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Abstract. This paper outlines the principle of the DNP-NMR technique. The gyrotron, as a very promising microwave source for NMR
spectroscopy, is evaluated. Four factors: power stability, power tuning, frequency stability, and frequency tuning determine the usability of
the gyrotron device. The causes of instabilities, as well as the methods of overcoming limitations and extending usability are explained with
reference to the theory, the numerical and experimental results reported by gyrotron groups.
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1. INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy is a very
powerful scientific tool. It has wide applications in chem-
istry [1], medicine [2], biology [3] and material physics [4], as
it provides atomic level information on the molecular structure.
The most common applications include the structural analysis
of molecules, biomolecules, proteins [5, 6], bionucleic acids
(RNA), deoxyribonucleic acids (DNA) and material science.
Other interesting applications include food science [7] (com-
position analysis and the measurement of the physicochemical
properties and functionality of food matrices), falsified or ille-
gal drugs analysis [8], cancer detection [9], and personalized
medical treatment [10]. All the mentioned applications use the
NMR method as a key analysis tool, and therefore the impor-
tance of NMR spectroscopy is unprecedented.

The NMR experiment itself is very time consuming and re-
quires many technical difficulties to be overcome, and therefore
many techniques have been employed to enhance its usability
and decrease measurement time.

Software techniques, such as advanced data analysis of NMR
data sets — deep learning techniques (DL) [11] — are being em-
ployed. Three basic architectures of neural networks are in use
in Deep Neural Networks (DNNs) [12], Convolutional Neu-
ral Networks (CNNs) [13, 14] and Recurrent Neural Networks
(RNNs) [15]. The main purposes of using DL techniques are:
reconstruction of the spectra, to accelerate the acquisition of
experimental data, denoising of the spectra, chemical shift pre-
diction, and automated peak picking.

The key method to increase signal strength is the Dynamic
Nuclear Polarization (DNP) technique. It is based on the phys-
ical phenomena of the polarization transfer from hyperpolar-
ized electrons to the nuclei. This method requires special hard-
ware to be developed, but offers much higher signal strength
and shorter experiment times when compared to NMR.
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A wide range of techniques is applied to make NMR phe-
nomena more usable and applicable in science, but this paper is
focused on a microwave source — the gyrotron [16—19] — used
in the application of DNP-NMR.

2. NMR MECHANISM
The NMR experiment is applicable to any kind of sample that
contains nuclei possessing spin. Any motion of a charged par-
ticle (rotation in this case) has an associated magnetic field
around it, which means that a magnetic dipole is created.
A magnetic moment U of a nucleus is connected with its spin
angular momentum. In classical mechanics, this is expressed by
the equation u = yI, where I is the angular momentum quantum
number, called nuclear spin, and Y is a proportionality constant
— gyromagnetic ratio. Every magnetic dipole placed in a strong
magnetic field will experience Larmor precession [20], and it
will spin around magnetic lines, however classic theorem is not
appropriate to describe NMR phenomena.

In quantum mechanics, the description of intrinsic(nuclear)
angular momentum P is quantized as:

P=n/II+1),

where: 7 — the reduced Planck’s constant, and / — nuclear spin.

The nuclear spin quantum number can have values I =
0,1/2,1,3/2,2,...7. It is an intrinsic property of the particle,
and is where the quantization comes from. The difference in
the energy level between spin resonance states is proportional
to the magnetic field strength By and is defined by the equation:

(D

AE = yhBy, 2

where: my = —I,—I+1,...,] — 1,—I in the range of (—I,+I),
which defines the magnetic quantum number. For ' H nuclei I =

1 1
3 there are two spins m; = (—|—2 and — 2). This condition is

presented in Fig. 1.
In the NMR experiment, a strong magnetic field By is deliv-
ered from a magnet, and a weak field B; is supplied by radio
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Fig. 1. Nuclear spin energy levels for spin m; = —5 and my = —0—5

frequency (RF) radiation. NMR active nuclei absorb electro-
magnetic radiation at a characteristic frequency causing transi-
tion between the lower energy level and the upper energy level
Fig. 1. The population between two spin states is in imbalance.
When the RF pulse is turned off, the population between two
spin states returns to equilibrium and free induction decay is
observed. This is the Nuclear Magnetic Resonance response
that is measured. Unfortunately, this is a very weak signal and
requires sensitive RF receivers and for the measurement to be
repeated multiple times. The spectrum from a decay has a low
signal to noise ratio (SNR) and only grows with /N, where
N is the number of repetitions of the experiment at one fre-
quency [21]. Preserving the same experimental conditions for a
long time is a very challenging task.

The sensitivity of the NMR experiment is determined by the
energy difference equation (2), because this determines the pop-
ulation of spin states. Therefore, the SNR is proportional to the
polarization P and is usually determined by the Boltzmann law

at thermal equilibrium:
YhBo
= tanh
an ( 2ksT ) ’

where: ng and ng — the population of two spin states, T — tem-
perature K.

Equation (3) reveals the limitations of NMR. The strongest
commercial 1.2 GHz Bruker NMR was reported in May 2020
to be installed at the University of Florence’s CERM research
center. The system cost 17.8 million US dollars. The world’s
strongest NMR is capable of 1.5 GHz and is installed at the US
National High Magnetic Field Laboratory. According to equa-
tion (4), for proton 'H nuclei and a frequency of 1.5 GHz, the
magnetic field is By = 35.23 T, and yet with such a powerful de-
vice equation (3) reveals that polarization is still only 0.0122%
at room temperature of 23°C.

