling lines in Scott et al. gyrotron [43]. These connectors were removed in the current gyrotron.

Fig. 6. Geometry of the interaction cavity and up-taper in the current 198 GHz
gyrotron. The interaction cavity contains a down-taper and a 25 mm straight
section. The 86 mm up-taper is machined as a separate piece.
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3.1.3. Internal mode converter
The TE5,2,q mode microwaves generated in the interaction cavity

travel up and are directed toward a series of parabolic mirrors by
the helical cut of the Vlasov launcher (Fig. 7A and B). The TE5,2,q
is a rotating mode, so the Vlasov launcher needs to be helically
cut to optimize mode conversion (Fig. 8B). The series of concave
mirrors continue to shape the microwave beam profile until the
microwaves are directed out of gyrotron through the sapphire win-
dow [43,47]. The resulting microwave beam with Gaussian-like
mode couples efficiently to the HE1,1 mode supported by the corru-
gated, overmoded waveguide [48].

Microwave power is lost when reflected by mirrors with slight
misalignment, so reducing the number of mirrors reduces the pos-
sibility of misalignment and increases power output. The current
gyrotron uses two concave mirrors rather than three described
previously by Scott et al. (Figs. 7A and 8) [43]. The orientation
and location of the mirrors were optimized for microwave mode
conversion, with stainless steel dowel pins for proper alignment.
Mirror surface geometry and alignment were optimized by
Bridge12 Technologies, Inc. (Framingham, MA) using an electro-
magnetics simulation program (Fig. 8C). The supporting structures
were then designed in Autodesk Inventor (Autodesk Inc., San
Rafael, CA) to align the mirrors and properly direct microwaves
out of the gyrotron window. Copper mirrors were fabricated on a
computer numerical control milling machine by Ramco Machine
(Rowley, MA).

Since microwaves are not directed out of the windowwith 100%
efficiency, stray microwaves are absorbed by the gyrotron body.
The temperature of the ceramic break above the window (Fig. 9
and red box of full view in Fig. 4A) rises as the ceramic break region
absorbs microwaves improperly reflected by the internal mode
converter. This can be an effect of misaligned mirrors and/or the
generation of non-TE5,2,q mode microwaves. The improvements
made to interaction cavity and internal mode converter led to
more efficient microwave generation and TE5,2,q-Gaussian mode
conversion, which contribute to the maximum microwave power
output of 112W.
3.1.4. Design improvements for future gyrotrons
The current gyrotron experienced a microleak at the welding

joint of the ceramic break and flange assembly above the window
(Fig. 9 and red box of full view in Fig. 4A). The microleak occurred
due to the different stainless steel thickness and uneven heat con-
ductance around the welding joints. The vacuum pressure inside
the gyrotron body with the microleak was in the order of 10-6 Torr
with a turbomolecular pump (Edward T-Station 75, Bolten, UK).
After fixing the leak, the vacuum pressure reduced to 10�8 Torr.
To prevent this issue in the future, the connecting part (yellow in
Fig. 9B and C) between the ceramic break and flange will be
extended to match the stainless steel thickness on both sides of
the welding joint.
3.2. Gyrotron construction

Gyrotron construction requires purchasing of commercial parts
as well as incorporating them with custom-designed and custom-
built parts. Most gyrotron parts were machined in the Washington
University Chemistry Department machine shop, with welding
conducted at Laciny Bros., Inc. (University City, MO). The brazing



Fig. 7. Section views of internal mode converter and interaction cavity assembly of (A) the current gyrotron and (B) the Scott et al. gyrotron [43].

Fig. 8. Internal mode converter of the current gyrotron. (A) Photograph of the internal mode converter assembly. (B) Photograph of the lower two mirrors and the helical
Vlasov launcher. (C) Section view of microwave intensity simulation in the internal mode converter. Microwave intensity plots were calculated by Bridge 12 Technologies, Inc.
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required for stainless steel and copper connection was done by
Ceramic-To-Metal Seals, Inc. (Winchester, MA). Ceramic breaks
and CF flanges were provided by MDC Vacuum Products LLC. (Hay-
ward, CA). Vacuum ion pumps were purchased from Duniway
Stockroom Corp. (Fremont, CA). The 7 T cryogen-free gyrotron
magnet was custom developed by Cryomagnetics, Inc. (Oak Ridge,
TN) and is used, in conjunction with the gyrotron, to generate
microwave irradiation for all DNP experiments. The superconduct-
ing gyrotron magnet has an inner bore diameter of 83.8 mm. The
cavity is positioned at the magnet center, where the magnetic field
is 7.16 T. The emitter is located 238 mm lower than the cavity,
where the superconducting magnetic field is 3.36 T. A smaller,
resistive ‘‘gun coil” magnet is installed below the superconducting
magnet (at the MIG, Fig. 5) for fine adjustment of the gyrotron
operation.

An ultra-high vacuum (�10�8 Torr) inside the gyrotron is
imperative for optimal performance. Oxygen and water molecules
can react with the cathode emitter at high temperatures, resulting
in an increased work function and sub-optimal electron emission.
Also, remaining gas present between cathode and anode, which
are under high potential during operation, could become ionized
and cause arcing. These important aspects of gyrotron operation
require careful attention in construction to achieve the ultra-high
vacuum.



Fig. 9. Ceramic break and flange assembly. (A) Photograph of the welding on the assembly. The re-welding to fix the microleak is indicated in the red box. (B) Schematic of the
assembly that had a microleak at the welding joint. The connecting part between ceramic break and flange is indicated in yellow. (C) Schematic of the improved connection
between ceramic break and flange for future designs to avoid microleaks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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3.2.1. Cleaning
A water-based detergent was first used to remove visible

greases from machining, followed by acetone to remove detergent
and water from stainless-steel surfaces. Ethanol was then used to
remove remaining acetone and water due to its higher volatility.
Copper parts, such as the internal mode converter and interaction
cavity, were cleaned by sonication in ethanol for 30 min because of
their delicate features and geometry. Lint-free wipes were used
during cleaning to avoid fibers on the inner surface of gyrotron
parts.

