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METHOD AND APPARATUS FOR GENERATING 
ELECTROMAGNETIC RADIATION 

This is a division of application Ser. No. 239,149, 
?led Mar. 29, 1972, now abandoned. su 
Attention is directed to the disclosure of the follow 

ing references for an exposition of background technol 
ogy leading to a better understanding of the present in 
vention: ‘ 
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This invention relates to a novel method and appara 
tus for efficiently generating high power ultraviolet and 
visible radiation with a high degree of control over the 
range of frequencies produced. 
Sources of ultraviolet and visible radiation, having 

wavelengths of less than 5,000 A, are extensively used 
in industry for curing paints and inks, in other coating 
and surface treatment processes, and in the industrial 
synthesis of certain chemicals by photochemical reac 
tions. Present sources of such radiation are generally 
limited by their low ef?ciencies and unwanted radia 
tion by-products, or by their limited output powers. Ex 
isting large industrial ultraviolet sources are based on 
plasmas produced by DC or low frequency electrical 
discharges. The plasmas generated are at relatively 
high gas pressures (about 1 mm of mercury to about 1 
atmosphere), and low plasma temperatures (about 
5,000° to 10,000°I(). These sources may produce sev 
eral hundred watts of ultraviolet radiation but large 
fractions of their radiation are in the visible and infra 
red portions of the spectrum. The considerable power 
which is radiated in the visible and infrared regions rep 
resents an inefficiency for the ultraviolet source and 
also is often deleterious to the materials whose treat 
ment by ultraviolet radiation is desired. Moreover, in 
such cool dense plasmas the electromagnetic energy is 
converted into kinetic energy of the atoms and ions as 
well as the electrons, whereas it is principally the ener 
getic electrons which are responsible for the produc 
tion of ultraviolet radiation. Hence, the kinetic energy 
unavoidably invested in ion and neutral atom motion 
represents another limitation to the ef?ciency of such 
devices as ultraviolet sources. Finally, such devices 
provide limited control over the frequencies of radia 
tion produced. 
Another category of commonly used ultraviolet 

sources operates at lower gas pressures and may be 
based on low frequency (~10 MHz) or microwave (~1 
GHz) discharges (Refs. 2437). They operate at rela 
tively higher electron energies and may produce ultra 
violet radiation fairly efficiently, either directly by 
emission or through the use of ?uorescent materials. 
However, because of the nature of the discharge 
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plasma employed, such devices are severely restricted 
as to their operating power densities (i.e., the average 
number of watts of input electromagnetic power which 
can be absorbed in a given volume of plasma). This lim 
its the total power of ultraviolet radiation that can be 
obtained from a source of a given size. In addition, the 
size and hence the power of these devices may be rig 
idly limited by the methods, such as resonant cavity and 
waveguide structures. employed for coupling micro 
wave energy into the plasma. Furthermore, the micro 
wave coupling structures often constrain useful viewing 
geometries of such devices. Because of these limita 
tions in ultraviolet power and geometry, this class'of 
devices is not used extensively in industrial applica 
tions, although they are employed in analytical chemis 
try. 
The method and apparatus disclosed herein will per 

mit the efficient production of selected ranges of ultra 
violet radiation (for example, between 1800 and 2500 
Angstroms in wavelength) at high power levels which 
are of great importance in industrial processes such as 
photon induced crosslinking of polymers, free radical 
formation, and chemical synthesis by photochemical 
reactions. 
Accordingly, it is an object of this invention to pro 

vide an apparatus and method for producing ultraviolet 
and visible radiation using a microwave generated 
plasma. 
Another object of this invention is to provide appara 

tus and method for efficiently producing ultraviolet ra 
diation at very high power densities and extracting the 
radiation in suitable geometric con?gurations. 
A further object of this invention is to provide an ap 

paratus and method for producing ultraviolet radiation 
in selected wavelength regions without generating com 
parable powers of visible and infrared radiation. 
The above and other objects, advantages and distin 

guishing features of the invention will become apparent 
from the following speci?cation, when considered with 
the following drawings, wherein: 
FIG. 1 is a schematic block diagram illustrating the 

method disclosed herein, 
FIG. 2 is a diagramatic structural illustration of a pre 

ferred embodiment of the invention for generating ul 
traviolet radiation, 
FIG. 3 illustrates the location and relative intensity of 

the magnetic fields with respect to the heated plasma, 
FIG. 4 is a diagramatic illustration of a modi?cation 

of the invention incorporating power coupled to the 
plasma tube or vessel from two ends and a UV reflector 
for treating a surface or material, 

