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A microwave heating system Is disclosed for enhancing physical and chemical processes. The system Includes a microwave

source, an antenna having a

cable, a recelver for receliving microwaves generated by the source, with the recelver being

connected to a first end of the cable, and a transmitter for transmitting microwaves generated by the source, and with the
transmitter being connected to an opposite end of the cable. The system also includes a reaction vessel with the transmitter

Inside the reaction vessel; and microwave shield surrounding the transmitter for preventing microwaves emitted from the
transmitter from extending substantially beyond the reaction vessel.
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ABSTRACT

A microwave heating system is disclosed for enhancing physical and chemical

processes. The system includes a microwave source, an antenna having a cable, a
receiver for receiving microwaves generated by the source, with the receiver being

5  connected to a first end of the cable, and a transmitter for transmitting microwaves
generated by the source, and with the transmitter being connected to an opposite end
of the cable. The system also includes a reaction vessel with the transmitter inside the
reaction vessel; and a microwave shield surrounding the transmitter for preventing
microwaves emitted from the transmitter from extending substantially beyond the

10 reaction vessel.

WSERVER\C\SUMMA DOC's\1700\74-1\Spec.doc
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MICROWAVE PROBE APPLICATOR FOR PHYSICAL AND CHEMICAL PROCESSES

FIELD OF THE INVENTION

The invention relates to microwave enhancement of physical and chemical
reactions. In particular, the invention relates to a microwave heating device and
associated technique that can be used independent of a conventional microwave
cavity and remotely from a microwave source.

BACKGROUND OF THE INVENTION

In chemical synthesis and related processes, conventional heating devices
typically use conduction (e.g., hot plates) or convection (e.g., ovens) to heat reaction
vessels, reagents, solvents, and the like. Under some circumstances, these kinds of
devices can be slow and inefficient. Moreover, maintaining the reactants at a
temperature set point can be difficult using conduction or convection methods, and
quick temperature changes are almost impossible.

Conversely, the use of microwaves, which heat many matenals (including
many reagents) directly, can speed some processes (including chemical reactions)
several orders of magnitude. This not only reduces reaction time, but also results 1n
less product degradation—a result of the interactive nature of microwave heating. In
some cases, reactions facilitated by microwave devices proceed at a lower
temperature, leading to cleaner chemistry and less arduous work-up of the final
product. In addition, microwave energy is selective—it couples readily with polar
molecules—thereby transferring heat instantaneously. This allows for controllable
field conditions producing high-energy density that can then be modulated according
to the needs of the reaction.

Many conventional microwave devices, however, have certain limitations.
For example, microwave devices are typically designed to include a ngid cavity.
Such a device is discussed in FR 2 500 707. This facilitates the containment of stray
radiation, but limits the usable reaction vessels to sizes and shapes that can fit inside a
given cavity, and requires that the vessels be formed of microwave transparent
materials. Moreover, heating efficiency within such cavities tends to be mgher for
larger loads and less efficient for smaller loads. Heating smaller quantities within

such devices is less than ideal. Measuring temperatures within these cavities 1s

complicated. Another problem associated with

REPLACEMENT SHEET
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microwave cavities 18 the need for cavity doors (and often windows) so that reactions
vessels can be placed in the cavities and the reaction progress reaction may be

monitored. This introduces safety concerns, and thus necessitates specially designed
seals to prevent stray microwave radiation from exiting the cavity.

Alternatively, typical microwave cavities are rarely designed ordinary
laboratory glassware. Thus, either such cavities or the glassware must be modified
before it can be used 1n typical devices. Both types of modifications can be
inconvenient, time-consuming, and expensive.

Furthermore, the typical microwave cavity makes adding or removing
components or reagents quite difficult. Stated differently, conventional microwave
cavity devices tend to be more convenient for reactions in which the components can
stimply be added to a vessel and heated. For more complex reactio’ns In which
components must be added .and removed as the reaction (or reactions) proceed, cavity
systems must be combined with rather complex arrangements of tubes and valves. In
other cases, a cavity simply cannot accommodate the equipment required to carry out
certain reactions.

