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Abstract In this paper we present results that demonstrate the utility of a continuously
frequency-tunable 0.4 THz-gyrotron in a dynamic nuclear polarization (DNP)-enhanced solid-
state NMR (SSNMR) spectroscopy at one of the highest magnetic fields, By=14.1 T (600 MHz
for "H Larmor frequency). Our gyrotron called FU CW VI generates sub-mm wave at a frequency
near 0.4 THz with an output power of 4-25 W and a tunability over a range of more than 1 GHz
by sweeping the magnetic field at the gyrotron cavity. We observed overall down shifting of the
central frequency by up to ~1 GHz at high radiation duty factors and beam current, presumably
due to the cavity thermal expansion by a heating, but the tunable range was not significantly
changed. The frequency tunability facilitated the optimization of the DNP resonance condition
without time-consuming field-sweep of the high-resolution NMR magnet, and enabled us to
observe substantial enhancement of the SSNMR signal (epnp=12 at 90 K).

Keywords Gyrotron - Dynamic nuclear polarization - Solid-state NMR - High-field
spectroscopy
1 Introduction

High-resolution solid-state nuclear magnetic resonance spectroscopy (SSNMR) is uniquely
suited to studying atomic-resolution structure of insoluble or non-crystalline molecular
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systems, such as pathogenic amyloid fibrils [1-5], physiologically important membrane
proteins [6-9], and surfaces of composite materials [10, 11]. These sample systems are not
amenable to other major structural analysis tools such as X-ray crystallography and solution-
state NMR. Although the SSNMR is rapidly maturing, its low intrinsic sensitivity still
remains the major bottleneck in many studies using SSNMR. Dynamic nuclear polarization
(DNP) enhances the nuclear polarization, hence the spectral sensitivity, by coupling the large
thermal equilibrium electron polarization to the nuclear spin of interest. The nuclear hyper-
polarization is achieved by irradiating the electron spin resonance of a radical agent
dissolved in a sample at low concentration. Together with the advancements of the
millimeter- and sub-millimeter wave technologies [12—14], and the development of biradical
polarizing agents [15—17], the SSNMR sensitivity enhancement of the order of 100 is
routinely available via DNP. DNP has been applied to a variety of samples, ranging from
small organic molecules [18, 19] and biological macromolecules [7, 20-22] to inorganic
materials surfaces [10, 11].

The use of a gyrotron as a radiation source with sufficient power and long-term stability
has enabled the breakthrough of the first “high-filed” DNP experiment at By=5 T two
decades ago [23], where B, is the static magnetic field for NMR. With its unique ability to
produce high frequency radiation at high power, the gyrotron has proved to be the most
suitable source for the current CW DNP SSNMR measurements. So far, DNP-SSNMR has
already been conducted at By<9.4 T ('H frequency of 400 MHz) using millimeter waves of
frequency v<263 GHz. However, modern SSNMR spectroscopy targeting large and com-
plex molecular systems often needs much higher fields in order to take advantage of the
higher spectral separation and the sensitivity of NMR at high fields. Thus, one of the most
important developments of the gyrotron has been the increase in the oscillation frequency.
Based on this need, we recently constructed a high-frequency gyrotron, FU CW II producing
a 395-GHz wave, and applied it to 600-MHz DNP-SSNMR experiments [24]. Terahertz
(THz) wave sources at 660 GHz is required for the currently highest field high-resolution
NMR performed at By=23.5 T ('H frequency of 1 GHz).