The conclusion is that the SNR is proportional to polarization
SNR ~ P, and can be improved by applying a higher magnetic
field, increasing the gyromagnetic ratio, or lowering the tem-
perature. To change the temperature or magnetic field, expen-
sive equipment needs to be employed. Moreover, the gyromag-
netic ratio is the property of the nuclei, so it cannot be changed.
Just a few years after NMR was invented, Overhauser published
(in 1953) work describing the polarization coupling phenomena
(DNP) between nuclei and free electrons in metals [22].

o nﬁ_na
- ng +ng

3)

3. DNP TECHNIQUE

The DNP-NMR technique belongs to the hyper-polarization
family and is applied to solids, liquids and gas measurements.
The general principle of DNP is that a higher level of polariza-
tion of the electron spins can be transferred to the surrounding
nuclear spins upon microwave irradiation at or near the elec-
tron paramagnetic resonance (EPR) transitions. However, po-
larization transfer from electrons to nuclei is a complex phe-
nomenon. Many different polarization transfer mechanisms ex-
ist: Solid Effect (SE), Overhauser Enchancement (OE), Cross
Effect (CE), Thermal Mixing (TM) [2, 23-26]. These mech-
anisms can occur alone or simultaneously, depending on the
substance’s properties.

Despite different underlying physics phenomena, several ex-
perimental approaches to DNP-NMR can be applied [27]. For
solid states, Magic Angle Spinning (MAS-DNP) is routinely
performed and requires continuous wave irradiation generated
by an external, strong microwave source. The microwave fre-
quency has to be close to the electron spin resonance frequency
of the investigated particle in the magnetic field [21]. To study
liquid state substance dissolution, DNP (d-DNP) is the most
common method. By applying methods developed for solids
and liquids, gas substances can be measured, e.g. low temper-
ature MAS-DNP of frozen gas can be performed [28], dissolu-
tion DNP can be applied [29], or even imaging of low pressure
gas is possible [30].

The equation that allows the microwave frequency (Larmor
frequency) required for the experiment to be calculated, in clas-

. . L eB . .
sic mechanical physics, is defined as w; = =0 This equation

m
does not hold in quantum mechanics, and therefore the Larmor
frequency has to be defined as:

By

m “4)

o, = —~—g=Y|Bo,
where e — a unit charge, m — the particle mass, and g the g-factor
(dimensionless magnetic moment).

If NMR with the strongest magnet in the world is consid-

ered, then By = 35.23 T, and the Larmor frequency for the pro-
ton f1, = w—L; = 1.5 GHz and for the electron f7, = 21; =
987 GHz. To polarize protons, the RF signal can by easily gen-
erated by electronics, but in the case of the DNP-NMR, the mi-
crowave signal must have a frequency close to the electron Lar-
mor frequency for energy transfer to occur, and therefore ap-
plicable sources are very limited. Millimeter wave generators
such as the extended interaction oscillator (EIO) or backward
wave oscillator (BWO) rely on fragile slow-wave structures to
generate microwave radiation, and therefore they have a lim-
ited operating lifetime at the high power levels required for the
DNP experiment. For these reasons cyclotron resonance masers
(CRM) — Gyrotrons — are the most reasonable choice for gen-
erating radiation at high a frequency (100—1000 GHz) and 10-
50 W power level.

The electron spin has much larger polarization due to the
significantly higher gyromagnetic ratio of the electron when
compared to the proton or other nuclei, and as we have men-
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tioned before, SNR ~ P. The gyromagnetic ratio of a particle or
a system is the ratio of its magnetic moment to its angular mo-
mentum. Let us compare the proton and electron gyromagnetic
ratio:

3
2r

- 5)

43 |:MHZ:| , Ye |:GHZ:| , Ye

== ~28 — ~ 658.
T 2r Yo

Equation (5) defines the maximum theoretical gain that can
be obtained using the DNP technique [25,31]. Now, using equa-
tion (3) at temperature 23°C and By = 35.23 T, the proton polar-
ization is P, = 0.0122%, and P, = 8.0076% is for the electron.
Experiments reported in the literature show that the real-life en-
hancement factor is: =~ 80 for 284 MHz DNP-NMR (reduced
thermal noise at temperature 90 K) [32], =~ 60 for 400 MHz
DNP-NMR, = 50 for 500 MHz DNP-NMR [33], and ~ 30 for
700 MHz DNP-NMR. This is why the DNP technique is so im-
portant, and it justifies the importance of the development of
high frequency gyrotrons.

4. GYROTRONS IN THE NMR EXPERIMENT

A gyrotron extracts RF power from the perpendicular energy
of an annular helical electron beam that is released by an elec-
tron gun and guided by a magnetic field [34]. The initial en-
ergy of the electron is determined by the gun’s cathode voltage.
The RF field interacts with electrons in the microwave cavity.
The electron’s trajectory and standing wave inside the cavity
are designed in such a way that cyclotron radiation phenomena
occurs. In a successfully designed device, more electrons slow
down (lose energy) than speed up (gain energy), and therefore
the total energy balance is in the favor of the RF field enhance-
ment. In the described condition, microwave radiation is ob-
served at the output.

To successfully employ a continous wave (CW) gyrotron as
a RF source for NMR-DNP spectroscopy, several factors need
to be taken into account:

e A specific operation frequency of 263, 394, 460, 527,
650 GHz and higher,
output power of 10-100 W,
a minimum frequency stability of 107>, power stability 1%,
high spectral purity,
reliable operation for days — long-term stability,
frequency tuning (adjustment) ~1 GHz is desirable,
wide-range frequency tuning to cover many DNP experi-
mental configurations with one device is desirable,

e “turn-key” operation determines usability.

Important factors that researchers focus on the most are fre-
quency stability and the tuning range.