Some microwave devices use a waveguide fitted with an antenna (or “probé”)

to deliver radiation in the absence of a conventional cavity. Such devices essentially

transmit microwave energy to the outside of a container to facilitate the reaction of

reactants contained therein, e.g., Matusiewicz, Development of a High

- Pressure/Temperature Focused Microwave Heated Teflon Bomb for Sample

Preparation, Anal. Chem. 1994, 66, 751-755. . Nevertheless, the microwave energy
delivered in this manner typically fails to penetrate far into the solution. In addition,
probes that emit radiation outside of an enclosed cavitygenerally require some form
of radiation shielding. Thus, such probe embodiments have limited practical use and
tend to be employed mainly in the medical field. In this context, however, the applied
power 1s typically relatively lower, i.e., medical devices tend to use low power
(occasionally 100 watts, but usually much less and typically only a few) at a
frequency of 915 megahertz, which has a preferred penetration depth in human tissue.

Moreover, because microwave medical probes are typically employed inside a body,

stray radiation 1s absorbed by the body tissues, making additional shielding

unnecessary.
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OBJECT AND SUMMARY OF THE INVENTION

Therefore, 1t 1s an object of the invention to provide a new microwave device
to facilitate heating steps in physical and chemical processes that avoids the
limitations imposed by cavities.

In a primary aspect, the invention comprises a microwave source, an
antenna, a reaction vessel, and a shield for containing the microwaves generated at
the antenna from reaching or atfecting the surroundings other than the desired
chemical reaction. In most embodiments, the shield takes the form of metal mesh in
a custom shape. When placed adjacent to the antenna, the mesh forms a porous cell
that prevents microwaves from traveling beyond the intended reaction area, while
still irradiating the desired reagents. When placed around a reaction vessel, the
mesh permits the reagents to remain visible, should such observation be desired or
necessary.

In another aspect, the source end of the probe can also comprise a
microwave-receiving antenna. Using this embodiment, the invention can be
“plugged into” conventional devices to receive and then retransmit the microwaves
to the desired location or reactions.

In yet another aspect, the invention can also incorporate a temperature sensor
with the probe. Detectors employing fiber optic technology are especially useful
because they are largely unaffected by electromagnetic fields. Measured
temperatures can then be used to control applied power or other variables.

In another aspect, the invention is a method of carrying out microwave-
assisted chemical reactions.

According to one aspect of the invention, there is provided a microwave
heating system suitable for enhancing physical and chemical processes, the system
comprising:

a microwave source;

an antenna in microwave communication with the source, the antenna having
a microwave-transmitting cable, a receiver connected to a first end of the cable for

recelving microwaves generated by the source, and a transmitter connected to an

opposite end of the cable for transmitting microwaves generated by the source




10

15

20

25

30

CA 02343019 2001-06-27

3a

and carried by the cable, and

a reaction vessel for recerving reagents;

the system characterized by the transmitter portion of the antenna being
inside the reaction vessel for allowing direct contact between the reagents and the
transmitter; and

a microwave shield surrounding the transmitter for preventing microwaves
generated by the source and emitted from the transmitter from extending
substantially beyond the reaction vessel.

According to another aspect of the invention, there 1s provided a method for
enhancing physical and chemical processes comprising:

generating microwave radiation at a microwave source;

directing the microwave radiation from the microwave source along an
antenna comprising a receiver connected to a first end of the antenna and a
transmitter connected to a second end of the antenna without otherwise launching
microwave radiation;

establishing contact between the transmitter and the contents of a reaction
vessel;

discharging microwave radiation within the reaction vessel while preventing
microwave radiation from discharging to surroundings substantially beyond the
surface of the reaction vessel.

The foregoing, as well as other objectives and advantages of the invention
and the manner 1n which the same are accomplished, are further specified within the

following detailed description and its accompanying drawings, which:

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 1s a front perspective view of the first embodiment of the apparatus
according to the present invention;

Figures 2 and 3 are cross-sectional schematic diagrams of the use of a
microwave shield in conjunction with the present invention;

Figure 4 1s another perspective view of an apparatus according to the present

Invention;
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Figure 5 1s an exploded perspective view of the apparataus illustrated in Figure

4,

Figure 6 is a top plan view of the apparatus illustrating certain interior
portions;

Figure 7 is a side elevational view of the apparatus taken opposite to the side
illustrated in Figure 4; and '

Figure 8 is a rear elevational view of the apparatus according to the invention
and likewise showing some of the interior components. '

DETAILED DESCRIPTION

The present invention 1s a microwave system for enhancing chemical
reactions. Figures 1, 4, and 7 1llustrate the device in more general fashion while
Figures 2, 3, 5, 6, and 8 show additional details. It will be understood at the outset that
although much of the description herein refers to chemical reactions, the basic
advantages of the invention also apply ftindamentally to heating processes in general,
including simple heating of solvehts, solutions or other types of reagents.

