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Abstract Two demountable gyrotrons with internal mode converters were developded as sub-
THz radiation sources for 700 MHz DNP (Dynamic Nuclear Polarization) enhanced NMR
spectroscopy. Experimental study on the DNP-NMR spectroscopy will be carried out in Osaka
University, Institute for Protein Research, as a collaboration with FIR UF. Both gyrotrons
operate near 460 GHz and the output CW power measured at the end of transmission system
made by circular waveguides is typically 20 to 30 watts. One of them named Gyrotron FU CW
GVI (we are using “Gyrotron FU CW GO-1” as an official name in Osaka University) is
designed to have a special function of high speed frequency modulation df within 100 MHz
band. This will expand excitable band width of ESR and increase the number of electron spins
contributing to DNP. The other gyrotron, Gyrotron FU CW GVIA (“Gyrotron FU CW GO-II"")
has a function of frequency tunability Af in the range of wider than 1.5 GHz, which is
achieved in steady state by changing magnetic field intensity. This function should be used for
adjusting the output frequency at the optimal value to achieve the highest enhancement factor
of DNP.
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1 Introduction

In the past three decades, high frequency gyrotrons [1-5] using high magnetic field and high
harmonic operations were developed for applications to not only heating of fusion plasmas [6]
but also many high power THz technologies [ 7] including high power THz spectroscopy [8—15]
and material processing [16, 17]. Some of these gyrotrons have achieved the breakthrough of 1
THz in both pulse [18, 19] and CW operation modes [20]. The output power of them are not so
high, typically 100 W to several kW [21]. However, these powers are still quite high in THz
region comparing with other radiation sources, both vacuum devices and solid state radiation
sources. Especially, in a recent decade, many active spectroscopy using high power THz
radiation sources — “Harmonic Gyrotrons” [21] were advanced. Great capability of the high
frequency gyrotrons were confirmed by many applications opened only by high power THz
radiation sources. For such objectives of gyrotrons, we have begun the development of high
frequency, harmonic gyrotrons and their applications in University of Fukui in early 1980s [21].

After then, we have leaded this research area in the world. At the first step, we have
developded Gyrotron FU Series including 9 gyrotrons with pulse operation and applied them
to plasma diagnostics on scattering measurement of drift waves [13] and high frequency ESR
spectroscopy [14]. In 1990s, we have developed Gyrotron FU CW Series which consists of
more than fifteen CW gyrotrons and applied them to many high power THz technologies —
including DNP-NMR spctroscopy [8—11], ESR echo experiment, X-ray detected magnetic
resonance (XDMR) experiment [15], new medical technology for cancer treatment by use of
hyperthermia [22, 23] and material processing [16, 17] by use of heating effect of THz
radiation. Among them, for DNP-NMR spectroscopy, we have already developded 7 gyrotrons
[24] included in Gyrotron FU CW Series and successfully applied to sensitivity enhancement
of 200 MHz, 300 MHz and 600 MHz [9] NMR spectrometers. On the basis of such many
successes, we have just begun the development of 460 GHz gyrotrons for the highest
frequency DNP-NMR spectroscopy at 700 MHz. In this paper, we will present the design,
construction, opperation test and the results of two 460 GHz gyrotrons named Gyrotrons FU
CW GVI and GVIA. These were developed as the latest gyrotrons included in Gyrotron FU
CW G series which consists of gyrotrons with mode converter system for Gaussian mode
output and designed on the basis of the successful operation results of Gyrotrons FU CW GI
[25], FU CW GII [26, 27] and FU CW GIII [27, 28].

In the next section, the design of both Gyrotrons FU CW GVI and GVIA is presented. In
the third and fourth sections, the operation test results of both gyrotrons are presented and in
the final section, a summary and the future prospects are presented briefly.