There are three crucial ways to change a gyrotron’s operating
frequency. They are based on the operation principle, and are
successfully tested in NMR experiments:

e cathode voltage tuning,
e anode voltage tuning,
e magnetic field tuning.

There are also two methods that are proposed and investi-

gated, but are not commonly used. These methods are:
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e temperature control — variation of cavity dimension,
e movable internal insert in a coaxial gyrotron.

As an outcome of the requirements, a compromise has to
be made. High order modes are closely spaced (similar char-
acteristic values), which results in smoother frequency tuning
when changing the operating mode, as well as lower ohmic
losses, because most of the energy is placed further from the
resonator wall. A longer cavity is required by low voltage gy-
rotrons, as electrons are weakly relativistic, and it is therefore
required to increase the time of interaction between the elec-
trons and microwave RF field. A longer cavity will increase
ohmic losses, because the wave has to travel a longer distance
inside the waveguide. Each reflection from the wall will dis-
perse energy. On the other hand, a long cavity will provide
smoother frequency tuning (the frequency of following modes
will be more similar to each other). To reach the THz range,
second or third harmonic operation is a must, because it lowers
the requirement for the magnetic field by a factor of two (sec-
ond harmonic) or three (third harmonic). However, the required
magnetic field value is still very high, but possible to achieve.
As a final result, the efficiency of the gyrotron drops signifi-
cantly and the frequency tuning range narrows, but they remain
reasonable enough to make the gyrotron the best candidate for
the RF source in the application of DNP.

4.1. Cathode voltage - the frequency tuning method

Frequency and power modulation are useful for extending a gy-
rotron’s applications to fields like communication and scientific
measurements. Rapid frequency modulation by changing the
cathode voltage was described theoretically and verified exper-
imentally in [35]. The principle is that by varying the cathode
voltage V. (accelerating voltage), the beam velocity is changed,
which results in a change of the electron mass and then in the
modulation of cyclotron frequency. The modulation obtained is

A MH
20 MHz, with an efficiency of % =0.25 TZ A limiting pa-
A

rameter is the resonant cavity quality factor Q, which restricts
the operating frequency [36].

High speed frequency modulation of a 460 GHz gyrotron
for 700 MHz DNP-NMR was demonstrated in [37]. Modula-
tion frequency f,, < 10 kHz of the cathode voltage 6V, = 1 kV

main magnet

cavity internal mode converter

microwave

I =0~0® ——0 O

Fig. 2. Cathode voltage control mechanism. Cathode and high voltage
power supply marked in color are used for controlling frequency
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peak-peak produced modulation of the gyrotron’s microwave
frequency 6 f =53 MHz at f =460 GHz. A further increase of
the gyrotron’s modulation frequency is limited by the effect of
the frequency pulling by the resonant cavity. It is reported that
a gyrotron cannot follow cathode modulation frequencies f;,
higher than 20 kHz, as output modulation frequency decreases.
The authors have also investigated frequency tuning in the func-
tion of the modulation voltage. In this case triode type electron
gun was used as shown in the Fig. 8. Experiment results show
that it is 50 MHz/kV. High speed modulation of the cathode
voltage also allows stabilization using the PID feedback circuit.

In paper [38], it is described that frequency tuning is achieved
by changing the cathode voltage under constant: magnetic field,
anode voltage and gun coil current. Frequency was measured in
the heterodyne detection scheme by injecting a signal to the
mixer part as a 16th harmonic for down-conversion to inter-
mediate frequency, which can be measured by a spectrum an-
alyzer. In the presented system, variation of the magnetic field
was not possible due to the threshold, and therefore fine tun-
ing using the cathode voltage was performed. As a result, the
frequency range (393.8 —394.6) = 0.8 GHz was achieved by
varying the cathode voltage in the range (15.3 —19) = 3.7 kV,
which leads to the conclusion that the tuning sensitivity factor
was 216 MHz/kV.

In [39], a theoretical study on an ultralow-voltage gyrotron
is reported. The device has a tuning range of 10.7 GHz at a
frequency of 330 GHz by changing the cathode voltage in the
range of (0.3 —0.8) kV. In the simulation, efficiency and output
power is evaluated. For a cathode voltage of 0.3 kV, current of
0.5 A and a helical electron beam, output power above 1 W is
obtained. The authors report that the gyrotron at cathode volt-
age 0.6 kV can reach a peak efficiency of 17%, and for 0.3 kV
—9.6%. The main drawback of lowering the operating voltage
is that the coupling between the electron beam and RF field de-
creases.

4.2. Magnetic field — the frequency tuning method

Frequency tuning with the magnetic field can be done in two
manners. The first is step tuning, which means changing from
one discrete frequency to another (from one cavity mode to an-
other). There are narrow regions around each central frequency,
where smooth tuning is observed. The second is continuous tun-
ing, which is especially desired for spectroscopy as it simplifies

cavity internal mode converter

®OO0OIT~0DO0O
- 0O —~00d® ——0O0

microwave

Fig. 3. Magnetic field control mechanism. Main magnet marked in
color is used for controlling frequency

the spectrometer setup. This behavior is achieved by design-
ing the cavity in such a way that closely spaced axial modes
are exploited. The typical smooth (continuous) frequency tun-
ing range for single mode operation is up to 3.3 GHz [40—46].
However, there is a large variation of the output power. The
main limitation of the magnetic field method is a slow sweep
rate due to the slow response of the cryomagnet and skin effect
in the gyrotron body. This method is suitable for wide frequency
tuning, but is not used for stabilization.

