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INTEGRATED HIGH-FREQUENCY GENERATOR SYSTEM UTILIZING THE
MAGNETIC FIELD OF THE TARGET APPLICATION

RELATED APPLICATIONS
This application claims benefit of and priority to U.S. Patent Application Serial No.
12/930,584, filed January 11, 2011 under 35 U.S.C. §§119, 120, 363, 365, and 37

C.FR. §1.55 and §1.78, which is incorporated herein by this reference.

FIELD OF THE INVENTION
This invention relates to an integrated high-frequency generator system
utilizing the magnetic field of the target application and in one embodiment to such
adapted for use in magnetic resonance systems such as a nuclear magnetic resonance
(NMR) or magnetic resonance imaging (MRI) system with dynamic nuclear

polarization (DNP), or an electron paramagnetic/spin resonance (EPR/ESR) system.

BACKGROUND OF THE INVENTION

Microwave and terahertz radiation can be generated either by a solid-state
device based on semiconductors, a vacuum electron device (VED) based on the
interaction between an electron beam and an electromagnetic circuit or by photonics
based sources such as lasers. In the millimeter wave (30-300 GHz) regime VED based
sources are dominant because of their high power, wide bandwidth, efficiency and
robustness when compared to solid-state and photonics based devices. The
aforementioned advantages of VEDs are also valid in the terahertz (300 GHz -3 THz)
regime especially, between 300GHz -1 THz. In this part of the electromagnetic
spectrum VED based devices can provide 3 to 4 orders of magnitude higher peak and

average power than solid-state devices and are significantly compact and
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approximately an order of magnitude more efficient than photonics based devices.

The applications of millimeter waves in the area of defense, communication,
industrial processing and scientific applications are very well known. Recently, the
advent of various kinds of terahertz sources has sparked considerable interest in
applications of terahertz sources in the above applications and notably in the area of
medical imaging, therapy and other biotechnological applications.

The art of generating microwave and millimeter wave frequencies using an
electron beam coupled to an electromagnetic structure (circuit) is well known. A
VED is a vacuum tube that has the following main components in a vacuum envelope.
An electron gun which generates the electron beam either by thermionic emission
from a metal such as tungsten impregnated with other metals and compounds or by
field emission. The electron beam, which is used as a means to transform the DC
energy provided by a high voltage power supply to microwave or terahertz radiation
in the circuit. The electron beam gains kinetic energy from the high voltage power
supply and it transfers this kinetic energy to the microwave/terahertz waves in the
interaction structure. The magnetic system is used to focus and transport the electron
beam from the electron gun to the interaction region where microwaves are generated
or amplified. In some classes of VEDs like gyrotrons, the magnetic system also plays
a role in the interaction between the electron beam and the circuit. In almost all
VED:s, strong magnetic fields are necessary to focus the beam by overcoming the
space forces inherent in the electron beam. In gyrotrons the required magnetic field is
directly proportional to the cyclotron frequency of the electron beam, which is critical
for its interaction with the electromagnetic structure. The gyrotron can be operated

either at the fundamental mode or higher harmonics of the cyclotron frequency.
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Higher harmonics have the advantage that a lower magnetic field for operation is
required, depending on the harmonic number. The conversion of the kinetic energy in
the electron beam to microwave or terahertz waves takes place in the interaction
structure. The resonant frequency of the structure is tuned to interact with the electron
beam at a specific frequency or a range of frequencies. The interaction structure is
also referred to as cavity or a resonator. The interaction structure operates in either
the fundamental or a higher order Transverse Electric (TE) or a Transverse Magnetic
(TM) mode. Sﬁch a mode cannot be efficiently extracted out of the microwave tube or
transported over long distances at low loss. Hence, an internal mode converter is often
employed to transform the operating mode to a different mode, typically, a free space
Gaussian-like mode. The internal mode converter can be designed on the basis of
standard waveguide design techniques or quasioptical methods. The body of the VED
is held at high vacuum. The window allows the microwaves or terahertz radiation
generated in the VED to be extracted out of the tube. The spent electron beam after
giving some of its energy to the microwave or terahertz fields continues traveling to
the anode and is typically collected on a copper structure called the collector. The
collector is either air- or water-cooled to absorb the remaining energy of the spent
beam, which is dissipated as heat in the collector. For devices based on fast-wave
interactibn between the electron beam and the electromagnetic circuit such as
gyrotrons, at least 0.036 Tesla/GHz of magnetic field is required for fundamental
electron cyclotron operation. At microwave and terahertz frequencies several Tesla
(T) of magnetic field is necessary. This magnetic field is typically provided by a
superconducting magnet which is large and expensive.