In this work, we highlight a new degree of flexibility of the state-of-the-art gyrotrons, namely
the continuous frequency tunability. In order to maximize the DNP efficiency, electron spins
need to be saturated at the specific resonance condition determined by the electron and the
nuclear Zeeman splittings. The optimal condition can be searched for by changing either the
static magnetic field for NMR, or the frequency of the THz wave. The field/frequency-
dependence of a NMR signal enhancement by DNP exhibits positive and negative maxima,
where the separation for the maxima is less than or equal to twice the nuclear Zeeman splitting
[25]. Therefore, it is desireable that the frequency/field can be adjusted in a range greater than
the nuclear Zeeman splitting, vz in frequency, or Byz in magnetic field, respectively. The
splitting amonts to (Vyz, Bnz) = (0.6 GHz, 21 mT) for 'H, and (0.15 GHz, 5 mT) for * C at B,=
14 T. The separation of the enhancement maxima depends on the corresponding nuclear
species, on the radical compounds and their concentration. Thus it is important to optimize
the DNP resonance condition for each sample system.

Although THz gyrotrons with frequency step tunability (with steps of a few GHz) have been
developed for years [26-28], such tunability is not appropriate for optimization of the DNP,
which requires a continuous tuning. Therefore, it has been customary to optimize DNP by
sweeping the magnetic field for NMR [16, 24, 29]. The field sweep, however, has several
drawbacks especially when the high-field DNP for high-resolution NMR is concerned: 1) The
field-sweep by changing the current of the main coil, or by using an auxiliary field sweep coil
generally disturbs both the homogeneity and the stability of the field required for high-
resolution NMR. 2) A tuning of the RF circuits for all relevant nuclei is required every time
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when the field is adjusted. 3) It is generally difficult to construct magnets with a sweep coil at
very high fields, while preserving a high resolution and the bore size. Also, it should be noted
that the required sweep width increases with the field strength for the NMR. 4) A field sweep
could be expensive since a large amount of liquid helium is evaporated during the sweep.

In order to solve all these issues a continuously tunable sub-THz gyrotron is necessary.
The proposed design specifications for such novel radiation source include: 1) Continuous
tunability over the frequency range of about twice the 'H Zeeman splitting vy at the
electron spin resonance frequency. 2) CW oscillation with high output power (>10 W) for
saturating the electron spin resonance. 3) Constant output power over the frequency range.
4) Stable frequency and output power for days to a week for multi-dimensional NMR
experiments. The instability should be less than 0.1 vy in the frequency and 1 % in the
output power.

In this work, we demonstrate the aplicability of a recently developed [13] continuously
frequency-tunable 0.4 THz gyrotron (FU CW VI) to DNP SSNMR experiments at a magnetic
field of By=14.1 T (600 MHz for 'H frequency), which is the highest value currently. The
gyrotron is operated at the fundamental resonance mode to ensure a wide tunability (> 1 GHz)
around the central frequency of about 0.4 THz, and sufficient output power (> 4 W). The
frequency tunability enabled us to perform a quick and easy optimization of the DNP resonance
condition while, at the same time leaving the NMR field completely undisturbed, and practi-
cally not consuming any liquid helium during the process. We will compare this frequency-
sweeping approach with the highly time- and labor-intensive field-sweeping approach that we
previously conducted using a fixed-frequency 0.4 THz-gyrotron (FU CW 1II), and sweeping the
magnetic field of our high-resolution SSNMR magnet without an auxiliary sweep coil [24]. The
tunable THz wave source should facilitate the retrofitting of the standard SSNMR systems for
DNP without replacing the magnets, and will allow one to use various polarizing agents in a
routine manner.