Frequency step tunability in the wide range, together with
changing from first to second harmonic operation in one gy-
rotron device, is presented in [47]. The extended range of oper-
ating frequency is 150-300 GHz at the first harmonic and 300—
600 GHz at the second harmonic. The described gyrotron tube
has a cavity radius of 3 mm. Under normal operation, the ac-
celerating voltage is 10 kV and the beam current is 50 mA, re-
sulting in 20 W of microwave power at the fundamental modes.
Several hundred of milliwatts are observed when operating at
the second harmonic. The authors emphasize and discuss the
mode competition problem.

High order axial (longitudinal) mode excitation by chang-
ing the magnetic field is a proven technique for obtaining wide
range frequency tuning capabilities [48]. By using high or-
der modes, smooth change is observed, as the characteristic
values of the following TE,, ,x modes, where k is changing,
are closely spaced. This implies that the cavity is relatively
long, and that the middle part of the resonator is sometimes
slightly up-tapered. A series of gyrotrons, which possess con-
tinuous tuning capability, have been demonstrated by several
groups: MIT group gyrotrons, which use this technique de-
scribed in [40, 42, 44, 49, 50]; Fukui group gyrotrons — de-
scribed in [41,51-53]; CRPP-EPFL in Switzerland — described
in [54-57]; KIT in Germany — described in [58,59]; and Nizhny
Novgorod Technical University/GYCOM in Russia — described
in [60-62].

In paper [49], continuous frequency tuning in the range
of 2 GHz at the first harmonic frequency of 247 GHz is re-
ported. Change is done by magnetic field variation in the
range of (8.5 —9.4) T. The authors focus their analysis on the
smooth transition between high order axial modes. Linear the-
ory, “MAGY” code and experimental results are compared for
mode TEs 5 ;. The authors conclude that cavity design is cru-
cial for a smooth transition between neighboring modes, and
that this is where more work has to be done.

The gyrotron FU CW II is designed to work at a frequency of
394.6 GHz (second harmonic) with a power of 32 W. This sat-
isfies the conditions of 600 MHz DNP-proton NMR [51]. An
extra three coils installed in the gun region for optimal beam
guidance allows the main magnet to be tuned from 4-8 T. At the
gyrotron, an output high pass filter with a thin circular waveg-
uide (diameter is 0.7 mm) was installed to sharpen the spectral
lines of the RF field. On the other hand, the gyrotron FU CW
T is designed to work at the second harmonic 1 THz frequency,
with a wide tuning range from the sub-THz up to the THz re-
gion. Wide tunability can be achieved by changing the mag-
netic field of the main magnet, which implies working at dif-
ferent modes. A difficulty to overcome when producing 30 W
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of power at a frequency of 1 THz is that a 20 T magnet and a
30 kV, 1 A beam power supply has to be used.

Most of the frequency tunable gyrotrons have relatively long
cavities in order to provide a small frequency difference be-
tween the axial modes of the cavity, which is in order to ob-
tain smooth frequency tuning. The drawback of this design is
that radiation power decreases with an increasing axial index
of the operating mode as a consequence of the electron veloc-
ity spread. In turn, the shortening of the cavity below the length
that is optimal for the highest efficiency reduces the influence of
the velocity spread, because de-bunching caused by the spread
is not large over a short transit time. A shorter cavity requires a
higher electron beam current in order to provide starting condi-
tions for high order modes. By reducing the cavity length and
the order of the operating transverse mode, a fairly wide fre-
quency band of the gyrotron generation can be achieved [62].
In the paper, changes in output power and frequency caused by
magnetic field variation is presented for the 0.2 THz gyrotron.
The authors consider the theory of the influence of velocity
spread on the output power and frequency in the short cavity
gyrotron.

The smooth frequency tunable gyrotron in the gyro-
BWO state is verified experimentally in the range
of (134—140) GHz, TEj¢x mode, and in simulation
(394 —399) GHz, TE, »x mode [63]. A scaled experiment was
performed using the FU IV gyrotron. The authors proved a
concept where the backward-wave component interacts with
the electron beam. An electronic feedback loop is observed be-
tween the two, which in turn allows osculation to be smoothly
tuned over a broad range. The electronic feedback loop also
has a positive impact on the frequency stability, which is
discussed further in another chapter in this article. The scaled
experiment became the FU CW VI gyrotron, which is suitable
for 600 MHz DNP-NMR [41]. It obtained a smooth tuning
range of (394.65—396.27) GHz of 1.6 GHz with output
power of 10 W. The authors conclude that power stabilization
by feedback control of the beam current is required under
magnetic field change. For this reason the maximum output
power was limited to 10 W in order for it to be stabilized in the
whole frequency variation range.

In the comprehensive paper [40], on the 460 GHz MIT gy-
rotron redesigned for the DNP-NMR experiment important as-
pects are described. Furthermore, experimental data show that
the gyrotron is able to generate 16 W of output power at the
second harmonic with smooth frequency tunability of 1 GHz,
which is around 20 times broader than for a typical submil-
limeter wave gyrotron. In this paper, the authors also discuss
long-term stability.

4.3. Variation of cavity dimensions — the frequency tuning
method
The effect of the frequency change with cavity temperature is

MH
reported in [64] to be ~ 1 YZ Another group reports a value

H
of the ~ 2 TZ [65]. Temperature variation causes a change

of cavity dimensions Fig. 4. When the equilibrium point is

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 1, p. e140354, 2022

cavity internal mode converter

@O O T ~0O0
- 0O ~~00®O ——0O0

main magnet

Fig. 4. Variation of the cavity dimensions mechanism. Cavity wall
marked in color is moved, misaligned, stretched, squeezed for
controlling frequency

microwave

reached, it is not considered to negatively impact short-term
stability. A tunable gyrotron is designed to change the operating
mode, and in this case the effect of the temperature variation has
to be taken into account, as together with the operating mode,
output power may vary significantly and as a consequence it
takes time to reach the new cavity temperature equilibrium. An-
other application case is when long-term (few days) stability is
expected, which is the case with DNP-NMR. This method is
not very common, but could be used for fine frequency tun-
ing or compensation of changes caused by a variation of output
power (when switching to a different operating mode). The ad-
vantage of this approach is that if the gyrotron has a build in
cavity cooler, then the existing circuit can be used by control-
ling the coolant temperature [65].