Terahertz radiation is used in many fields of magnetic resonance spectroscopy
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for example in electron paramagnetic/spin resonance (EPR/ESR) spectroscopy. In
EPR Spectroscopy, paramagnetic systems are studied by their microwave absorption
in a strong magnetic field. At high magnetic fields solid-state sources deliver very
little power and high-power microwave sources are desired. Dynamic Nuclear
Polarization (DNP) is a technique that utilizes the large Boltzmann polarization of the
electron spin reservoir to provide a boost in NMR signal intensities by several orders
of magnitude, thus dramatically increasing the data acquisition rate in a NMR
experiment. This makes DNP a valuable method to overcome the intrinsic low
sensitivity of liquid- and solid-state NMR experiments and the method is of
significant interest in applications ranging from particle physics to structural biology.
In clinical imaging, this method can be especially valuable in improving contrast and
resolution in Magnetic Resonance Imaging (MRI). Several other techniques are
available to increase the signal intensity in an NMR experiment, such as para-
hydrogen induced polarization (PHIP), polarization of noble gases such as Helium,
Xenon or Krypton and optically pumped nuclear polarization of semiconductors.
However, especially in the area of structure determination of bio-macromolecules or
bio-solids, microwave driven DNP-enhanced NMR spectroscopy seems to be the
most versatile method.

DNP is not a new scientific area but is currently experiencing a renaissance
with the advent of high-power microwave and terahertz sources. The first DNP
experiments were performed in the early 1950s at low magnetic fields but until
recently, the technique was of limited applicability because of the lack of high-
frequency, high-power terahertz sources. In a DNP experiment, the large electron

polarization of a polarizing agent is transferred to surrounding nuclei (typically
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protons, 'H) by terahgrtz (microwave) irradiation on-resonance with an EPR
transition. The electron spin system required for DNP can either be an endogenous or
exogenous paramagnetic system.'To date most polarizing agents for high-field DNP
experiments are based on TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl) moieties,
which employ the cross-effect (CE) as the DNP mechanism. The CE mechanisms can
be exploited, if the homogenous linewidth (&) and the inhomogeneous breadth (A) of
the EPR spectrum of the paramagnetic polarizing agent, is larger compared to nuclear
Larmor frequency (o). The underlying mechanism is a two-step process involving
two electrons with Larmor frequencies wys; and wos; separated by the wg; (matching
condition). The DNP-enhanced nuclear polarization then disperses throughout the
bulk via spin diffusion.

Four components are essential to perform DNP-enhanced NMR spectroscopy:
A high-power, high-frequency terahertz source; a low-loss transmission line; a NMR
probe, that allows simultaneous terahertz and radio-frequency irradiation of the
sample and a polarizing agent as the source of the high thermal electron polarization
(briefly described above).

The efficiency of a DNP experiment depends strongly on the magnetic field

(B1) at the sample, which is induced by the terahertz irradiation. The strength of this
field, B, is proportional to \/E with P, the microwave power and O the quality
factor of the cavity. Typically, DNP experiments are performed without a resonant
structure (cavity) thus, the quality factor Q is small (<5). To create sufficiently strong
B, fields high-power terahertz sources such as gyrotrons are required.

| In current DNP setups, the microwave/terahertz source is completely

independent from the magnetic resonance system and requires an additional
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superconducting magnet or a conventional high-field electromagnet or a permanent
magnet system. The microwave/terahertz radiation is delivered to the sample using a
transmission line. Often the main magnet and the superconducting gyrotron magnet
have to be separated sufficiently to avoid any interference. Throughout this
background and the rest of the disclosure magnetic resonance system is meant to
include all such devices e.g. nuclear magnetic resonance (NMR), electron
paramagnetic, resonance (EPR), magnetic resonance imaging (MRI)....

Low-loss microwave/terahertz transmission lines are required to efficiently
deliver the terahertz radiation from the source (e.g. gyrotron) to the sample. To ensure
minimal transmission losses a corrugated metallic waveguide can be used. Operation
in the HE; mode of a corrugated metallic waveguide results in negligible ohmic
losses thus enabling high efficiency transmission over long distances. A quasi-HE;,
mode can be generated inside the VED using an internal mode converter and the
radiation can be directly coupled to the transmission line. Furthermore, in a solid-state
DNP experiment the HE,; mode can be used to directly illuminate the Sample. For
DNP-enhanced solid-state NMR experiments a low-temperature, magic-angle-
spinning (MAS) NMR probe is required. Cryogenic temperatures are achieved by
either using cold nitrogen as the bearing and turbine gas or by using a separated
variable-temperature line for sample cooling. Temperatures down to 85 K can be
reached using this approach. If lower temperatures are necessary cold He gas, as
blow-off gas directly from a liquid He Dewar can be used for cooling. To maintain the
possibility to tune the radiofrequency (RF) circuit even at low temperatures a
transmission line circuit is typically employed. Here all variable tuning elements are

located outside the probe at room temperature. The terahertz radiation can be
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introduced either along the rotor axis or perpendicular. In the later case, the radiation
enters the sample through diffraction between the turns of the RF coil. In such setup,
due to the sample rotation a majority of the sample is uniformly exposed to the
terahertz radiation, thus increasing the efficiency of the DNP process. To change
samples without removing the probe from the magnet, a sample eject system can be
added to the probe.