FIG. 5 is a diagramatic illustration in cross section of 
a further modi?cation wherein microwave power is 
coupled to an annular plasma tube through the center 
of which ?ows the material to be irradiated by ultravio 
let light, 
FIG. 6a discloses an alternative structure for cou 

pling microwave energy with the plasma tube, and 
FIG. 6b discloses a structure wherein the microwave 

energy is coupled radially inward to the plasma tube 
and allows working access to both ends of said vessel. 
The present invention produces ultraviolet radiation 

by efficiently generating a magnetized plasma, at rela 
tively low gas densities but high input power densities, 
in which the electron temperature may be varied be 
tween I0,000° and 600,000°K. These highly energetic 
electrons subsequently collide with cooler heavy parti 



5 
cles of the medium: atoms, molecules or ions. It is these 
inelastic excitation collisions and the subsequent radia 
tive de-excitations of the heavier particles of the 
plasma producing medium which produce the large 
amounts of ultraviolet radiation. These heavy particles 
of the plasma producing medium include one or more 
of the particle species of atoms, ions and molecules. By 
the proper choice of operating parameters, as will be 
discussed below. such plasma media continuously emit 
up to many hundreds of Watts of ultraviolet radiation 
without appreciable amounts of visible and infrared ra 
diation. Moreover, by appropriately changing the oper~ 
ating conditions, such as the microwave power level 
and/or the composition and/or pressure of the gas or 
gases from which the plasma is formed, the radiation 
can be made to be emitted elsewhwere in the spectrum 
from the visible to, in principle, the x-ray region. How~ 
ever, in the preferred practice of this invention, opera 
tion in the UV region of the spectrum is particularly 
preferred. 

In order to clarify the description of the present in 
vention, it is of interest to note some de?nitions, partic~ 
ularly as here employed. By “plasma" is meant a par 
tially or highly ionized gas composed of atomic or mo 
lecular particles having one or more orbital electrons 
removed and thus constituting ions, together with a suf~ 
?cient number of free electrons to balance the electri 
cal charge of the ions, so that the resultant plasma is 
subsequently electrically neutral. The plasma utilized 
in the present invention is generated by a technique 
known as “collisionless transformation of waves”. This 
term refers to the process by which the energy in elec 
tromagnetic waves (which, in the present example, rep 
resents power flowing from the microwave generator), 
is efficiently transferred within some region of a mag 
netized plasma, into electrostatic 0r longitudinal 
plasma waves. The energy of such plasma waves, in 
turn, is rapidly transferred into the kinetic energy of the 
plasma electrons by collective loss mechanisms such as 
the well~known Landau damping or collisionless ab 
sorption process. Theoretical and experimental analy 
sis of collisionless transformation of waves indicates 
that the process is efficient in local regions of the 
plasma in which the index of refraction becomes in? 
nite for the incident electromagnetic waves. This deter 
mines ranges of frequency w for the incident electro 
magnetic energy which will be effective at heating the 
plasma electrons for a given set of local plasma param 
eters. The frequency ranges (Refs. 6-21) are: 

cute s w s an (I) 

.. } 
wci s 0) m2 

where awe and we!‘ are the electron and ion cyclotron 
frequencies respectively, and are de?ned by 

('13 

miC 

and where 
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-Continued 
2 

in which de?nitions (up is the electron plasma fre 
quency, de?ned by 

4mm2 
"16’ 

and a is the angle between the magnetic ?eld and the 
gradient in density (and it is assumed that 

(up: 

Coszd >> Me ) 

and finally am is the upper hybrid frequency, de?ned 
by: 

a)" = (0062 + (U112 

In these expressions, n is the number density of elec 
trons per cubic centimeter; me and mi the electron and 
ion masses, respectively; e the electron charge, C the 
speed of light, and B the magnetic ?eld strength. The 
units are CGS Gaussian. 

It should be noted that if the frequency w of incident 
electromagnetic energy is considered as ?xed, the ex 
pressions ( l ) de?ne a range of magnetic ?eld strengths 
B for which electron heating will occur. The expres 
sions predict that as B is reduced to zero, a ?nite fre 
quency range O<w<wpe still exists for collisionless 
transformation of waves. The frequency ranges de?ned 
by ( 1 ) are calculated by a somewhat simpli?ed, or “lin 
earized“ theory. It is expected that nonlinear effects, 
such as high electromagnetic power levels, may tend to 
broaden the frequency range in which ef?cient trans 
formation of waves may occur. 