2 Gyrotron FU CW VI

Figure 1 shows the layout of the frequency-tunable 0.4-THz gyrotron (FU CW VI) and a
600 MHz NMR spectrometer (Vaian InfinityPlus 600) installed in adjacent rooms, together
with a photograph of the gyrotron system. Our high-resolution SSNMR magnet is not equipped
with an auxiliary field sweep coil. The tunability around the central frequency of 0.4 THz was
achieved by using a sequence of high-order axial modes interacting with the backward wave
components of the high frequency field excited in the resonator [13]. The gyrotron tube is
operated at the fundamental TEys mode using a 15 T cryogen-free superconducting magnet
(Fig. 1a-(i)). Frequency-tunable gyrotrons operating at a similar central frequency but using the
second harmonic oscillation have also been reported recently [30, 31]. The tube is being
continuously evacuated by a turbo molecular pump (Fig. 1a-(ii)) to maintain the vacuum in
the tube at levels of the order of 10 Pa throughout the operation. The electron beam collector
and the gun coil were cooled with a chiller water circulator (Fig. 1a-(iii)). The frequency of the
radiation was varied continuously by tuning the magneitc filed at the gyrotron cavity, Bgyro,
using a programmable power supply (Fig. 1a-(iv)). We used relatively low acceleration voltages
of—12 kVon the cathode, and —7 kV on the anode, and operated magnetron injection gun (MIG)
with moderate electron beam currents in the range /,=50-150 mA. The pulsed mode radiation
with a duty factor d=10-100 % was obtained using a high-voltage MOSFET switch in the
cathode voltage supply line. The power supplies of the cathode (v), anode (vi) and the gun-coil
(vii) were all mounted in a single 19” rack. As illustrated in Fig. 2, the beam output was
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Fig. 1 (a) The gyrotron system installed at Institute for Protein Research, Osaka University. Helium-free 15-T
SCM (i); turbo-molecular pump for the gyrotron tube (ii); pump system for water cooling of the collector of
the tube and the gun coils (iii); 19” rack containing all the electric power sources for the SCM (iv), the cathode
and filament (v), the anode (vi), and the gun-coils (vii). (b) Layout of the frequency-tunable gyrotron (FU CW
VI), NMR spectrometer, and their related components.

stabilized within £1 % using a PID feedback controll of the heater of the cathode of the MIG,
taking advantage of the LABVIEW software.

The 0.4 THz-wave output from FU CW VI was directly coupled to an overmoded smooth-
wall circular waveguide (made of oxygen-free copper, and having diameter of 28 mm) without
any conditionning and polarization control. The wave was subsequently transmitted over 3
straight sections of the waveguide, and two miter bends to the NMR SCM, being ~4 m away
from the gyrotron SCM. The waveguide was introduced from the top of the NMR SCM, going
down the bore, and inputed to the NMR probe. Before the entry to the magic-angle sample
spinning module, the waveguide was tapered in two steps toward the final diameter of 4 mm
circular waveguide, which is terminated approximately 7 mm away from the sample rotor, and
irradiates the sample transversely across the solenoidal NMR detection coil.

3 Frequency and output power
Figure 3 shows the frequency and power of the radiation from FU CW VI measured as a

function of the gyrotron field, Bgyr,. The frequency of the radiation was measured with a
heterodyne measurement system consisting of a 16th harmonic mixer (Virginia Diodes WR-
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Fig. 2 LABVIEW remote interface for monitoring and controlling the gyrotron FU CW VI. Starting the
gyrotron takes only about 5 min (a). The beam output can be stabilized to 1 % by a PID feedback control of
the filament output (b).
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2.2HM), a spectrum analyzer (Agilent N1996A) and a signal generator (Agilent E§257D). The
ouput power was measured from the temperature increase of a water load (30 ml in a quartz
glass cone).

We started operating the gyrotron in a pulsed mode, then proceeded to a CW operation. In
the pulsed mode operation (5 Hz, d=10 %), the frequency of the radiation was changed
almost linearly from 394.4 to 395.6 GHz over the range of ~1.2 GHz along with the Bgyro
tuned from 14.35 and 14.55 T (Fig. 3(a), blue data). The time-averaged radiation power
varied between 0.8 and 3 W for the frequency range (Fig. 3(b), blue data). The output power
was high at the edges of the frequency range, at around Bgy.,=14.35 and 14.55 T.

In a CW operation, the frequency could be swept from 393.85 to 394.95 GHz for the
range of just over 1 GHz at the beam current ,=100 mA (Fig. 3a, red data). Interestingly, the
output frequency exhibited overall down shift in the CW operations (Fig. 3(a), green and red
data), as compared to the measurement in the pulsed mode (blue data). The observed shift
was larger at higher beam current, namely by ~1.0 GHz and ~1.4 GHz at [,=50 mA and
100 mA, respectively, measured at Bgyy,=14.475 T. The progressive down shifting observed
at higher radiation duty factors and beam currents suggests a possible cavity expansion by
heating. With this assumption, the frequency shifts correspond to a cavity diameter increased
by ~12.0 and ~16.8 um, respectively, or to temperature increase by 150 and 200 K based on
the expansion coefficient for oxygen-free copper (16.6x10° K™").