In paper [66], interesting concepts are presented. The first is
the use of so-called smart cavities, which actually means us-
ing material that has one or more properties that can be con-
trolled by external stimulation. This kind of material is piezo-
electric ceramic (e.g. Lead Zirconate Titanate PZT). The idea
is to change the shape or dimension of the cavity during opera-
tion, together with the fine tuning of other parameters (magnetic
field, beam current, voltage, pitch factor). Either one or more
parts of the gyrotron could be made with piezoelectric material.
Moreover, linear motors or actuators could be made with piezo-
electric material in order to move other parts inside the gyrotron
tube. The second concept is to use a cavity with disturbed axial
symmetry (an ellipse) by squeezing the cavity that is made of
elastic material. The authors discuss the theoretical background
of the computer codes required to analyze such a case, and also
present the numerical results.

4.4. Movable internal insert — the frequency tuning method
The theoretical background for the inner conductor concept
is discussed in [67]. The concept of the movable, coaxial in-
sert (Fig. 5) is numerically investigated in paper [68]. The au-
thors almost achieved a 1 GHz tuning range in the 140 GHz
1.5 MW plasma gyrotron. The main drawback of this approach
is mechanical manufacturing and alignment. For DNP-NMR
gyrotrons, in which the radius of the cavity decreases to 1 mm,
it seems impossible to fabricate the inner conductor, and there-
fore this method may be applied to sub-THz gyrotrons. A sim-
ilar approach can be applied to create a mode generator for the



www.czasopisma.pan.pl P
Y

N www.journals.pan.pl

K. Nowak

main magnet

internal mode/convert

D QOO T~ 0
- O0O~00O——00

main magnet

Fig. 5. Movable insert in the cavity region. Metal insert marked
in color, placed inside gyrotron resonator is used for controlling
frequency

microwave

so-called “cold testing” of gyrotron components. Resonant fre-
quency and the quality factor are the same in the mode genera-
tor and gyrotron cavity. The main difference is that in the mode
generator, mode selectivity by means of an electron beam does
not exit. For this reason, other methods such as internal coaxial
insert (with rod radius smaller than caustic radius R, of gen-
erated mode), careful selection of the generation frequency or
waveguide radius, smart geometry planning, have to be applied
in order to enhance the designed mode and suppress compet-
ing ones. Such a prototype of a mode generator was reported
in [69].

In paper [70], the concept of a coaxial cavity with smooth
frequency tuning is tested numerically. A cone shaped rod is
displaced by +1.5 mm along the gyrotron’s longitudinal axis,
which causes a smooth variation of the characteristic values of
the cavity. The authors, in their results, report a 8 GHz tuning
range at a 394.6 GHz central frequency with output power of
several hundred watts.

4.5. Hysteresis-like effect in frequency tunable gyrotrons

One phenomenon worth mentioning is hysteresis (Fig. 6) with
frequency tunability of the gyrotron [71,72]. This effect is re-
ported for both cathode voltage and magnetic field control. The
observed dependence of the control value vs. output power is
different when the control value is raised and when it is low-
ered (the plot creates a hysteresis loop). Actually, this is an
effect that allows the tunability range to be broadened by the
factor of AFinee =2-28-AB/(14U/511) in the magnetic tun-
ing, and AF,q; = 2-28-B/A(1+U/511) in the voltage tuning

oA od

Uecat B
Fig. 6. Hysteresis loop. Cathode voltage, or magnetic field (red in-
creasing, green decreasing) is changed to control frequency and power.
Hysteresis behavior is observed, which can be exploited to extend tun-
ing range slightly

(in theory) [72]. In reality, this gain is smaller, as it is limited
by frequency pulling.

4.6. Electron GUN heater voltage control — output power
stability

In [64], the authors report that the output power is stable enough
if the superconducting magnet drift is lower than 0.001 ppm/h.
When short-therm stability is considered it can be assumed that
output power is linearly proportional to the beam current. How-
ever in long-term perspective gyrotron parameters drift, which
causes ouput power vs. beam current dependency to be not lin-
ear when long period of time is considered. Therefore beam
current control is a sufficient method to stabilize output power
only in the short-term perspective. For long-term operation, this
method does not work well, because output power oscillates af-
ter a period of equilibration, and therefore the relation between
beam current and power is not precise. The authors describe the
methodology of finding the optimal PID (proportional, differ-
ential, derivative) regulator settings, however, the control value
is the electron GUN heater voltage (Fig. 7), and not the beam
current. The transient response of the Gyrotron for heater volt-
age control is presented. Voltage step up and step down (by
0.1 V) is applied, and then microwave diode power (gyrotron
output power) is recorded over a time of 120 seconds. Tem-
perature control has a relatively big inertia — around 58 second
in this case. For this reason, a pure PID algorithm will fail to
regulate. The authors add an additional routine to the PID al-
gorithm. Measured data are input to the standard automotive
Ziegler-Nichols PID tuning rule [73], however, the authors did
not say what the initial pid settings were. It is unknown if the
derivative part of the controller is turned off, as the D-part has a
negative impact on the stability of the regulation algorithm for
big inertia objects. Process data are filtered by a bandpass filter
before they can be used as input for the control algorithm. Addi-
tionally, the PID controller on-line re-tuning is triggered every
time a steady-state error exceeds the manually set threshold.
The gyrotron’s parameters drift over time, and PID theory as-
sumes that a regulated object has constant parameters, therefore
re-tuning is required. It is a well known limitation for this type
of control, and better approach would probably be to implement
a fuzzy logic controller [74], which is a common way to over-
come this problem. However, there are many implementations
of fuzzy controllers, so finding the optimal solution would re-
quire a lot of testing effort.