There are a number of shortcomings to the conventional approaches. Both
magnets, used fo perform the magnetic resonance experiments (main magnet) and the
magnet for the microwave generator are large and expensive and each requires
cryogenic cooling. A microwave waveguide is necessary to deliver the terahertz
energy from the microwave generator to the sample area located in the main magnet
and it must be of sufficient length to accommodate adequate distance between the
main magnet and the microwave generator magnet to prevent field interference.
Substantial beam power in the gyrotron (e.g. >2kW) is required and the conversion is
relatively inefficient especially in the second harmonic operation: the microwave

output is only 10 — 20 watts.

SUMMARY OF THE INVENTION
It is an object of this invention to provide an integrated high-frequency
generator system utilizing the magnetic field of the target application.
It is a further object of this invention to provide such a system for use in
magnetic resonance system.
It is a further object of this invention to provide an improved magnetic

resonance device and microwave generator adapted for use in such a magnetic
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It is a further object of this invention to provide such an improved magnetic
resonance device and high-frequency (microwave/Terahertz) generator adapted for
use with DNP.

It is a further object of this invention to provide such a magnetic resonance
device, which is easily and simply adapted for DNP operation.

It is a further object of this invention to provide such a high-frequency
generator which is smaller, more compact and more efficient.

The invention results from the realization that an improved, integrated high-
frequency generator system utilizing the magnetic field of the target application which
reduces the number and cost of magnets, the size or footprint of the overall system,
shortens or eliminates the microwave waveguide, reduces the necessary power,
increases efficiency and reduces the size of the collector and overall size of the, VED,
high-frequency generator can be achieved with a main magnet, which has both an
application zone and a microwave generator zone utilizing the magnetic field of the
main magnet.

The subject invention, however, in other embodiments, need not achieve all
these objectives and the claims hereof should not be limited to structures or methods
capable of achieving these objectives.

This invention features an integrated high-frequency generator system utilizing
the magnetic field of the target application including a magnetic resonance magnet
having an application zone and a high-frequency (microwave/terahertz) generator
zone in the magnetic field of the magnetic resonance magnet, and a high-frequency

(microwave/terahertz) generator disposed in the high-frequency
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(microwave/terahertz) generator zone and utilizing the magnet field of the magnetic
resonance magnet to generate the high-frequency (microwave/terahertz) radiation.

In preferred embodiments the high-frequency (microwave/terahertz) generator
zone may be in the main magnetic field of the magnetic resonance magnet. The high-
frequency (microwave/terahertz) generator zone may be in the fringe magnetic field
of the magnetic resonance magnet. There may be an auxiliary magnetic field source
for modifying the magnetic field profile in the high-frequency (microwave/terahertz)
generator zone. The auxiliary magnetic field source may include a winding mounted
on the high-frequency (microwave/terahertz) generator. The auxiliary magnetic field
source may include a winding mounted in the magnetic resonance magnet. The
auxiliary magnetic field source may be comprised of at least one permanent magnet.
The auxiliary magnetic field source may include a modification in the magnetic
resonance magnet. The magnet resonance magnet may include at least one winding
and the modification may include a variation in the amp-turns of a winding of the
magnetic resonance magnet. There may be further included a };igh-frequency
(microwave/terahertz) transmission line extending from the high-frequency
(microwave/terahertz) generator to the application zone. The high-frequency
(microwave/terahertz) radiation may be used to perform DNP. The auxiliary
magnetic field source modifies the value of the magnetic field profile in the high'-
frequency (microwave/terahertz) generator zone to synchronize high-frequency
(microwave/terahertz) radiation from the high-frequency (microwave/terahertz)
generator to enable the DNP process in the application zone. The high-frequency
(microwave/terahertz) generator may utilize the magnetic field of the magnetic

resonance system for at least one of focusing, transportation of the electron beam and
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interaction between the electron beam and the circuit of the VED. The high-
frequency (microwave/teraheﬁz) resonance magnet may include a bore and the high-
frequency (microwave/terahertz) generator zone may be in the bore.

This invention also features a magnetic resonance magnet device including a
magnetic resonance magnet having an application zone and a high-frequency
(microwave/terahertz) generator zone in the magnetic field of the magnetic resonance
magnet and an auxiliary magnetic field source for modifying the magnetic field
profile in the high-frequency (microwave/terahertz) generator zone.