2 Design of Gyrotron FU CW GVI and GVIA

Each gyrotron consists of a demountable tube, a 10T superconducting magnet with refrigerator
for cooling down the magnet to around 4K and high voltage power supply systems for electron
gun. The designs of both gyrotron tubes are basically same except for the longer cavity for the
gyrotron FU CW GVIA for making the frequency tunable range wider. The internal mode
convertor is installed for each gyrotron. Therefore, the output power can be extracted by
Gaussian beam. In Fig. 1, the cross section of Gyrotron FU CW GVI is illustrated. A gyrotron
tube with internal mode convertor is installed on the axis of a 10 T superconducting magnet.
Gyrotron FU CW GVIA is almost same construction as the FU CW GVI. The power supplies
for acceleration voltage of electrons and the anode voltage are Spellman’s and Trek Japan
Co.’s products. The superconducting magnet is a JAS TEC’s 10 T magnet. In Table 1, main
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parameters of both gyrotrons are summarized. As already mentioned, FU CW GVI is designed
to have a special function of frequency modulation. The amplitude is around 100 MHz with a
modulation speed of up to 10 kHz. This function is quite important, because it expands the
excitation width ESR and the number of electron spins contributing to DNP is increased
around ten times in a static sample condition. As the results, the sensititvity of NMR
spectroscopy will be significantly enhanced. The second gyrotron FU CW GVIA has another
function of frequency tunability for adjusting the output frequency at the optimal condition for
DNP. The tuning range should be 1.5 GHz. By appling both functions, the DNP enhancement
factor will be improved significantly. Although it is known that the DNP efficiency is
decreased at higher field conditions, the gain from the frequency modulation could compensate
1t.

After long term operation training (totally more than one hundred hours) and achieving the
stable operation, we have tried to measure the operation characteristics of both gyrotrons. The
vacuum in the tube is in quite good condition, the pressure is less than 6 x 10 Pa.

3 Operation test results of Gyrotron FU CW GVI
3.1 Confirmation of the operation at the designed cavity mode

First of all, we tried to confirm if the operation cavity mode is TEgs at 460.4 GHz. The
measurement of output frequency using heterodyne detection system which consists of the
Agilent’s Analog Signal Generator (E8257D) as a local oscillator, the Agilent’s Spectrum
Analyzer (CSA NT996A) and the Virginia Diode’s Harmonic Mixer (WR-2.2EHM). The
measured frequency is 460.82 GHz at the operation conditions set as follows; the field
intensity: 8.5 T, the cathode voltage: -14 kV, the anode voltage: -8 kV, the beam current:
120 mA. Observed mode patterns are elliptical and the angle of the emission is almost
horizontal, after four mirrors of the mode convertor system are installed at the designed angles.
The beam is emitted a little bit up-ward. We improved the angle of the fourth mirror, so that the
beam emits horizontally. We could confirm the operation cavity mode is the designed mode
TEjg 5 because the measured frequency is quite close to the designed one and, in addition, the
emmision angle of the output beam is almost following the designed arrangement of the mode
convertor system.

3.2 Output power as functions of magnetic field intensity

The output power from Gyrotron FU CW GVI is measured by use of a pyro-electric detector
with a chopper. A CW power can be measured by such a way by use of a chopper.

Table 2 and Fig. 2 demonstrate the measurement and calculation results. Here, the measured
output power is shown as a function of the magnetic field intensity. The vertical axis is in

arbitrary unit. Structure factor y = %

m

shows level of beam-wave coupling. Here

J,, is the Bessel function of p’h order, m is azimuthal order of the mode, » is harmonic number,
R, and R, are electron beam and cavity radius.

The calculations have been carried out with the self-consistent formalism [29]. The accuracy
of the measurement of field intensity made by the industry is within +1 percent. Agreement
between measured and calculated results is fairly good if shifting the field intensity by -0.27
percent from the measurement result. The higher peaks seen at the right hand side are
corresponding to the fundamental operations at TE4 5, TE; 5, TE, 4 and TE( 4. The last peak
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Fig. 1 The cross-section of gyrotron FU CW GVI

Table 1 Designed parameters of two 460 GHz gyrotrons operating at the second harmonic resonance

Gyrotron number

Gyrotron FU CW GVI

Gyrotron FU CW GVIA

Gyrotron tube
Frequency f

Frequency modulation &f
Frequency tunability Af
Output power P

Beam energy V),

Pitch factor «

Cavity diameter d,.
Cavity length L.