The radiation power in CW mode varied almost monotonically from 4 to 12 W at 7,=50 mA,
and from 3 to 25 W at ,=100 mA over the frequency range from about 395 to 394 GHz (Fig. 3,
green and red data). The power output was maximum at around Bgy,,=14.43 T-14.45 T
regardless of the beam current, and decreased towards Bgy,=14.6 T.

4 DNP-SSNMR experiments

The sample for DNP SSNMR measurements was a standard frozen glass-forming liquid, dg-
glycerol/D,O/H,0=6/3/1 (wt/wt/wt), doped with 20 mM of the biradical polarizing agent,
TOTAPOL [17]. The sample was center-packed to a 3.2 mm-¢ SizN, rotor using cylindrical
Kel-F top and bottom spacers. The sample temperature could be precisely set between 30 K
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Fig. 3 The frequency (a) and power (b) of the THz wave from FU CW VI measured as a function of the
gyrotron field strength, Bgyr, With various radiation duty factors () and beam currents (1,): =10 % (5 Hz)
and 1, (peak value)=150 mA for blue data; =100 %, i.e. CW and [,=50 mA for green data; CW and /,=
100 mA for red data. In panel (a), the position and breadth of the EPR lines of the major DNP polarizing
agents, TEMPO (and TEMPO-based multi-radicals), Trityl and BDPA, calculated for our NMR filed By=
14.0618 T are shown with gray bars.
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and 90 K using the circulation of temperature-controlled helium gas in the sample room.
The "H NMR signal was observed by a direct excitation of the 'H polarization with a 7/2
pulse. The excitation pulse was preceded by a train of 77/2 pulses for saturating the initial 'H
polarization, and a polarization buildup time period of 15 s. The 'H DNP enhancement
factor was measured as the ratio of the integral signal intensities observed with and without
THz wave irradiation as epnp=Ion/lorr. Therefore, the enhancement factor epnp of 1.0
indicates no NMR signal enhancement, i.e. the intensity under the THz wave irradiation is
identical to that given by the thermal nuclear polarization at the same temperature. By this
definition, epnp >1, and <1 in this work is referred to as the “positive” and “negative” DNP
enhancement, respectively. Further details on the equipments and DNP experiments at the
helium temperaures will be given in a separate publication (in preparation).

4.1 DNP-SSNMR using the pulsed mode radiation

First, we characterized the utility of the tunable gyrotron using the pulsed mode radiation (5 Hz,
d=10 %) in DNP SSNMR measurements. In Fig. 4 gives the '"H DNP enhancement factors
observed at 90 K, along with the By, sweep, hence the frequency sweep of the THz wave (filled
circles). The NMR field was fixed at By=14.0618 T (598.7 MHz for the 'H frequency). The
positive and negative enhancements were observed in turn while the frequency of the THz wave
was swept down, as expected from the theory [32]. The DNP efficiency was maximized at around
BGyro =14.40 and 14.52 T, where the maximum positive and negative enhancements of epnp=2
and —0.5, respectively, were observed. The magnitudes of the enhancements were relatively small
because of the small radiation duty factor. The THz wave frequencies giving the enhancement
maxima were 394.52 and 395.25 GHz as seen from Fig. 3a. The frequency separation
of ~0.7 GHz, which is close to the 'H nuclear Zeeman splitting (~0.6 GHz), suggests that the
DNP mainly occured via the cross effect (CE) [25] at By=14.1 T. The disappearance of the
enhancement at around Bgyy,= 14.42 and 14.50 T as indicated by arrows in Fig. 4 corresponds to
the gyrotron field positions where the DNP process was inefficient due to very small output
power (<0.2 W) as shown in Fig. 3(b).