In preferred embodiments the high-frequency (microwave/terahertz) generator
zone may be in the main magnetic field of the magnetic resonance magnet. The high-
frequency (microwave/terahertz) generator zone may be in the fringe magnetic field
of the magnetic resonance magnet. There may be further included an auxiliary
magnetic field source for modifying the magnetic field profile in the high-frequency
(microwave/terahertz) generator zone. The auxiliary magnetic field source may
include a winding mounted in the magnetic resonance magnet. The auxiliary
magnetic field source may include a modification in the magnetic resonance magnet.
The magnet resonance magnet may include at least one winding and the modification
may include a variation in the amp-turns of a winding of the magnetic resonance
magnet. There may be further included a microwave transmission line extending
from the microwave generator to the application zone. The high-frequency
(microwave/terahertz) radiation may be used to perform DNP. The auxiliary
magnetic field source may increase the magnitude of the magnetic field érofile in the
high-frequency (microwave/terahertz) generator zone to synchronize high-frequency

(microwave/terahertz) radiation from the microwave generator to enable the DNP
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process in the application zone. The microwave generator may utilize the magnetic
field of the magnetic resonance system for at least one of focusing, transportation of
the electron beam and interaction between the electron beam and the circuit of the
VED. The magnetic resonance magnet may include a bore and the high-frequency
(microwave/terahertz) generator zone may be in the bore.

The invention also features a high-frequency (microwave/terahertz) generator
including an electron gun for generating an electron beam adapted to be focused by a
magnetic field source having a spatially rising region, a homogenous region and a
decaying region, an interaction structure for generating high-frequency
(microwave/terahertz) radiation, an internal mode converter in the homogenous region
for extracting the high-frequency (microwave/terahertz) radiation through a window,
and a reduced collector disposed substantially in the homogenous region before the
electron beam spreads in the decaying region.

In preferred embodiments there may further be a magnetic field source
proximate the interaction structure and internal mode converter. The internal mode
converter may include a high-frequency (microwave/terahertz) reflector generally

parallel to the beam and directing the beam directly out the window.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
Other objects, features and advantages will occur to those skilled in the art
from the following description of a preferred embodiment and the accompanying
drawings, in whic‘h:
Fig. 1 is a schematic diagrammatic view of a prior art vacuum electron device

(VED) for microwave generation;
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Fig. 2 is a schematic diagrammatic view of a prior art magnetic resonance
system e.g. NMR or MRI with DNP capability;

Fig. 3 is a schematic diagrammatic sectional view of a prior art magnet device
for a magnetic resonance system having a single, sample, zone;

Figs. 4-6 are schematic diagrammatic views similar to Fig. 3 of a magnetic
resonance magnet device according to this invention showing various placements of
the auxiliary magnetic field source and having both an application zone and a
microwave generator zone;

Fig. 7 is a schematic diagrammatic sectional view similar to Fig. 3-illustrating
the microwave generator zone in the fringe field of the magnetic resonance magnet
device;

Fig. 8 illustrates a spatial field profile of the magnetic resonance magnet,
auxiliary magnetic field source and the resulting composite field;

Figs. 9A and B are a correlation of a conventional gyrotron and a gyrotron
according to this invention with the axial field profile of a typical gyrotron magnet;

Figs. 10A and B are views similar to Figs. 9A & B showing the interaction
structure in more detail;

Fig. 11 is a three dimensional diagrammatic view of certain elements of the
interactive structure of a prior art microwave generator; and

Fig. 12 is a three dimensional diagrammatic view of certain elements of the
interactive structure of a microwave generator according to one embodiment of this

invention.

DETAILED DESCRIPTION OF THE INVENTION
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Aside from the preferred embodiment or embodiments disclosed below, this
invention is capable of other embodiments and of being practiced or being carried out
in various ways. Thus, it is to be understood that the invention is not limited in its
application to the details of construction and the arrangements of components set forth
in the following description or illustrated in the drawings. If only one embodiment is
described herein, the claims hereof are not to be limited to that embodiment.
Moreover, the claims hereof are not to be read restrictively unless there is clear and
convincing evidence manifesting a certain exclusion, restriction, or disclaimer.

This invention has broad application but evolved in the specific area of DNP-
enhanced magnetic resonance spectroscopy and so the disclosure herein uses that
exemplar. Throughout this application including the specification and claims the use
of "magnetic resonance system" includes all of such apparatus e.g. NMR, MR],
EPR/ESR ... and the use of gyrotrons is specific only to the embodiment shown
herein but is representative of all VED’s e.g. gyrotrons, klystrons, traveling wave
tubes (TWTs), gyrotron traveling wave tube amplifier (gyro-TWT), gyro-twystrons,
gyroklystrons or any combinations of such devices. DNP-enhanced NMR
spectroscopy requires a high-power microwave/terahertz source, having an operating
frequency that is directly correlated to the NMR frequency (vpne = 660*vnmr). For
example, for DNP-enhanced NMR spectroscopy at 600 MHz (‘H Larmor frequency) a
14.1 T NMR magnet is required, and the operating frequency of the
microwave/terahertz source has to be 395 GHz. A gyrotron is capable of generating
sufficient continuous wave power necessary for DNP at such frequencies.

The gyrotron is a mildly relativistic device, hence, for generating radiation at

the electron resonance frequency corresponding to the field of the NMR magnet, the
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gyrotron requires a magnetic field which is up-shifted approximately by the
relativistic mass factor of the electrons in the gyrotron. This up-shift corresponds to
the operating voltage of the gyrotron and is actually the relativistic mass factor g,
which can be e?(pressed as g =1 + Voltage (in kV)/511. To generate 395 GHz as
mentioned in the example above a gyrotron operating at 15 kV requires a magnetic
field of ~14.52 T (=14.1*%(1+15/511)) which is about 0.42 T higher than the 14.1 T
| field provided by the 600 MHz NMR magnet.