If the conditions in some region or regions of the 
plasma are such that the incident electromagnetic wave 
frequency lies in either of the regions de?ned by (1) 
above, an efficient transformation of energy from the 
electromagnetic waves into electrostatic or plasma 
waves, can occur in that region. These plasma waves, 
in turn, will carry the energy out of the regions and be 
themselves converted by collective loss porcesses such 
as Landau damping and other collisionless effects into 
energetic electrons throughout the plasma. The ener 
getic electrons then collide with cooler heavier parti 
cles (atoms, molecules and ions), and transfer energy 
to their internal excitation. Finally, this energy is re 
leased in the form of deexcitatilon radiation. The distri 
bution of this radiation among the ultraviolet, visible, 
and other parts of the spectrum is determined by the 
energies of the electrons in the plasma, as well as by the 
types of heavy particles (atoms, ions and molecules) 
present. 
Several features of the processes described above will 

be mentioned. First, the plasma heating is a collision 
less process in which collective plasma behavior is re 
sponsible for converting the incident electromagnetic 
(microwave) energy to random kinetic energy of the 
electrons. This is in distinction to conventional low fre 
quency or DC discharge lamps in which collisional 
heating of the gas by an electric current produces the 
ultraviolet emission. It is also distinguishable from non 
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magnetized electrodeless discharges in which the di 
rected energy imparted to the electrons by the electro 
magnetic ?elds is converted to kinetic energy by colli 
sions. Thus, the present process is relatively insensitive 
to initial gas density or temperature. Since the present 
technique is not collision dependent it can also be used 
in plasmas which are already highly ionized where colli 
sional methods would be ineffective. Thus unusually 
high power densities of incident microwave radiation 
can be effectively absorbed. 
Second, although this process commonly makes use 

of a magnetic ?eld in the plasma region, it can easily be 
distinguished from the more conventional electron cy 
clotron resonance heated (ECRH) discharges. ln these 
latter plasmas, the magnetic ?eld, B, and external elec 
tromagnetic power generator must be adjusted so that 
the frequency, to , of the incident microwaves is equal 
to the electron cyclotron frequency, wce , in the 
plasma, or to a harmonic of it. In the present process, 
no such restrictions on w or B exist, provided the more 
general conditions of ( 1) are met. Thus, for example, 
lower values of magnetic ?eld than those required by 
the cyclotron resonance heating condition, w=wce are 
suf?cient for the present process, down to and includ 
ing B=0. Further, the desired value of magnetic ?eld 
need only be achieved over the local regions of heating, 
which regions have dimensions much smaller than the 
wavelength of the incident electromagnetic radiation 
(Ref. 17). These facts result in a considerable simpli? 
cation in the design of a practical plasma radiation 
source. A third feature to be noted about the process 
of the present invention is that it depends geometircally 
only on the angle a between the magnetic ?eld and the 
density gradient, but not on the direction or polariza 
tion of the incident electromagnetic waves. All three of 
the preceeding features are in sharp contrast to the re 
quirements of other plasma heating techniques such as 
microwave cavity resonance or ECRH. These features 
serve to differentiate the collisionless wave transforma 
tion process and also permit ?exibility in the design of 
a radiation source. ‘ 

The manner in which the plasma heating process de 
scribed above is employed to produce a unique ultravi 
olet source will become more clear from a consider 
ation of a ?ow or operational block diagram in FIG. 1. 
The input electromagnetic energy, in the form of mi 
crowave radiation, is generated by a conventional 
source 10 such as a magnetron, and is transmitted by 
conventional waveguides or coaxial transmission lines 
to the chamber in which the plasma is to be made. The 
coupling of the microwave power to the gas in the 
plasma chamber can be accomplished by a variety of 
techniques and con?gurations. 
A particularly useful con?guration is shown in FIG. 