Cavity mode

Magnet type

Intensity at cavity B,
Electron gun

Intensity at gun B,
Operation mode

Demountable
460.4 GHz
200 MHz

>30 W

20 keV

1.2

5.098 mm

15 mm

TEg s

10T SC magnet
855T

Triode MIG
0.2 T (Max)
CW and pulsed

Demountable
459-461 GHz
1.5 GHz

>20 W

20 keV

1.2

5.098 mm

20 mm

TE s

10T SC magnet
855T

Triode MIG
0.2 T (Max)
CW and pulsed
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is including two modes TE, 4 (excited at lower magnetic field) and TE, 4. The other three lower
peaks are corresponding to the second harmonic operations at TE; g, TEg s and TE;; 4. The
designed mode TEgs is seen at a little bit lower field intensity than 8.5 T. The operation
conditions of the gyrotron are as follows; the acceleration voltage U,: 16 kV, the anode voltage
U,: 9 kV and the electron beam current /,: typically 220 mA. In the next step, we tried to
measure the absolute output power by use of a water load. The measurement is carried out at the
end of a waveguide system. It consists of a taper waveguide for converting the output power
beam from the window to the circular waveguide mode, four straight circular waveguides and
three miter bends. A power loss during transmission through four straight waveguides and three
miter bends is measured. It is around 4 dB. Therefore, the output power at the window is higher
than the measurement results shown in Fig. 3 by more than twice. The measurement results are
shown in Fig. 3. In the figure, the measured power is shown as functions of magnetic field
intensity. The parameter is an acceleration voltage U.,. It is seen the field intensity corresponding
to the peak power shifts to higher field with increased U,. This is reasonable with the rough
estimation results.

One can see that there are oscillations for magnetic field values lower than designed ones.
We confirmed that they are due to excitation of TE; 3 , modes and correspond to frequency
lower than 457 GHz. The highest power measured for TEg s ; is around 30 W in CW operation
mode. This means the power at the window is higher than 60 W. In addition, the field range
where the output power is higher than 5 W is quite wide. Let us notice that results shown in
Fig. 3 obtained with the beam current almost twice lower than maximal designed one.
Therefore, we can expect the frequency tunable range will be quite wide and adjust the
frequency of the gyrotron at the optimal condition for DNP-NMR spectroscopy easily by only
adjusting the field intensity B or the acceleration voltage U...

3.3 Frequency as functions of magnetic field intensity

Next, we have carried out frequency measurement using the heterodyne system, which is
presented in detail in sub-session ///-1. Fig. 4 demonstrates the frequency spectrum of IF signal
measured by the heterodyne system. The parameters of the system are set as follows; the center
frequency of the spectrum analyzer f;: +1 GHz, the frequency of the local oscillator f; : 38.2929
GHz, the harmonic number of the mixer #: 12. Then, we can estimate the frequency of the
gyrotron output: f'as = nf;, + fo. We have obtained the frequency as /= 460.515 GHz. From
the shape of the observed spectrum in Fig. 4, the half value width is less than 3 MHz. In such a

Table 2 Parameters of the gyrotron: cut-off frequency, resonance cyclotron field intensity, magnetic intensity at
experimentally obtained generation, structure factor and calculated minimal starting current

Mode Jeuropr GHZ Beyerres, T Beper, T X Lst-min, MA
TEi s 455.08 8.38 8.33-8.38 0.007 45

TEss 460.25 8.475 8.44-8.47 0.007 47

TEj 14 468.13 8.62 8.6-8.62 0.007 44

TE4s 237.389 8.743 8.63-8.73 0.022 16

TEy;, 240.095 8.843 0.0 >300
TE, 242,077 8.916 8.8-8.93 0.001 170

TEs4 246.532 9.08 8.93-9.1 0.011 30

TEo4 249.402 9.186 9.1-9.18 0.011 28
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Fig. 2 Output power (upper) measured by a pyro-electric detector and calculated starting current (lower) as a
function of magnetic field intensity B. At calculations R,=0.934 mm, «=1.4

way, we have measured output frequency f as a function of magnetic field intensity B. The
results are shown in Fig. 5 for , = 280 mA. Such beam current provides excitation of higher
axial modes TEg 5 , with output power higher than 1 W almost in all measured points shown on
Fig. 5. As shown in this figure, the frequency changed in wide range of around 0.65 GHz
(from 460.30 GHz to 460.95 GHz) even in the short cavity case, when the field intensity
changed from 8.485 T to 8.540 T. In the lower part of Fig. 5, the measured frequencies are
shown with the calculated frequency at the starting current (the solid line). The calculated
frequency is fairly good agreement with the measurement results, by shifting the field intensity
by -0.27 percent from the measurement result. In the upper figure, the calculated starting
current /;, is demonstrated as a function of the field intensity. Comparison with the frequency
measurement suggests that higher axial modes up to third (¢=3) are contributing to the
frequency tunability. Because, we can shift reasonably the field intensity by -0.27 present like
the similar situation indicated elsewhere [28].