Unfortunately, superconducting magnets at fields above 10 T require the use
of niobium-tin (Nb3Sn) superconducting material which is expensive.. The alternate
approach is to use second harmonic operation (frequency doubling) in which the
gyrotron operates at the second cyclotron harmonic. In such a system, the gyrotron
requires only half of the magnetic field value as in the case of fundamental mode
operation described above. This allows the use of 7.26 (=14.52/2) T magnet. Such a
magnet can be built of cheaper superconducting material such as niobium-titanium
(Nb3Ti) and would only cost approximately half of the price compared to a Nb3;Sn
magnet.

However, operating the gyrotron in the 2" harmonic has a number of
disadvantages. Firstly, the threshold current for oscillations is much higher thus
requiring a higher operating voltage and current and resulting in higher electron beam
power. Secondly, operation in the 2" cyclotron harmonic is very susceptible to
competition from the fundamental mode interaction. This limits the operating
parameter space of the 2" harmonic generation and often contamination of the output
radiation with terahertz radiation at the fundamental cyclotron harmonic. Thirdly, the

efficiency of the 2" harmonic interaction is significantly lower than the fundamental
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mode interaction. To partly compensate for this, the device is usually operated at
higher voltage and current which requires a large water cooled collector to handle the
high electron beam power. In spite of the above challenges, 2" harmonic gyrotrons
are used in DNP application because of the prohibitive cost of gyrotron magnets for
NMR frequencies > 400 MHz. For a 400 MHz system the necessary 263.6 GHz
radiation can be generated at fundamental mode operation using a 9.6 T NbTi magnet.

There is shown in Fig. 1 a vacuum electric device (VED) such as a gyrotron
10. Itincludes an electron gun 12 which generates an electron beam 14 which is
focused and transported bSI the magnetic field provided by the magnetic system 16.
The terahertz radiation is generated in the interaction structure or cavity 18 and are
received by internal mode converter 20 which includes a number of microwave
reflective surfaces, which in this case are represented by microwave reflectors or
mirrors 22 and 24. The microwaves are reflected off mirror 22 then to mirror 24 from
whence they are incident on window 26 where they ex_it the system. The high power
electron beam spreads as shown at 28 when the magnetic field generated by magnetic
system 16 decays. This spreading significantly reduces the power density of the beam
where it is captured by collector 30.

Such VEDs are used in a conventional magnetic resonance systems 40, Fig. 2,
which includes a high field cryogenically cooled magnet 42 which has an application
zone 44 in which is located the magnetic resonance sample 46. Sample 46 is held in
position by probe 48 which functions in the normal way to hold the sample, direct the
microwave and RF radiation and control and sense the ambient conditions and record
the response of the sample to the applied stimuli. High-frequency radiation is

generated in microwave generator 10 are delivered in a microwave wave guide 50 to
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the application zone, which in this embodiment is application zone 44 df magnet
device 42. Cryogenics system and controls 52 maintains the super cooling of magnet
probe device 48. Console 54 controls the creation of the RF pulses, frequency, shape,
duration and controls operations in magnetic resonance spectroscopy. Source control
rack 56 controls the magnitude and shape of the current and voltage to magnetic
system 16 and electron gun 12. Electron gun trim coil 58 is representative of the fact
that there may be one or more coils in addition to the magnetic system coil 16 to
operate and condition the electron beam.

Magnetic resonance magnet device 42, Fig. 3, may also be powered by
magnetic coil 60 mounted on a ferromagentic or an air core 62. Application zone 44
is then located in the bore 64 in the main field of the magnet depicted by the field
lines 66 and 68. The main windings 60 may be aided by one or more shim coils 70,
72.

In accordance with one embodiment of this invention, Fig. 4, the high-
frequency generator or terahertz source 10a along with its magnetic system coils 16 is
located in the main field in the microwave generator zone 76 in bore 64 of magnet 42.
High-frequency generator 10a is similar to high-frequency genérator 10 of Fig. 1 but
modified according to this invention.

Alternatively, Fig. 5, the magnetic system associated with the high-frequency
generator 10a may be located in the core as indicated at 16a or actually in the coil as
indicated at 16b. Further, alternatively, the auxiliary magnetic field source 16 may be
implemented not by a separate coil but by a variation in the amp-turn windings 16¢,
Fig. 6 of the main magnet coil 42. While the microwave generator zone 76 is located

in the highly concentrated area of the main field in bore 64 as shown in Figs. 4, 5 and
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6, this is not a necessary limitation of the invention as it may be in the fringe area 78
of the main field as shown in Fig. 7. There the high-frequency generator 10 in
microwave generator zone 76 is located in the fringe are 78 of the main field. In that
case a short length of microwave wave guide SO is used to deliver the microwave
radiation from source 10 to sample 46. The auxiliary magnetic field sour;:es 16, a, b,
¢, may be a trim coil or buck or boost coil. Alternatively, it and other of the coils may
Be permanent magnets either ferromagnetic or ceramic magnets if desired.