Figure 1 is an overall perspective view of the device that is broadly illustrated

~at 10 in Figure 1. The device comprises a microwave source which 1n the drawings is

illustrated as the magnetron 11 (e.g., Figures 4 and 5), but which also can be selected
from the group consisting of magnetrons, klystrons, switching ‘power supplies, and
solid-state sources. The nature and operation of magnetrons, klystrons, and solid-state
sources 1s generally well underé.tood in the art and will not be repeated in detail
herein. The use of a switching power supply to generate microwave radiation is set
forth 1n more detail in United States patent 6,084,226 entitled “Use of Contihuously
Variable Power in Microwave Assisted Chemistry.” In the illustrated embodiments,
the magnetron 11 1s driven by such a switching poWer supply and propagates
microwave radiation mnto a waveguide 12 (Figures 6 and 7) that is in communication
with the magnetron 11. ‘

The invention further comprises an antenna broadly designated at 13 in Figure
1. The antenna includes a cable 14, a receiver 15 (Figure 7) for recelving microwaves

generated by the magnetron 11, and which 1s connected to a first end of the cable 14.
The antenna further comprises a transmitter 16 at the opposite end of the cable 14 for

transmitting microwaves generated by the magnetron 11. The cable 14 is most
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preferably a coaxial cable and the transmitter 16 1s an exposed portion of the center
wire and that is about one-quarter wavelength long. Other desirable and general
aspects of antennas are well known in the art, and can be selected without undue
experimentation, e.g., Dorf, infra at Chapter 38.

As illustrated in Figure 1, the system of the present invention includes a
reaction vessel 17 for receiving reagents with the transmitter 16 of the antenna 13
inside the reaction vessel 17.

Figures 2 and 3 are schematic diagrams of the cable 14, the transmitter 16, and
the reaction vessel 17, and illustrate that the invention further comprises a microwave
shield shown at 20 in Figure 2 and 21 in Figures 1 and 3 for preventing microwaves
emitted from the transmitter 16 from extending substantially beyond the reaction
vessel. Figures 2 and 3 illustrate the two most preferred embodiments of the
invention, in which the shield 20 is placed inside the reaction vessel (Figure 2), or
with the shield in the form of a receptor jacket 21 that contiguously surrounds the
reaction vessel (Figure 3). In both the embodiments of Figures 2 and 3, the shield 20
or 21 preferably comprises a metal mesh with openings small enough to prevent
microwave leakage therethrough. The relative dimensions of an approprate mesh can
be selected by those of ordinary skill in this art, and without undue experimentation.
The metal mesh is particularly preferred for its porosity to liquids and gases which
allows them to flow through the shield while they are being treated with microwave
radiation from the antenna 16, and measurements to date indicate that microwave
leakage is less than five (5) milliwatts per square centimeter (mW/cm?) at a distance
of six (6) inches (15.24 cm) with the transmitter immersed 1n a non-microwave
absorbing solvent at maximum forward power. Flexible wire and mesh cloths of
between 0.003" (0.00762 cm) and 0.007" (0.01778 cm) are quite suitable for
microwave frequencies. Aluminum and copper are most preferred for the metal mesh,
but any other metals are also acceptable provided that they are sufficiently malleable
to be fabricated to the desired or necessary shapes and sizes. The shield can,
however, be formed of any appropriate matenal (e.g., metal foil or certain susceptor
materials) and in any particular geometry that blocks the microwaves while othe: - -~
avoiding interfering with the operation of the antenna, the chemical reaction, or the

vessel. Where desired or appropriate, several layers of mesh can be used to increase

the barrier density.

REPLACEMENT SHEET
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It will thus be understood that the invention, particularly the embodiment of
Figure 2, provides a great deal of flexibility in carrying out microwave assisted
chemical reactions. In particular, the antenna 16 and shield 20 can be placed in a
wide variety of conventional vessels, and can be used to microwave enhance the
reactions 1n those vessels, while at the same time preventing the escape of microwave
radiation beyond the shield. Thus, the need for a conventional cavity can be
eliminated.