We can use the frequency tunability in wide range for adjusting the frequency at the optimal
condition of DNP and achieve the highest enhancement factor of NMR sensitivity. In addition,
we can achieve the frequency quick modulation by the modulation of the energy of beam
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Fig. 3 Output power measured by a water load (points+) and pyroelectric detector with a chopper (lines) as
functions of magnetic field intensity for various acceleration voltages U. Beam current 7,: 220 mA

electrons which is realized by modulation of the body potential, because the modulation of
beam energy is equivalent to modulation of field intensity. The feasibility has previously been
demonstrated by use with of gyrotron VI, where we have succeeded in frequency modulation
amplitude of 40 MHz [30].

3.4 Measurement of emission patterns

The output power from the cavity end is converted by the mode conversion system into the
Gaussian-like beam. The conversion system consists of a helical cut launcher and four mirrors.

The system emits the radiation finally through the center of the window. After emitted from
the window, we tried to measure the patterns of the emission (the distribution of radiation
power on the surface put parallel to the window surface). The distribution of the power can be
measured as the temperature increase on the polymer sheet irradiated by the radiation. We used
PCV polymer sheet with 1 mm thickness. Gyrotron operation was in CW mode. Typically
irradiating time of polymer sheet was 3-5 sec (the time was chosen in such way that the highest
temperature was always lower than 80° C). Fig. 6 demonstrates the measured distribution of
temperature increase with the distance Z, between the window surface and the polymer sheet
as a parameter. In Fig. 6, the measured emission patterns observed on the polymer sheet are
shown with the distance Z, as a parameter. An infrared camera is used for the measurement on
distribution of temperature increase. The location of the camera is fixed at 85 cm from the

Fig. 4 Frequency spectrum of IF
signal. The center frequency fy: 1 P, dB
GHz, one division of horizontal
axis: 10 MHz, the frequency of
local oscillator 38.2929 GHz, har- .
monic number: 12 -45 \
-5 S ot \‘ ——
/,MHz
990 1000 1010
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Fig. 5 Upper: the calculated starting current Z;, for R,=0.71 mm. Lower: Frequency measurement results with the
calculation result at the starting current. The acceleration voltage U: 16 kV, beam current /,,: 280 mA

window surface in the microwave beam direction. When the position of the polymer sheet is
changed from 10 cm to 60 c¢m, the distance between a camera and a polymer sheet is also changed.
Therefore, we should make a correction of the scale on each figure coming from the difference of
the distance between a camera and a polymer sheet. As seen in the figure, in this case also, the
radiation beam does not propagate in the direction accurately perpendicular to the window
surface. At the distance Z,= 50 c¢m, the discrepancy on the measured emission patterns on the
Fig. 6 is at most 2 cm. The angle deviation from the vertical direction to the window is at most 1.3
degree. Such small deviation of the angle can be corrected by the special design of the quasi-
optical transmission system using the measurement results of the emission patterns.
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window-sheet distance

10cm

60 cm

Fig. 6 Emission patterns with the distance of Z; as a parameter. Here, the acceleration voltage U,: 14 kV

4 Operation test results of Gyrotron FU CW GVIA

In the case of Gyrotron FU CW GVIA, the concept of the design is the same as FU CW GVI
gyrotron. However, the fabrication errors of cavity diameters are a little bit different. This
makes the operation characteristics different. Therefore, we will summarize the operation test
results for FU CW GVIA gyrotron briefly, in the similar way to the previous gyrotron.