In Fig. 8 a spatial profile of the axial field of the magnetic resonance magnet
42 is shown at 90. It has a rising region 92, a homogeneous region 94 and decaying
region 96. In the particular embodiment shown the homogenous region has a peak of
14.1 T, however the relativistic effect of the electrons in the microwave generator
require 14.22 T for generating terahertz radiation to enable DNP experiments at 14.1
T, thus the auxiliary magnetic field source acts as a boost coil or boost magnet and
has an axial field profile as shown at 98 with a rising portion 100, a homogenous
portion 102, and a decaying portion 104. By placing the application zone indicated at
vertical line 106 substantially in the homogenous zone 94 while placing the
microwave generator zone indicated at vertical line 108 towards the beginning of the
homogenous zone 94 proximate the rising zone 92 the resulting composite field 110
appears similar to the magnetic resonance field 90 but with a raised portion 112 in the
area of the microwave generator zone 108 to provide the necessary 14.22 T. With this
small but very important adjustment the microwave generator is enabled to be
disposed in and powered by the magnetic field of the main magnet of the magnetic
resonance system.

There is shown in Figs. 9A and B a similar spatial distribution, axial field
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profile of the magnetic system coil 16 that powers the high-frequency generator 10.
This profile is similar to that previously shown in the Fig. 8 but this field profile refers
to the field in the hi gh-freqliency generator or gyrotron. This field 120 also has a
homogenous region 122 rising portion 124 and decaying portion 126 as indicated by
vertical lines 125, 127 and it is positioned as to be consistent with the spatial field in
the gyrotron 10 shown below it in Figs. 9A and 9B. There the spreading of beam 28
in the decaying portion 126 of the magnetic field is most evident resulting in the much
lower power density of the beam energy when it reaches collector 30. Alternatively,
in accordance with this invention VED, gyrotron, 10a is shorter and more compact
because it places the collector 30a in the homogenous region 122 before the decaying
region 126 where the beam 14a has begun to spread. This permits a smaller collector
and a shorter overall length for the gyrotron. While the collector is shown converging
to a point inwardly of the beam, this is not a necessary limitation of the invention as
the opposite orientation may be used such as shown at 30aa. The reduced size of the
collector is still adequate because operating in a fundamental mode the~ power can be
decreased to, for example, 15 kV and 20 mA so that the total dissipation is 600 watts
minus the 10 or 20 watts that are extracted as microwave energy. In fact, because of

~ the operation in the fundamental mode and the resulting higher efficiency, the voltage
may be dropped to 3 kV in which case the total wattage is 60 watts minus the 10 watts
that are extracted as microwave energy so that collector 30a has only to dissipate 40
or 50 watts.

Gyrotron 10a also has reduced the size of its internal mode converter by

removing one mirror 24, shifting window 26a to the other side and inclining mirror

22a to the beam direction as opposed to the generally parallel orientation of



WO 2012/096644 PCT/US2011/002011

19
microwave mirror or reflector 22 using the conventional gyrotron VED 10.

The improvement in the microwave generator outlined in Fig. 9B can be more
fully appreciated with a more detailed illustration of the components of the prior art
microwave generator 10', Figs. 10A and B, and a microwave generator 10a’' according
to this invention. Interaction structure 18' of prior art microwave generator 10' has a
waveguide launcher 21 followed by a parabolic focusing mirror 22 and one or more
microwave mirrors 24' and thence out window 26'. In contrast in a microwave
generator 10a’ .according to one embodiment of this invention the microwaves are
launched from launcher 21a directly to parabolic mirror 24a, which is actually a
doubly curved, profiled, inclined focusing mirror, and from there directly out window
26a’.

The physical differences in internal mode converter configurations 18" and
18a’ are displayed clearly in Figs. 11 and 12,> respectively. Conventional internal
mode converter 18" has a helically cut waveguide launcher 21. From launcher 21
microwaves are directed to mirror 22" which is here a parabolic focusing mirror.
From there microwave radiation is reflected from mirrors 24" and 24" through
window 26" In contrast in the invention embodiment shown in Fig. 12 mirror 242" is a
doubly curved, profiled inclined focusing mirror which receives microwave radiation
from launcher 21a' and reflects it directly out window 26a" dramatically
foreshortening the microwave generator.