Previously, we observed a similar field dependency of the DNP enhancement with a
fixed-frequency gyrotron operating at »=394.5 GHz when sweeping the NMR field.[24]

By(T)
14.04

Epnp
N WA OO N

-

143 14.4 14.5 14.6
BGyro(T)

Fig. 4 "H DNP enhancement factor observed as a function of the gyrotron field strength Bgyro (lower x-scale)
at a fixed (Bp=14.0618 T) NMR field strength (filled circles), or as a function of the NMR field strength B,
(upper x-scale) at a fixed (v=394.5 GHz) THz wave frequency (open triangles). Both data were taken at 90 K.
Arrows show the gyrotron fields where the output power was small as seen in Fig. 3(b).
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The enhancement factors observed for the fixed-frequency gyrotron are reproduced in Fig. 4
with open triangles as a function of the NMR filed strength, B. This field sweep experiment
was conducted by changing the main coil current of the NMR SCM since the required field
strength for the sweep was not attainable by the Z, shim coil for our magnet. The acquisition
of ten data points (open triangles) with the field-sweep approach took more than 24 hours, or
three full working days of eight hours each. In contrast, in the frequency-sweep measure-
ment using the tunable gyrotron, we obtained 25 data points shown in Fig. 4 (filled circles)
in less then 1 h. For each data point, two identical measurements were conducted, and the
calculated enhancements were averaged: total 50 NMR spectra were recorded for the trace.
Thus, the frequency-sweep approach enabled about 100-fold faster data collection (50
spectra in 1 h vs 10 spectra in 24 h) than the field-sweep approach in the DNP optimization.

The frequency-sweeping approach is not only faster but also easier and less expensive.
The SCM of the gyrotron can be mainteined in a driven-mode, and easily controlled with a
programmable power supply. This is allowed because only relatively low field homogeneity
(~1072%) is enough at the gyrotron cavity, and the size of the homogeneous region around
the cavity (~100 mmz) is small. In contrast, high-resolution NMR SCM must be stabilized in
the persistent current mode and carefully optimized for gaining the very high field homogeneity
(i.e. the NMR spectral resolution) in the order of 1 ppb (~107'%), and the size of the
homogeneous region required around the SSNMR sample is much larger (~1000 mm?). Also,
every time the NMR field is adjusted, the stability of the coil current is disrupted, and needs
some time before the field is stabilized again. Additionally, the RF circuit for the NMR
detection should be re-tuned for all relevant nuclei. The field-sweep approach can also be
expensive. Our three-day field-sweep measurement evaporated ~250 L of liquid helium from
the NMR SCM, while the frequency-sweep measurement consumed virtually no liquid helium
since our gyrotron uses a cryogen-free magnet. If the NMR SCM is equipped with an auxiliary
coil, the field sweeping would be easier than sweeping the NMR SCM directly. However, it is
technically challenging to constract magnets with a sweep coil at very high fields, while
preserving high resolution and the bore size. It should be also noted that the required sweep
width increases with the NMR field strength due to a nuclear Zeeman splitting.

4.2 DNP-SSNMR in the CW mode

Next, we performed the DNP SSNMR experiments using the CW radiation from the frequency-
tunable gyrotron. Figure 5 shows the DNP enhancement factor measured as a function of the
gyrotron field, Bgyro, at various radiation duty factors (pulsed mode to CW) and beam currents
(1,=50 — 100 mA) at 90 K. Better electron saturation by the CW radiation as compared to the
pulsed-mode irradiation should improve the enhancement. The CW irradiation is the most
efficient method for saturating the electron transition since it generates the highest time-
averaged THz magnetic field for a given THz-wave power. Indeed, the maximum positive
enhancements, epnp=7%0.2 and 13+0.4, were observed with /,=50 mA and 100 mA (green
and red full lines in Fig. 5), respectively. These enhancements are more than three and six times
larger than those observed in the pulsed mode. The larger enhancement at higher beam current
shows that the electron polarization was not completely saturated at 7 —9 W obtained with these
beam currents around Bg,yr,=14.55 T. In our current system, the transmission efficiency of the
THz wave from the gyrotron to the sample is not optimal. With a due improvement in the
transmission line, even larger enhancement is expected.