Similarly, in the embodiment illustrated in Figure 3, the contiguous shield 21
can be manufactured in a number of standard vessel sizes and shapes making it quite
convenient 1n its own right for carrying out microwave assisted chemistry in the
absence of a cavity, and at positions remote from the microwave source. In yet other
embodiments, the microwave shield, and particularly a metal mesh, can be
incorporated directly within the vessel itself in a customized fashion somewhat
analogous to the manner in which certain structural glass 1s reinforced with wire
inside.

It will be further understood that the antenna can include a plurality of

transmitters, so that a number of samples can be heated by a single device. This
provides the invention with particular advantages for biological and medial
applications; e.g., a plurality of transmitters used in conjunction with a plurality of
samples, such as the typical 96-well titer plate.

In preferred embodiments, the microwave system of the invention further
comprises means for measuring temperature within the reaction vessel 17. Although
metal-based devices such as thermocouples can be successfully incorporated into
microwave systems, the fiber-optic devices tend to be-slightly more preferred because
they avoid interfering with the electromagnetic field, and vice versa. Preferred
sensors can quickly measure temperatures over a range from -50° to 250°C. In the
most preferred embodiments, the temperature measuring means acts in conjunction
with a controller that moderates the microwave bower supply or source as a function
of measured temperature within the reaction vessel. Such a controller is most

preferably an approprnate microprocessor. The operation of feedback controllers and
microwave processors is generally well understood in the appropriate electronic arts,

and will not be otherwise described herein in detail. Exemplary discussions are,
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however, set forth, for example, 1n Dorf, The Electrical Engineering Handbook, 2d
Edition (1997) by CRC Press, for example, at Chapters 79-85 and 100.
It will be further understood that the combination of temperature

measurement, feedback, controller, and vanable power supply greatly enhances the

automation possibilities for the device.

In preferred embodiments, the temperature sensor is carried immediately
adjacent the transmitter 16 and 1s thus positioned within the reaction vessel 17 with
the transmitter 16.

In embodiments where the temperature sensor 1s an optical device, it produces an
optical signal that can be carried along a fiber optic cable that is preferably
incorporated along with the cable 14 of the antenna 13. The same arrangement 1s
preferred when the temperature sensor 1s one that produces an electrical signal (e.g., a
thermocouple) and the appropriate transmitting means is a wire.

The drawings 1llustrate additional aspects of the invention in more detail.
Figure 1, for example, illustrates a control panel 22 and a power switch 23 for the
device 10. Figure 5 shows perhaps the greatest amount of detail of the invention. As
illustrated therein, the apparatus includes a housing formed of an upper portion 24 and
a lower portion 25. The control panel 22 1s fixed to the housing 25. The device

further includes the magnetron 11, a cooling fan 26, and the solid-state or switching
microwave power supply 27. An electronic control board for carrying out the

functions described earlier is illustrated at 30 and includes an appropriate shield cover
31. A direct current (DC) power supply 32 supplies power for the control board 30 as
necessary. In presently preferred embodiments, the switching power supply 27 and

magnetron 11 can supply coherent microwave energy.at 2450 MHz over a power

range of -1300 watts. In order to avoid excess and unnecessary radiation, however,
the power supply 27 is usually used at no more than about 700 watts.

In this regard, solid state sources are quite useful for lower-power
applications, such as those typical of work in the life-sciences area, where power
levels of 10 watts or less are still quite useful, especially in heating small samples.

Solid state devices also provide the ability to vary both power and frequency. Indeed,
a solid state source can launch microwaves directly to an antenna, thus eliminating

both the magnetron and the waveguide. Thus, a solid state source permits the user to
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select and use fixed frequencies, or to scan frequencies, or to scan and then focus
upon fixed frequencies based on the feedback from the materials being heated.

A waveguide cover 33 1s also 1llustrated and includes sockets 34 for the
receiver portion of the antenna and 35 for the fiber oi)tic temperature device. Figure 5
also illustrates a primary choke 36 and secondary choke 37, the use of which will be
described with respect to Figure 6, 7, and 8. Figure 5 illustrates that the upper
housing 24 has respective openings 40, 41, and 42 for the chokes, the antenna socket,

and the fiber optic socket.

Figure 4 shows a number of the same details as Figure 5, in an assembled
fashion, including the control panel 22, the housing portions 24 and 25, the power
supply 27, the magnetron 11, the fan 26, the switching power supply 27, the cover 31,
the primary and secondary chokes 36 and 37, and the sockets 34 and 35.