Here the gyrotron can work at the fundamental cyclotron hamonic at any
frequency without the need for a separate expensive superconducting magnet. Hencé,
we can choose a lower value of electron beam power compared to the conventional

design operating at the 2" harmonic. Thus the electron beam density even at the
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interaction structure (cavity) location is sufficiently low to allow the spent beam
(electron beam after terahertz generation) to be collected on a shallow cone shaped
collector made of either copper, molybdenum, tungsten or other such material. In a
conventional gyrotron design with many hundreds of watts to kilowatts of electron
beam power, the energy density of the spent electron beam is sufficiently high to
necessitate spreading the e]éctron beam to a larger surface area in the spatially
decaying magnetic field. The larger size of the beams enables collection at a water
cooled collector within safe energy density level for most materials. In contrast herein
collection of the electron beam happens almost right after the cavity. In this
application gyrotron tube does not span the spatially decaying part of the magnetic
field allowing the integration gyrotron tube with the NMR probe in the main NMR
magnet.

It is clear that operation at lower voltages implies that the up-shift in the
magnetic field necessary for the gyrotron to produce the correct frequency for DNP
experiments is much smaller due to the lower value of the relativistic mass factor, g.
Hence, the device can be operated at only 3-4 kV instead of 15 kV asina
conventional design. This choice of a lower voltage implies that the additional field
necessary for the gyrotron (to be produced by the trim/buck/boost coil) is only 0.118
T instead of 0.421 T. Furthermore, due to the physics of the gyrotron interaction for a
given beam power, operation at a lower voltage and higher beam current is more
desirable for achieving higher efficiency. Hence, the choice of a lower voltage in this
invention allows the use of a smaller auxiliary magnetic field source (trim/buck/boost
coil) which is easier to incorporate inside the superconducting magnet and results in

less force on the main coil and increases the efficiency of terahertz generation.
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In conventional gyrotrons the internal mode converter consists of either a step-
cut or a helically-cut waveguide (launcher) and two to three mirrors to convert the
higher érder operating mode into a free-space Gaussian like mode. This allows the
extraction of the terahertz radiation out of the tube through a vacuum window. Such a
mode converter spans a significant part of the region of the magnet where the
magnetic field is spatially decaying. In this invention there ;s used an advanced
internal mode converter design which is shorter. A single mirror is used to collect the
radiation from the launcher and focus it on the window for extraction. Additional
mirrors may be located outside the gyrotron tube to further shape the beam and direct
it at the NMR sample or for injection in to a transmission line. Thus the cost of the
magnet notwithstanding, the principal advantages of operating in the fundamental
cyclotron harmonic are reduction in beam power, reduction in size of the tube, and
simplification of design. |

For performing DNP at 600 MHz, the current techniques require about 10 W
of terahertz power at 395 GHz. To generate this with a 2" harmonic gyrotron a
typical design would require about a 15 kV, 150 mA electron beam which has total
power of 2.25 kW of which only about 10 W are extracted as terahertz power and the
rest of the electron beam power is dumped as heat on a massive water cooled copper
collector. However, by operating in the fundamental mode, the 10 W output power
can be generated with only a 15 kV, 20 mA of beam which has a total power of about
600 W. The lower beam power implies that the tube can be made significantly
smaller especially the electron beam collector. With a lower beam power, the water
cooling requirements are significant]y reduced and even eliminated by the use of

forced air cooling and thus significant cost savings can be achieved.
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Although specific features of the invention are shown in some drawings and
not in others, this is for convenience only as each feature may be combined with any
or all of the other features in accordance with the invention. The words “including”,
“comprising”, “having”, and “with” as used herein are to be interpreted broadly and
comprehensively and are not limited to any physical interconnection. Furthermore, the
operating frequency range indicated as the microwave or terahertz regime are to be

-interpreted broadly and not limited to this regime. Moreover, any embodiments
disclosed in the subject application are not to be taken as the only possible
embodiments.

In addition, any amendment presented during the prosecution of the patent
application for this patent is not a disclaimer of any claim element presented in the
application as filed: those skilled in the art cannot reasonably be expected to draft a
claim that would literally encompass all possible equivalents, many equivalents will
be unforeseeable at the tirﬁe of the amendment and- are beyond a fair interpretatioﬁ of
what is to be surrendered (if anything), the rationale underlying the améndment may
bear no more than a tangential relation to many equivalents, and/or there are many
other reasons the applicant can not be expected to describe certain insubstantial
substitutes for any claim element amended.

Other embodiments will occur to thos;e skilled in the art and are within the
following claims. -

What is claimed is:
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CLAIMS

1. An integrated high-frequency generator system utilizing the magnetic field
of the target application comprising:

a magnetic resonance magnet having an application zone and a
high-frequency (microwave/terahertz) generator zone in the magnetic field of said
magnetic resonance magnet; and

| a high-frequency (microwave/terahertz) generator disposed in said
high-frequency (microwave/terahertz) generator zone and utilizing the magnet field of
said magnetic resonance magnet to generate the high-frequency (microwave/terahertz)

radiation.

2. The integrated system of claim 1 in which the high-frequency
(microwave/terahertz) generator zone is in the main magnetic field of said magnetic

resonance magnet.

3. The integrated system of claim 1 in which the high-frequency
(microwave/terahertz) generator zone is in the fringe magnetic field of said magnetic

resonance magnet.