4.1 Confirmation of the operation at the designed cavity mode

At first, we have measured the output frequency in order to confirm the operation cavity mode.
We used the same heterodyne system. The measured frequency is 459.526 GHz at the
operation conditions set as follows; the field intensity: 8.4501 T, the acceleration voltage:
14.24 kV, the anode voltage: 8.58 kV, the beam current: 236 mA. The measured frequency is
included in the designed tunable frequency range (from 459 GHz to 461 GHz). In addition, the
radiation from the end of cavity is converted well into Gaussian like beam and emitted through
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the center of the window when the mode convertor arrangement is adjusted at the designed
formation. The emission direction is almost horizontal. We could not find any deviation from
the designed performance. This fact may partially support the operating cavity mode is
designed mode TE; s.

4.2 Output power as functions of magnetic field intensity

Next, the output power is measured as functions of magnetic field intensity B with the
acceleration voltage U, as a parameter. The measurement results are shown in Fig. 7. The
output power is measured by use of a water load installed at the end of the same circular
waveguide system as we used for measurement on FU CW GVI gyrotron. As looked in the
figure, the maximum power observed at the field intensity corresponding to the top of each
curve is around 16 W in CW operation mode. Considering the power loss in the transmission
system is 4 dB, the output power at the window is higher than 35 W. The output power at the
window should be higher than 5 W, if we will apply it for DNP-NMR spectroscopy. Such
range in the magnetic field intensity is quite wide. This means we can expect fairly wide
frequency range for application to DNP enhancement of NMR sensitivity. When the acceler-
ation voltage U. is increased, the field intensity corresponding to the maximum power shifts to
higher field. This feature is the same as the case of FU CW GVI gyrotron as shown in Fig. 3.

4.3 Frequency as functions of magnetic field intensity

The measurement results of output frequency are shown in Fig. 8. The acceleration voltage U..
is 19 kV. These oscillations correspond to TEg s , mode. We confirmed that for magnetic field
higher than 8.63 T the TE,; 4 mode is excited (f> 467.9 GHz); for lower than 8.5 T the TE, g
mode is excited (f <458 GHz). The tuning range of output frequency for TEg 5 mode is fairly
wide, around 4 GHz. As one can see the lowest observed frequency was about 0.7 GHz lower
than cut off of TEgs mode at designed cavity diameter. This can be explained by cavity
diameter fabrication error of about 10 um. The solid line in Fig. 8 is a calculation result of the
output frequency at the starting current /,. Such a wide tuning range can be achieved by the
longer length of the cavity (the length of the cavity of FU CW GVIA gyrotron is 20 mm).
Corresponding output power was measured by both a water load and a pyro electric detector
with a chopper. The results are shown in Fig. 9. In the figure, a solid line shows the results of a
pyro electric detector and squarese show the results of a water load. These measurements are

Fig. 7 Output power measured by — 12

a water load (points+) and pyro-

electric detector (lines) as func-

tions of magnetic field intensity. U,

is a parameter — 0.8
— 04
—0

8.44 B’ T 848 8.52
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carried out at the end of the waveguide system. The real power at the output window should be
multiplied by 2.5. Therefore, the frequency tuning range is extended in wide range keeping the
output power of 5 W at the window. We can adjust frequencies of both gyrotrons at the
optimum conditions for DNP simultaneously at each of two maxima of enhancement factor.
This means that the enhancement factor will be increased even in high frequency NMR at 700
MHz, overcoming decrease of the enhancement factor inversely proportional to the NMR
frequency.

If we will need to extend the tuning range wider, we are preparing the alternative way, that is,
changing the resonant cavities with different diameters in order to change the center frequency.
We have some experiences for this way for the frequency change using Gyrotron FU CW GI
[31] and this is one of most important advantages of the demountable gyrotron tubes.