Figure 6 1llustrates that the primary and secondary chokes 36 and 37 form a
supplemental sample holder designated at 45 in Figure 6 that 1s adjacent to the
waveguide 12 for positioning a reaction vessel in the waveguide 12 such that the
contents of such a
reaction vessel are exposed to microwaves independent of the antenna, the position of
which is indicated 1n Figure 6 by the socket 34. Thus, in another aspect, the invention
comprises the microwave source 11 and the waveguide 12 connected to the source
with the waveguide 12 including a sample holder 45 for positioning a reaction vessel
in the waveguide 12 such that the contents of the reaction vessel are exposed to
microwaves, along with the socket 34 for positioning an antenna receiver within the
waveguide 12. The supplemental sample holder 45 provides an extra degree of
flexibility and usefulness to the present invention 1n that, 1f desired, single samples
can be treated with microwave radiation at the apparatus rather than remote from it.

In preferred embodiments, the sample holder 45 and the socket 34 are
arranged along the waveguide 12 in a manner that positions the sample holder 45
between the source 11 and the socket 34. In this manner, the antenna receiver (15 in

Figure 7) does not interfere with the propagation of microwaves between the source
11 and a sample 1n the sample holder 45. Although the positions could be arranged

differently, a receiver in the waveguide could have a tendency to change the

propagation mode within the waveguide in a manner that might interfere with the
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desired or necessary interaction of the microwaves with a sample in the sample holder

45.

Figure 7 also helps illustrate the arrangement among the waveguide 12, the
magnetron 11, the chokes 36 and 37 that form the sample holder, and antenna 15, and
the antenna socket 34. Figure 7 also illustrates the control panel 22, the switching
power supply 27, the board cover 31, and the control board 30. Figure 7 also
schematically 1llustrates the appropriate physical and electronic connection 46
between the fiber optic socket 35 and the control board 30 which, as noted above,
allows the application of microwave power to be moderated in response to the

measured temperature.

In another aspect, the invention comprises a method for enhancing chemical
reactions comprising directing microwave radiation from a microwave source to a
reaction vessel without otherwise launching microwave radiation, and then

discharging the microwave radiation in a manner that limits the discharge to the
reaction vessel while preventing microwave radiation from discharging to the
surroundings substantially beyond the surface of the reaction vessel. It will be
understood that for all practical purposes an appropriate shield will entirely prevent
wave propagation, but that minor or insubstantial transmission falls within the
boundaries of the invention.

As discussed with respect to the apparatus aspects of the invention, the step of
directing the microwave radiation to a reaction vessel preferably comprises
transmitting the radiation along an antenna which most preferably comprises a wire
cable with an antenna receiver in a waveguide, and an antenna transmitter in the
reaction vessel. As in the apparatus aspects of the invention, the step of discharging
microwave radiation preferably comprises shielding the discharged microwave
radiation within the reaction vessel or shielding the outer surface of the reaction
vessel. In its method aspects, the invention further comprises the step of generating
the microwave radiation prior to directing it from a microwave source to a reaction
vessel, measuring the temperature within the reaction vessel, and thereafter

controlling and moderating the microwave power and radiation as a function of the

measured temperature.




CA 02343019 2001-03-05

10

In the drawings and specification, there have been disclosed typical
embodiments of the invention, and, although specific terms have been used, they have

been used in a generic and descriptive sense only and not for purposes of limitation,

the scope of the invention being set forth in the following claims.
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CLAIMS: | =

1. A microwave heating system (10) suitable for enhancing physical and
chemical processes, said system comprising:

a microwave source (11);

an antenna (13) in microwave communication with said source, said antenna
having a microwave-transmitting cable (14), a receiver (15) connected to a first end of
said cable for receiving microwaves generated by said source, and a transmitter (16)
connected to an opposite end of said cable for transmitting microwaves generated by
said source and carried by said cable, and

" arteaction vessel (17) for recerving reagents;

sald system characterized by said transmitter portion of said antenna being
inside said reaction vessel for allowing direct contact between the reagents and the
transmitter; and

a microwave shield (20) smrounding said transmitter for preventing
microwaves generated by said source and emitted from said tranSmitter from

extending substantially beyond said reaction vessel.

2. A microwave system according to Claim 1 wherein said shield (20)

comprises a receptor jacket (21) contiguously surrounding said reaction vessel (17).