4. The integrated system of claim 1 further including an auxiliary magnetic
field source for modifying the magnetic field profile in said high-frequency

(microwave/terahertz) generator zone.
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5. The integrated system of claim 4 in which said auxiliary magnetic field
source includes a winding mounted on said high-frequency (microwave/terahertz)

generator.

6. The integrated system of claim 4 in which said auxiliary magnetic field

source includes a winding mounted in said magnetic resonance magnet.

7. The integrated system of claim 4 in which said auxiliary magnetic field

source 1s comprised of at least one permanent magnet.

8. The integrated system of claim 4 in which said auxiliary magnetic field

source includes a modification in said magnetic resonance magnet.

9. The integrated system of claim 8 in which said magnet resonance magnet
includes at least one winding and said modification includes a variation in the amp-turns

of a winding of said magnetic resonance magnet.

10.  The integrated system of claim 3 further including a high-frequency
(microwave/terahertz) transmission line extending from said high-frequency

(microwave/terahertz) generator to said application zone.
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11.  The integrated system of claim 4 in which the high-frequency

(microwave/terahertz) radiation is used to perform DNP.

12. The integrated system of claim 4 in which said auxiliary magnetic field
source modifies the value of said magnetic field profile in the high-frequency
(microwave/terahertz) generator zone to synchronize high-frequency
(microwave/terahertz) radiation from the high-frequency (microwave/terahertz) generator

to enable the DNP process in the application zone.

13.  The integrated system of claim 1 in which said high-frequency
(microwave/terahertz) generator utilizes the magnetic field of the magnetic resonance
system for at least one of focusing, transportation of the electron beam and interaction

between th¢ electron beam and the circuit of the VED.

14. The integrated system of claim 1 in which said high-frequency
(microwave/terahertz) resonance magnet includes a bore and said high-frequency

(microwave/terahertz) generator zone is in said bore.

15. A magnetic resonance magnet device comprising:
a magnetic resonance magnet having an application zone and a
high-frequency (microwave/terahertz) generator zone in the magnetic field of the

magnetic resonance magnet and an auxiliary magnetic field source for modifying the
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magnetic field profile in the high-frequency (microwave/terahertz) generator zone.

16. The magnetic resonance magnet device of claim 15 in which the high-
frequency (microwave/terahertz) generator zone is in the main magnetic field of said

magnetic resonance magnet.

17.  The magnetic resonance magnet device of claim 15 in which the high-
frequency (microwave/terahertz) generator zone is in the fringe magnetic field of said

magnetic resonance magnet.

18. The magnetic resonance magnet device of claim 15 further including an
auxiliary magnetic field source for modifying the magnetic field profile in said high-

frequency (microwave/terahertz) generator zone.

19. The magnetic resonance magnet device of claim 18 in which said auxiliary

magnetic field source includes a winding mounted in said magnetic resonance magnet.

20. The magnetic resonance magnet device of claim 18 in which said auxiliary

magnetic field source includes a modification in said magnetic resonance magnet.

21. The magnetic resonance magnet device of claim 20 in which said magnet

resonance magnet includes at least one winding and said modification includes a
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variation in the amp-turns of a winding of said magnetic resonance magnet.

22. The magnetic resonance magnet device of claim 17 further including a
microwave transmission line extending from said microwave generator to said

application zone.

23. The magnetic resonance magnet device of claim 18 in which the high-

frequency (microwave/terahertz) radiation is used to perform DNP.

24. The magnetic resonance magnet device of claim 18 in which said auxiliary
magnetic field source increases the magnitude of said magnetic field profile in the high-
frequency (microwave/terahertz) generator zone to synchronize high-frequency
(microwave/terahertz) radiation from the microwave generator to enable the DNP process

in the application zone.

25.  The magnetic resonance magnet device of claim 15 in which said
microwave generator utilizes the magnetic field of the magnetic resonance system for at
least one of focusing, transportation of the electron beam or interaction between the

electron beam and the circuit of the VED.

26.  The magnetic resonance magnet device of claim 15 in which said

magnetic resonance magnet includes a bore and said high-frequency
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(microwave/terahertz) generator zone is in said bore.

27. A high-frequency (microwave/terahertz) generator comprising:

an electron gun for generating an electron beam adapted to be
focused by a mégnetic field source having a spatially rising region, a hombgenous region
and a decaying region;

an interaction structure for generating high-frequency
(microwave/terahertz) radiation;

an internal mode converter in the homogenous region for
extractiﬁg said high-ffequency (microwave/terahertz) radiation through a window; and

a reduced collector disposed substantially in said homogenoﬁs

region before said electron beam spreads in said decaying region.

28. The high-frequency (microwave/terahertz) generator of claim 27 further
including a magnetic field source proximate said interaction structure and internal mode

converter.

29. The high-frequency (microwave/terahertz) generator of claim 27 in which
said internal mode converter includes a high-frequency (microwave/terahertz) reflector

generally parallel to said beam and directing said beam directly out said window.
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(Prior Art)
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