Besides the efficiency of the electron saturation, we observed that higher radiation duty
factors and beam currents decreased the frequency of the radiation (Fig. 3a), due to the
putative thermal expansion of the gyrotron cavity. Notably, the frequency range obtained in
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Fig. 5 (a) "H DNP enhancement as a function of the gyrotron field, Bgyor, observed at various radiation duty
factors and beam currents. The data are plotted with the same color code for the radiation duty factors and
beam currents as in Fig. 3. The blue line shows the same enhancement data as given in Fig. 4 with filled
circles. All data were recorded at 90 K. The enhancements indicated with filled triangles were measured at a
fixed gyrotron field Bgyr,=14.56 T, but as a function of the radiation duty factor (<) and the beam current (/y):
(1) d=10 %, I,=150 mA; (2) d=50 %, I,=40 mA; (3) d=100 %, i.e. CW, I,=50 mA; (4) d=50 %, I,=
120 mA; (5) CW, I,=100 mA. Two representative '"H NMR spectra recorded at conditions (2) and (4) are
shown in the inset. The gray spectra were obtained without a THz wave irradiation, showing the signal
obtained for the thermal nuclear polarization at 90 K. (b) The same data points as shown in (a) with filled
triangles plotted as a function of the corresponding THz wave frequency that can be seen in Fig. 3(a). For
combinations of the radiation duty factor and the beam current, for which the frequency measurement was not
conducted, the frequency was estimated by interpolating observed frequencies by assuming that the product of
the duty factor and the beam current, dx ,, is proportional to the heat at the cavity, thus to the frequency shift
due to the cavity expansion. The data points shown in open triangles show the enhancement factor scaled by
the inverse of the radiation duty factor by assuming that the enhancement linearly depends on the incident THz
wave power being far from the complete electron saturation.

the CW mode covered only the low frequency half of the EPR line of TEMPO or TEMPO-
based biradicals (green and red lines in Fig. 3a). Because of this, we observed a series of
positive enhancements with the Bg,,, sweep (green and red lines in Fig. 5a), rather than the
transition from the negative to positive enhancements seen for the pulsed mode radiation (blue
line in Fig. 5a). Also being consistent with the lower frequency radiation range obtained at a
higher beam current, the profile of the Bg,yr-dependence of the enhancement obtained at /,=
100 mA (Fig. 5a, red lines) appeared narrower than that at /,=50 mA (green line).

The data points shown with filled triangles in Fig. 5(a) were recorded at a fixed gyrotron
field By=14.56 T for the various radiation duty factor (d) and beam current (/,). The
observed dependence of the sign and the magnitude of the DNP enhancements illustrates
the concomitant effects of the electron saturation efficiency and the frequency shift of the
radiation. At a small radiation duty (d=10 %), a weak negative DNP enhancement was
observed at a relatively high beam current, /,=150 mA (Fig. 5(1): dxI,=15). With a higher
duty (d=50 %) and a lower beam current (/,=40 mA), the magnitude of the enhancement
was increased at the frequency still in the range that gives rise to a negative enhancement,
((2): dx1,=20). At a higher duty factor (d=100 %, i.e. CW) and a similar beam current, the
enhancement was inverted to yield a positive enhancement factor, ((3): dx1,=50). A positive
enhancement in a simlar magnitude was observed with a very high beam current (/,=
120 mA) when the duty is low (d=50 %), ((4): dx1,=60). With the high duty (CW) and a
high beam current (/,=100 mA), the largest positive enhancement was observed at 90 K,
((5): dx1,=100). In the inset, two representative "H NMR spectra obtained at the conditions
(2) and (4) are shown as a superposition of the spectra recorded with (black) and without
(gray) THz wave irradiation.
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In Fig. 5(b), the same data points as shown with filled triangles in panel (a) are plotted as a
function of the THz wave frequency. This illustrates that the range of the radiation duty and the
beam current employed changed the radiation frequency by up to ~0.9 GHz at Bgy,,=14.56 T,
resulting in negative and positive enhancements. When the enhancements obtained in the
pulsed mode (d<100 %) were scaled by the inverse of the radiation duty factor on an
assumption that the enhancement linearly depends on the incident THz wave power for weak
radiation (open triangles), the positive and negative enhancement maxima exhibited a similar
magnitude of ~10 at 90 K. The frequency yielding the enhancement maxima were separated by
roughly 0.6 GHz, corresponding to the nuclear Zeemann splitting, again confirming the DNP
via CE mechanism.