3. A device according to Claim 2 wherein said receptor jacket (21) comprises

metal foil.

4. A microwave system according to Claim 1 wherein said shield (20) 1s

inside said reaction vessel (17) and 1s porous to liquids and gases.

5. A microwave system according to Claim 2 or Claim 4 wherein said porous

shield (20) comprises metal mesh.

6. A microwave system according to Claim 5 wherein said metal mesh

comprises openings less than about Y the wavelength of the microwave radiation.

TITTHT A CTONATIANTT O TMNNT
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whar

7. A microwave system according to Claim 1 wherein said shield (20) 1s

-

- incorporated into the structure of said reaction vessel (17).

8. A microwave system according to Claim 7 wherein said shield (20) is

comprised of 2 metal mesh having openings less than about % the wavelength of the

microwave radiation.

9. A microwave system according to Claim 1 further comprising means for

measuring temperature within the reaction vessel.

10. A microwave system according to Claim 1 further comprising a

waveguide (12) in communication with said source.

11. A mucrowave system according to Claim 1 wherein said source (11) 1s

selected from the group consisting of magnetrons, klystrons, switching power

supplies, and solid state sources.

12. A microwave system according to Claim 1 comprising a plurality of

transmitters (16) on said antenna.

13. A microwave system according to Claim 1 compnsing a temperature

sensor adjacent said transmitter inside said vessel.

14. A microwave system according to Claim 13, further comprising:
a controller (22, 30) to control said source (11) as a function of measured

temperature within the reaction vessel; and

means for transmitting temperature measurements from said sensor to said

controller.

- 15. A microwave system according to Claim 9 or Claim 14 wherein said

temperature sensor comprises an optical detector and said temperature measurement

transmitting means comprises a fiber optic.

L EPTACEMENT SHEET
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16. A microwave system according to Claim 14 wherein said temperature
- sensor produces an electrical signal and said temperature measurement transmitting

ot

means 1s a Wire.

5 17. A microwave system according to Claim 14 wherein said temperature
measurement transmitting means and said antenna (13) are 1acorporated into a coaxial

cable.

18. A microwave system according to Claim 13 further coinprising:
10 a waveguide (12); and
a supplemental sample holder (45) adjacent to said waveguide (12) for
- positioning a second reaction vessel in said waveguide (12) such that the contents of
said second reaction vessel are exposed to microwaves independent of said antenna
(13). ‘
15

19. A microwave system according to Claim 18 wherein said sample holder

(45) comprises a microwave choke (36).

20. A microwave system according to Claim 18 compnsing a socket (34) for

20  positioning an antenna receiver within said waveguide (12).

21. A microwave system according to Claim 20 wherein said sample holder
(45) and said socket (34) are arranged along said waveguide (12) such that said
sample holder (435) is positioned between said source (11) and said socket (34).

25
22. A microwave system according to Claim 1 wherein saitd antenna (13) is a
wire antenna.
23. A method for enhancing physical and chemical processes comprisihg: |
30 generating microwave radiation at a microwave source (11);

directing the microwave radiation from the microwave source (11) along an

antenna (13) compnsing a recerver (15) connected to a first end of the antenna (13)

REPLACEMLNT SHERT



10

15

20

25

CA 02343019 2002-12-13

-14-

and a transmitter (16) connected to a second end of the antenna without otherwise

- launching microwave radiation;

establishing contact between the transmitter (16) and the contents of a reaction
vessel (17);

discharging microwave radiation within the reaction vessel (17) while

“preventing microwave radiation from discharging to surroundings substantially

beyond the surface of the reaction vessel (17).

24. A method according to Claim 23 wherein the step of discharging
microwave radiation in a manner that limits the discharge to the reaction vessel (17)

comprises shielding the discharged microwave radiation within the reaction vessel

- (17).

25. A method according to Claim 23 wherein the step of discharging
microwave radiation in a manner that limits the discharge to the reaction vessel (17)

comprises shielding the surface of the reaction vessel (17) or incorporating a shield

(20) into the reaction vessel itself.

26. A method according to Claim 25 further comprising the steps of
measuring temperature within the reaction vessel (17) and controlling the generation

of microwave radiation as a function of the measured temperature.

27. A method according to Claim 23 further comprising concurrently varving

the microwave frequency or the microwave power.

PEPLACENMBENT QHER]
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