Fig. 9 Measured power as a func-
tion f of magnetic field intensity
B. U= 19 kV. Squares are powers
measured by a water load
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4.4 Measurement of emission pattern

Emission patterns from the window of FU CW GVIA gyrotron are measured at the
several points on the front of the window by use of a polymer sheet and an infrared
camera. As mentioned in the previous section, the distribution of the radiation intensity is
measured as the temperature increase on the polymer sheet irradiated by radiation from
the window. Fig. 10 shows the patterns of temperature increase with the distance
between the window surface and the polymer surface as a parameter. The shape of the
pattern indicates the emitted beam is Gaussian-like. The location of the infrared camera
is fixed at the distance from the window of 70 cm. For each pattern, we should correct
the scale by considering difference in the distance between a camera and a polymer
sheet. In this case also, the direction of the emitted beam is not accurately perpendicular
to the window surface, because the pattern moves to left hand side, when it propagates.
However, a propagation angle from the vertical direction is quite small, it is less than 1
degree. Such a small deviation in the propagation angle can be corrected by the special
design of the quasi-optical transmission system, which will be supplied by Bridge 12
Technologies, Inc.

5 Summary and future prospects
On the basis of the long term experiences on the development of high frequency gyrotrons for

application to DNP-NMR spectroscopy at Osaka University, University of Warwick and our
research center (FIR Center) in University of Fukui, we have developed two new gyrotrons for

window-sheet distance

15'cm" o

window-camera distance 70 cm

Fig. 10 Emission pattern measured on the polymer sheet as the temperature increase. The distance from window
is a parameter
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700 MHz DNP-NMR spectroscopy to realize the sensitivity enhancement for application to
analysis on the structure of complicated protein molecule. After construction of both gyrotrons
named FU CW GVI (called officially in Osaka University as “Gyrotron FU CW GO-I"’) and
GVIA (as “Gyrotron FU CW GO-II""), we have successfully carried out the operation tests of
them. The results are summarized as follows,

1) At first, from the measurement of the output frequency at the conditions closed to
designed parameters, we could confirm the operation cavity mode is the designed mode
TE; 5 at the second harmonic resonance. The measured frequency of 460.82 GHz is quite
close to the designed frequency 460.4 GHz

2) The measurement results of the output power as a function of magnetic field intensity
shows both gyrotrons demonstrate three second harmonic modes and four fundamental
modes near the designed magnetic field intensity of 8.55 T. One of second harmonic
modes is identified as the designed mode TEg 5. The power reaches around 60 W in CW
operation and the magnetic field intensity range where the output power exceeds 5 W is
quite wide.

3) As seen in the measurement of output frequency, both gyrotrons have achieved the
frequency continuous tunability in fairly wide range of around 1 GHz to 4 GHz. Such a
wide frequency tunability can be applied to DNP enhanced NMR spectroscopy in order to
adjust the frequency of gyrotron at the optimal condition of the DNP. As known well, a
gyrotron is essentially a frequency-fixed radiation source. A frequency wide tunability
realized is possibly considered as the result of higher axial mode operations, which has
been confirmed by both experiment and following theoretical consideration with non-
fixed structure of RF field in the cavity [28, 32].

4) Measurement of the emission patterns is carried out by measuring the temperature
increase on the polymer sheet irradiated by the gyrotron output power. The patterns
obtained as photos of an infrared camera indicate the emission patterns are Gaussian-like.
The propagation direction of the radiation beam is not accurately perpendicular to the
window surface. But, the deviation angle from the perpendicular direction is only 1~2
degree or less. Such a small deviation of the emission direction can be corrected by the
specially designed quasi-optical transmission system.

These gyrotrons will be used for 700 MHz DNP-NMR spectrometer installed at Osaka
University, Institute for Protein Research. Before the application, the output power with
Gaussian-like emission pattern will be transmitted by a quasi-optical transmission system
designed and supplied by Bridge 12 Technologies, Inc. Finally, the radiation from both
gyrotrons is merged into the single beam and irradiated on the sample installed in the 700
MHz NMR spectrometer.

In addition, the gyrotrons should operate in stable state so long term up to several hours or
some times several days for measurement on complicated protein molecule, etc. Therefore, we
need to stabilize the output power by use of a PID control system for the feedback control of a
beam current and an anode voltage of electron gun. We have already succeeded in the
experiment for long-term power stabilization up to more than 10 hours [33] using Gyrotron
FU CW IIB.

We need also to modulate the output frequency of the first gyrotron (FU CW GVI) for
extending the number of electron spins contributing to DNP and then increase the enhance-
ment factor significantly.

After overcoming such many challenging trials, we hope the first measurement on high
sensitive NMR spectroscopy at 700 MHz with DNP enhancement will be carried out soon.
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