main magnet

] cavity internal mode converter

=0 ~0®M®——0O0

main magnet

microwave

Fig. 7. Electron gun temperature control mechanism. Heater drawn in
red is driven by current or voltage source. Change of the electron gun
temperature is used for controlling electron beam current
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4.7. Electron GUN heater current control — output power
stability

In paper [38], the FU CW 394 GHz gyrotron for 600 MHz
DNP-NMR optimization is reported. The authors applied a PID
controller (by controlling the GUN heater current) to stabilize
the electron beam current (Fig. 7). The heater temperature has
a direct impact on the amount of electrons released from the
GUN surface (beam current). This method was sufficient to sta-
bilize the beam current, but not enough to obtain stable output
power. The PID algorithm was too slow, when only control-
ling the heater’s current, to suppresses rapid fluctuations. For
this reason, another PID controller was applied. This approach
is comprehensively described in paper [75], where three con-
figurations are investigated. In the first configuration, the con-
trol value is the gun heater current, and the feedback (set point)
value is the electron beam current. It is reported that one PID
controller in this scheme reveals 6% power fluctuations over
1 hour in the long term. Short-term disturbance is about +2.5%.
The authors point out several reasons: fast fluctuations of power
supply, mechanical shocks, the instrumental measuring noise of
the diode, the amplifier, the digital to analog converter. In the
second configuration, the control value is also the gun heater
current, but the feedback (set point) value is the output power
of the gyrotron (the same approach as in [38]). The authors re-
port £1.8% power stability, but an increasing PI coefficient for
improving stabilization causes overshooting after several hours
of normal operation. For this reason, PID was supplemented
with an algorithm that reduces controller gain when high fluctu-
ations are detected, and increases gain when small fluctuations
are detected. This hybrid approach results in +0.7% power sta-
bility over 6 hours of testing. The third configuration consists
of two PID controllers. The first controller is the one from the
first configuration, which stabilizes the electron beam current
by controlling the gun heater current. The second controller
uses output power as the feedback signal, and anode voltage as
the control value. In this way, both the beam current and output
power are stabilized. The response of the gun heater has high
inertia, while the anode voltage control has an almost instant
response. The advantage of the double PID is power deviation
of £0.1% as a result of the fast response of the anode voltage
control. This proves that the PID algorithm can be applied for
long-term gyrotron stabilization, but it requires some additional
treatments.

4.8. The most important sources of frequency instability

The principle of a gyrotron’s operation implies several sources
of frequency instability. Electrons are emitted from the gun’s
surface, which is a statistical process. Electrons are acceler-
ated by the cathode electric field and guided by the magnetic
field. Each single electron path in the EM field is slightly differ-
ent, which causes electron parameter spread. This fact is taken
into account in the gyrotron equations as pitch factor and elec-
tron velocity spread. Additionally disturbing EM or mechani-
cal agents appear. All these factors are the cause of long-therm
and short-therm (rapidly changing) instabilities. The most im-
portant factors when considering gyrotron stability are cathode
power supply and magnetic field stability. If any of those two
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is unstable considering other factors is useless. A more detailed
description of all these difficulties is provided below:

e magnetic field inhomogeneity and stability — this is the first
of two most important factors. The magnetic field has an
impact on the electrons trajectory, and it determines the cou-
pling efficiency factor. In the gyrotron system of equations,
the parameters that describe these quantities are compres-
sion ratio o and cyclotron frequency @eyc.

e accelerating electric field — this is the second of two most
important factors. The main cause of this instability is
power supply voltage fluctuations. It determines the elec-
tron’s initial kinetic energy, which is square related to the
electron’s velocity. In the gyrotron equations it will influ-
ence pitch factor alpha and cyclotron frequency @cyc, and
thus change the output power and frequency.

e mode competition — may cause the emission of two modes
simultaneously, which is undesired for spectroscopy and
may cause output power oscillations while two standing
waves (modes) compete to gain energy. Both modes will in-
fluence the electrons path as the electric field superposition
rule applies in this case.

e clectron parameter spread — is mainly caused by the gun’s
emission surface, which cannot be infinitely thin. Each elec-
tron will have a different starting position against the elec-
tric and magnetic (guiding) field, and therefore trajectory
and electron parameters will slightly differ within a certain
range of values [76]. Electrons will have velocity and tra-
jectory spectrum, and therefore released cyclotron energy
will by divided among several frequencies [77]. Other fac-
tors can be described in general as EM field related [78,79].
To diagnose these problems, the axial velocity of electrons
can be evaluated by analysis propagation of the gigahertz
frequency signal in a slow-wave structure coupled with an
electron beam [80].

e influence of self inductance — this is an important factor in
megawatt gyrotrons (high electron current) and is usually
neglected in low power devices, such as NMR gyrotrons.
However, this effect is always present. It is observed when
the electron’s longitudinal speed is relatively low. A moving
particle creates a magnetic field and disturbs the EM field
in the resonator. The same particle is influenced by the dis-
turbed magnetic field. In this way, the electron beam has an
influence on itself. This situation may be especially evident
when cathode (accelerating) voltage is low. In the gyrotron
equations, this situation is determined by the comparing

E field decay time with electron transition through the cav-
L

ity time Tdecay >> lransit, Where Idecay ~ % and feansic ~ —
QO — resonator quality factor, @ — E field angular frequenc;,
L — resonator length, V, — electron longitudinal velocity.

e FElectrons can be disturbed by any unwanted EM field that
will either travel back through the cavity’s input taper, or
will be created by the electrons trapped between the gun
space and magnetic mirror [81].