5 Conclusions

In Introduction, we specified the key requirements for the THz wave sources for DNP
SSNMR under high field conditions. Particularly, we highlighted the continuous frequency
tunability of the THz gyrotron FU CW VI, and demonstrated its utility in the optimization of
the DNP conditions at one of the highest field values Bp=14.1 T. We summarize our results
comparing them with the targeted specifications:

1) The gyrotron FU CW VI was continuously frequency-tunable over a range of>1 GHz,
i.e., ~2vyz for 'H, at the central frequency of about 395 GHz by sweeping the magnetic
field at the cavity of the gyrotron. The frequency range obtained for the CW radiation at
a high-beam current included the condition for the maximum positive enhancement,
thus allowed a quick and easy optimization of the DNP efficiency. In addition, as shown
with gray bars in Fig. 3a, the frequency range contained the EPR frequencies of several
major radical compounds (TEMPO and its derivatives, trityl and BDPA) that have been
used in DNP SSNMR experiments. Therefore, this tunability will facilitate serial expei-
ments for samples doped with different polarizing agents.

2) The output power was not constant over the frequency range. The output power varied
gradually in a range 4 - 25 W for the CW radiation at /,=100 mA (Fig. 3). This output power,
however, was sufficient to enhance the SSNMR signal (epnp=12 at 90 K). Although this
power variation was not a problem in maximizing the sensitivity enhancement, a quanti-
tative analysis of the frequency profile of the DNP enhancement may be hampered. An
analyisis of the profile under the experimental conditions such as sample temperature, THz
wave power, and molecular structure of the radical agent should elucidate the DNP process
quantitatively. The frequency dependent modulation of the output power can be reduced by
controlling the beam current, or by using a variable attenuator. Since the output power of at
least ~4 W at Bgy,=14.575 T was enough for the signal enhancement, this simple
approach should suffice to assure an accuracy for the enhancement profile.

3) The gyrotron frequency and the output power were stable within about 0.1 GHz and
1 %, respectively, over a day. Although we observed down shifting of the frequency by
up to ~1 GHz at high radiation duty factors and beam currents, presumably due to the
cavity expansion caused by heating, this did not affect the stability. The frequency of the
radiation was reproducible for a given beam current and radiation duty. The tunability
range was not changed significantly.

The DNP optimization has been performed so far by sweeping the magnetic field for NMR.
The frequency tunability greatly facilitated the optimization of DNP since the time-consuming
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field sweep of the high-resolution NMR magnet and tuning of the RF circuit for NMR were
unnecessary. The gyrotron tunability allows a routine optimization of the DNP for various
radical polarizing agents and nuclear species, thus expands the applicability of DNP-NMR
experiments. The application of a continuously tunable gyrotron will also facilitate the upgrad-
ing of the standard SSNMR spectrometers with the DNP hyperpolarization capability without
modifying the NMR magnet. The increased accessibility to the DNP sensitivity enhancement
should benefit a wide range of studies using a SSNMR spectroscopy. It is expected that the
constant growth of the THz wave technologies will provide more compact and inexpensive
tunable gyrotron, which can be used as a standard component of the equipment for the next
generation of DNP SSNMR systems.
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