3.2.2. Leak check and assembly
After cleaning, a helium leak detector (Pfeiffer Vacuum, Nashua,

NH) was used to examine all welding joints on each gyrotron part,
as well as flange connections. The gyrotron parts, except for the
MIG, were assembled for the first bakeout. This is to avoid contam-
ination of the MIG cathode (Fig. 10A) in the case of unforeseen fail-
ures of joints, which can lead to high pressure events during
bakeout. All bolts used for assembly were lightly coated with Loc-
tite metal-free lubricant to avoid seizing after thermocycles. A
custom-built support kept the gyrotron in place during the assem-
bly and bakeout (Fig. 10).

3.2.3. Nitrogen backfill
A nitrogen backfill was conducted to further remove any con-

taminants adsorbed onto the inner surface of gyrotron. According
Fig. 10. Gyrotron bakeout. (A) Assembled gyrotron connecting to a turbomolecular pum
regions to monitor temperatures. (C) The gyrotron is further wrapped in aluminum foil
to Le Châtelier’s principle, and the 2nd law of Thermodynamics,
molecules adsorbed onto the surface will enter the gaseous phase
when the partial pressure of that molecule decreases, until a new
equilibrium is reached. The pressure of backfilling nitrogen inside
the gyrotron was kept below 2 atm to prevent damage on the sap-
phire window.

3.2.4. Bakeout
During the bakeout, the gyrotron was heated by heating tape

while the turbomolecular pump was pulling a vacuum. The heating
tape was controlled by variable AC transformers (VARIAC Inc.,
Cleveland, OH), and monitored by thermocouples (Fig. 10B). After
a uniform temperature was achieved over the gyrotron, aluminum
foil was wrapped around the gyrotron for insulation (Fig. 10C). The
gyrotron body was heated to 250 �C, and the collector to a higher
temperature (300 �C) due to its high outgassing possibility when
the spent electron beam reaches the inner surface. The bolts were
tightened again at the maximum temperature due to the different
expansion of copper gaskets and stainless steel. When the turbo-
molecular pump reported a stable pressure, the ion pumps were
turned on to further pull a high vacuum. The gyrotron was slowly
cooled back to room temperature once the desired pressure, �10�8

Torr, was achieved. The turbomolecular pump was connected to
the arm of the gyrotron rather than to the top of the collector for
Scott et al. gyrotron (Fig. 4A and B) [43], allowing a maximized
cross-sectional area of the vacuum path to improve conductance.
p. (B) Gyrotron wrapped with heating tapes. Thermocouples are placed in different
to trap heat.
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3.2.5. Activation of MIG
MIG activation involves heating the cathode with an alternating

current and applying a low potential to obtain electron emission.
Fig. 11A and C shows the setup for MIG activation, during which
the vacuum inside MIG was maintained below 10�8 Torr. A circuit
diagram of MIG activation is shown in Fig. 11B. The AC current was
regulated by a variable transformer with a step-down converter to
reduce the maximum potential. The DC potential was supplied by a
Tektronix power supply (Beaverton, OR), with emission current
detected by a Tektronix multimeter. The MIG was kept at a low
DC potential while the cathode was hot (AC � 2.0 A), until an
increasing emission was observed. Then the potential was slowly
increased and stayed at �15 V until the first stage of the bakeout
was completed.

3.2.6. Second bakeout with MIG installed on gyrotron
All copper gaskets and bolts on the gyrotron were replaced fol-

lowing the first bakeout, since the copper can be deformed after
compression and bolts can weaken with thermocycling. In order
to avoid contamination, a nitrogen backfill was implemented dur-
ing the gyrotron reassembly. The second bakeout procedure was
the same as the first, except the activated MIG was attached to
the vacuum tube. Heated by its internal heater with �2.0 A alter-
nating current, the MIG needs no heating tape on the outside.
When the desired vacuum was achieved, other parts of the gyro-
Fig. 11. MIG activation. (A) Photograph of MIG during activation. (B) Circuit diagram of t
tron were cooled gradually before the AC power in the MIG was
reduced, in order to avoid gas adsorption into the porous
barium-tungsten emitter.

4. Conclusion and outlook

Frequency-chirped DNP MAS achieves 19% greater DNP
enhancement compared to CW irradiation, using the frequency-
agile gyrotron presented here. Improvements in the interaction
cavity and internal mode convertor of the gyrotron resulted in effi-
cient microwave generation and mode conversion, thus achieving a
�3-fold gain in microwave power output compared to a previously
reported gyrotron [43].

The development of a MAS microwave resonator [49] with a
high quality factor would further increase electron Rabi
frequencies and better manipulate electron spins. Moreover,
frequency-chirped DNP MAS can be optimized in terms of the volt-
age waveform, rotor rotation frequency, and the type and concen-
tration of the doped radicals. Although the microwave output was
frequency-chirped, the sample was still exposed to constant high-
power microwave irradiation, restraining the experimental tem-
peratures to <100 K. However, by controlling the anode potential
to terminate microwave power, frequency chirps could be per-
formed in a way that limits the duty cycle. These methodological
improvements will be necessary to perform frequency-chirped
he AC and DC circuits during MIG activation. (C) Photograph of the circuit diagram.
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and time-domain DNP MAS at room temperature and high mag-
netic fields. Lastly, control over the microwave phase also holds
considerable promise to improve chirped MAS-DNP, as has been
discussed by the elegant unpublished work of Han and colleagues
[50].
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