Methods of stabilizing frequency can be divided into
groups [82]:
e cathode voltage control,
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e anode voltage control,
e magnetic field control,
e passive methods.
Gyrotrons employing these methods will be discussed.

4.9. Cathode voltage control — frequency stabilization
Initial electron kinetic energy is defined by the accelerating
voltage. As a consequence, cyclotron frequency can by varied.
This relation is described by equation [83]:

fe~28nB(1-V,/511), (6)

where n — harmonic number, V, — accelerating voltage kV, B —
magnetic field T.

In paper [83], the authors report the frequency stability of
the free-running gyrotron = 10 MHz. After applying PID sta-
bilization, 10 hours of operation revealed a frequency deviation
of 0.6 MHz. Control voltage was applied between the cavity
(body) and collector (ground potential). The high capacitance
of the gyrotron body (ground), means that this method has a
significantly lower PID bandwidth (fast variations of voltage
are very difficult to achieve) [84] when compared to the anode
voltage tuning method [62]. On the other hand, it does not re-
quire the high voltage cathode power supply to be modified.
Every gyrotron that is built with a frequency tuning capability
based on the accelerating voltage method can also be stabilized
by the same means.

In [85], the authors discuss simultaneous stabilization of the
output power and frequency. Intermediate frequency is mea-
sured and passed over as the feedback signal (PID input) for
the PID controller, which in turn controls the voltage (PID out-
put) of the gyrotron cavity (body). Therefore, the cathode volt-
age is varied to correct the cyclotron frequency. At the same
time, the output power is measured by the RF diode and a pro-
portional signal is applied to the anode voltage. By varying the
anode voltage, the pitch factor is changed, and as a consequence
the output power is controlled. Additionally, another PID con-
troller is applied to control the electron gun heater current in
order to extend power stabilization capabilities. All three PID
controllers are implemented in LabView software in a digital
manner. It is therefore natural to think that it is possible to com-
bine the two input and three output signals by employing a more
sophisticated algorithm and replacing the separate PID regula-
tors in order to achieve much better stabilization. The authors
report power stability of +1% and frequency stability of +1
MHz during 3 hours of testing, which is a little bit worse when
compared to just the stabilization of frequency. However, for
DNP-NMR, both output parameters are important, and there-
fore simultaneous stabilization is more advantageous.

Paper [86] describes frequency stabilization during power
tuning at the same time as utilizing the relationship between
the cathode voltage and pitch factor. In a typical gyrotron, vari-
ation of the cathode voltage has an impact on the operation fre-
quency and output power. By stabilizing one value, the other is
being changed at the same time. Contrary to the conventional
feedback loop (wavenumber k, > 0), in this case the gyrotron
is working in the gyro-BWO (wavenumber k, < 0) state at the

first harmonic T E1 » mode. The magnetic field is constant and
selected in order to match the desired RF frequency. The op-
eration mechanism is different, as it results from compensation
of detuning the electron cyclotron frequency during electronic
tuning. This phenomena is described by two equations:

1—1/92 seB
0=k V,+5Q, =k, (l+a2 ) ey’ 7
ev
MeC

V is positively related to 7y, and therefore an increase of volt-
age V leads to a decrease of electron cyclotron frequency Q..
If pitch factor o gets larger at the same time, the decrease of
the absolute value of Doppler shift k,V, can compensate the
decrease of Q, in the gyro-BWO state (k; < 0!). As a result,
operating frequency @ will remain unchanged. The authors in-
vestigate this idea of a low-voltage cathode, and as a result: for
V change by 0.796 kV and o by 0.8 — the frequency changes
by 6.3 MHz. For high voltage operation, V change is 1.61 kV
and « is 0.8 — the frequency difference is 13.5 MHz. In conven-
tional cases (k; > 0) reported in the literature, a typical change
of frequency is 50 MHz/kV. An essential point reported in this
paper is that together with pitch factor variation, output power
is smoothly tuned by 40%. The authors dedicate this solution to
high power THz heating in material science and bio-medicine
(the stability is not satisfactory for NMR). However, the elec-
tronic detuning concept might be promising when applied to
NMR low voltage gyrotrons.

4.10. Anode voltage control — frequency stabilization

The main advantage of this method is that it is independent
from the cathode and body potential. It combines low voltage,
low current operation and low capacitance. Technically it can be
achieved by employing triode gun design [87-89] or by sepa-
rating the potential of anode + cavity from a collector part of the
gyrotron as it is proposed in the extremely well illustrated work
[90]. There are several technical variations, but the same prin-
ciple. Described control system has an increased bandwidth,
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Fig. 8. Anode voltage control mechanism. Anode and additional
power supply marked in color are used to change voltage between cath-
ode and anode. Low capacity of the anode allows high control
bandwidth
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while keeping the same frequency sensitivity when compared
to the cathode voltage method. In this approach, the pitch fac-
tor of the electrons is varied. In paper [82], the 263 GHz 1 kW
GYCOM gyrotron is tested. An anode control voltage variation

kv
of 1kV and a speed better than 1 s is delivered by a sep-

arate power supply, so no intrusion in the main power supply
is required. Frequency sensitivity of 33 MHz/kV is obtained in
both the experiment and the theory. In paper [91], the same GY-
COM 263 GHz 1 kW gyrotron is presented, however, the article
focuses on comparing the theoretical calculations and experi-
mental data. The frequency pulling effect is explained and sim-
ulation difficulty is outlined. The theoretical and experimental
dependence of frequency shift (0—40 MHz) vs. anode voltage
variation (0-1 kV) is compared. In the theoretical study, it is
concluded that the optimal spectroscopic regime is not in the
highest efficiency working point, but in the middle of the gen-
eration zone. Sensitivity of the anode voltage frequency tuning
varies from 5 to 30 MHz/kV, which is in accordance with the
theoretical calculations and depends on the gyrotrons working
point (magnetic field). The reported theory and experiment dis-
crepancy is smaller than 3 x 107>, which proves the credibility
of the approach presented in [91]. The total frequency tuning
range was 4 MHz with frequency stability of 1 Hz, which can
be compared to a stability of 0.5 MHz for the free running gy-
rotron [62].

4.11. Passive stabilization — frequency stabilization

main magnet

c :
a |
t |
h w cavity internal mode converter | e
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Fig. 9. Passive stabilization by delayed reflected beam self-injection.
Small part of the microwave beam is reflected back to the cavity.
Reflector is placed outside the gyrotron tube

Frequency stabilization by delayed reflection of the output
radiation is experimentally simple as it is done outside the gy-
rotron tube [62]. Experimental and theoretical results were re-
ported in [92]. The authors conclude that for a large delay time
(long distance 3.5 m) between the gyrotron output and reflector
(e.g. Teflon disk), even a few percent of reflection of the mi-
crowave power results in an increase of the gyrotron’s stability
by a factor of 2, while in theory the maximal increase can be 3
times [62].

In paper [93], a high-resonant and non-resonant load, as a
reflector is considered numerically. The authors derive a self-
consistent equation with load included, and then conclude the
conditions of optimal operation for both cases. Resonant fre-
quency with and without load reveals hysteresis behavior when
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changed, and thus the reflected wave can hold gyrotron fre-
quency within a narrow band. The authors of paper [94] verified
the theory experimentally, and also with the use of the particle
in cell simulation method. The bandwidth of the free-running
gyrotron was ~ 3.1 MHz, while its setup with reflections and
phase correctly aligned had a bandwidth ~ 1.9 MHz, causing
stability to be better by a factor of 1.6.

In paper [95], a theoretical study of a self-consistent, time do-
main equation is presented. Boundary conditions are changed to
match the case when gyrotron output is connected to the reso-
nant load (external resonator). The authors discuss the impact
on the EM field profile inside the interaction space. The re-
ported boundary conditions can be used for materials with a
reflection coefficient defined as a function of frequency.

One more theoretical study [96] reveals the influence of de-
layed reflection on frequency tuning by a magnetic field, while
the same author [97] also theoretically investigated the possibil-
ity of controlling mode competition by adjusting the reflection
coefficient. In some cases, parasitic modes can be suppressed by
proper phase matching of the reflected, self-injected wave. This
might be interesting and useful, especially in high frequency
gyrotrons with smooth tuning capabilities, where mode compe-
tition is an important problem. Thus, these modes have similar
starting conditions.

4.12. Double beam gyrotrons — demand for high frequency
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Fig. 10. Double beam gyrotron mechanism. Two cathode strips

marked in color are required to generate two beams. One beam is

aligned to enhance the desired mode, second beam is used to suppress
the parasitic modes

To achieve high frequency generation, second and third har-
monic operation has to be employed. Mode competition be-
comes very difficult to overcome due to the fact that character-
istic values of neighbouring modes are similar at high harmonic
operation. The proposed 780 GHz gyrotron operates at the sec-
ond harmonic with output power of 10 W. It is designed to gen-
erate two electron beams [98]. In such a construction, the beam
radius of each beam is chosen in such a way that the first beam
feeds the desired RF field mode, and the second beam consumes
energy from the RF field to suppress parasitic modes. In this
manner, mode selectivity is achieved. The authors are develop-
ing a third harmonic gyrotron to operate at a record 1.2 THz
frequency. This device requires a double beam design, but its
small cavity radius of 2.5 mm makes it difficult to position and
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to generate a suppressing beam. Moreover, manufacturing ac-
curacy of 0.014 becomes a limiting factor. The authors claim
that the use of multi-beam gyrotrons is now the most promising
method to increase operating frequency in the terahertz range.

In paper [99], a double beam, low voltage gyrotron is re-
ported, and a three electrode magnetron injection gun is em-
ployed. The authors examine the magnetic field values in the
range of 11.06 to 14.95 T. The gyrotron was designed for sec-
ond harmonic operation at an accelerating voltage of 20 kV,
however, the authors lowered it to 2.4 kV -5 kV and reported
first harmonic operation. Further optimization of the electron
beam’s parameters was done by varying the anode voltage
(Fig. 8) in the range from O to —1 kV. It was revealed that at
cathode voltages lower than 5 kV, the recorded frequency was
460 GHz and the power level obtained was 60 W, which is sat-
isfying for DNP-NMR spectroscopy.

5. CONCLUSIONS
The gyrotron is the only sensible source of high power mi-
crowave radiation for NMR enhanced experiments and power
demanding terahertz applications [100]. On the other hand,
semiconductor sources are not available for this power and fre-
quency. With a proper control algorithm it surpasses other vac-
uum sources in terms of cost, life time and operating param-
eters [101]. The gyrotron can provide 0.5 MHz frequency and
£0.1% long-term power stability when it is supplied with the
stabilization algorithm, which is a hybrid solution of PID con-
trol and the expert system. It can provide a power level of 10—
100 W in a frequency range up to 1 THz.

There is no better microwave source for DNP-NMR experi-
ments available at the present time.
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