2, which is a schematic of a preferred embodiment. It 
uses a waveguide to circular transition section 11 ?tted 
over a tapered section 21 of the plasma tube 22. The 
tapered section 21 provides a region of rapidly chang 
ing plasma density in which the angle between the den 
sity gradient (i.e., the direction of maximum rate of 
change of density) and magnetic ?eld can be adjusted 
so as to satisfy equation (1) above. This then permits 
ef?cient transformation of the microwave energy to 
plasma wave energy in that region. The plasma waves 
propagate out of that region and rapidly convert their 
energy into electron kinetic energy. The heated elec 
trons then flow throughout the plasma region causing 
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collisional excitation of atoms, ions or molecules (e.g., 
the heavy particles in the plasma forming medium) and 
subsequent deexcitation by the emission of ultraviolet 
radiation. In practice, the ultraviolet radiation is ac 
companied by other radiation in the visible and infra 
red regions, whose relative intensities are generally 
minimized by proper design of the system. However, in 
cases where it is desirable these same design principles 
may be employed to produce intense, efficient light 
sources at particular wavelengths in the visible region, 
as well as or instead of the ultraviolet. ‘ 

After being produced, the ultraviolet radiation passes ‘ 
out of the discharge tube, and by means of re?ectors or 
lenses is directed onto the region to be irradiated. In 
this con?guration, the ultraviolet can be emitted from 
the length of the discharge vessel. The intensity and 
spectral quality of the radiation is relatively insensitive 
to the gas pressure in the vessel 22, the frequency of 
power of the microwave radiation, or the magnitude of 
the magnetic ?eld over certain ranges of these parame 
ters. However, particular adjustments of these parame 
ters within the allowed ranges can be employed to opti 
mize the intensity, ef?ciency and spectral distribution . 
of emitted ultraviolet radiation. The broad operating 
range of the device is a decided advantage over con 
ventional methods of producing microwave plasma 
light sources, and in the practical utilization of such de 
vices. 

The plasma vessel 22 or tube, is usually circularly V 
shaped and made out of quartz or fused silica to permit 
the ultraviolet radiation to escape. Straight section 12 
of length designated B is permitted to protrude into the 
rectangular to circular microwave waveguide transition 
section 11 having inside diameter, D, and may be any 
size that will ?t in waveguide transition section 1 1. 
Straight section 12 of plasma tube 22 is followed by a 
conically tapered section 21 of length designated A, 
protruding still further into waveguide transition sec 
tion 11. Conically tapered section 21 is a convenient 
way of providing a region of density gradient in which 
collisionless transformation of waves can occur. While 

a conical section is disclosed herein speci?cally, any 
section providing a region of density gradient in which 
collisionless transformations can occur can be used, in 
cluding rounded tips and other shapes. In typical opera 
tion quartz tubing of 1 inch OD and 1 mm wall thick 
ness is used as the plasma tube, and the various lengths 
are A=3 inches, B=6 inches, C=30 inches and diameter 
D=3 inches. The plasma tube ‘is ?lled with a prese 
lected gas vapor, or mixture of gases constituting the 
plasma forming medium and sealed off. Typical ?lls are 
gases such as air, oxygen, and xenon, mixtures such as 
90%CO plus lO%O2; metal vapors such as mercury, 
cadmium, zinc, and antimony, and other vapors such as 
phosphorus and iodine. The metals may be introduced 
by using their inherent vapor pressure (e.g., mercury) 
or their high vapor pressure compounds, by using 
heated ?laments coated with the desired metal, or by 
placing a small quantity of the pure metal in the tube 
and allowing it to be heated by a background plasma of 
hydrogen, helium, neon, or some other gas. In the case 
where a pure gas is used, the gas pressure is suf?cient 
to sustain the microwave plasma generation, and the 
radiation produced ischaracteristic of the atoms, ions, 
or molecules present in the plasma. A mixture of gas 
such as CO plus 02 may be used in order to create a 
chemical equilibrium in the plasma which prevents ma 
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terial from coating the walls of the tube during opera 
tion. Another modi?cation is to use majority gas with 
either a second minority gas or a metal vapor which is 
present in much smaller quantity, in which the minority 
gas or vapor is the principal source of ultraviolet radia 
tion, and the function of the majority gas is principally 
to create the proper plasma conditions for excitation of 
the minority atoms or ions. 
Typical gas ?ll pressures range from I to 100 milli 

torr for optimum performance, with limited operation 
possible throughout the pressure range of 10-5 to 5 
torr. The choice of gases and pressures is determined 
by the spectral output that is desired. The choice of 
plasma tube material is primarily governed by the re 
quirement that as much ultraviolet radiation as possible 
be transmitted through the tube wall in the desired 
spectral region. A second requirement is that the wall 
material exhibits minimal dielectric loss for the inci 
dent microwave energy. The plasma tube 22 may have 
any diameter which ?ts inside the circular waveguide 
diameter D. Large tube diameters are used in cases 
where the maximum ultraviolet radiation intensity (in 
watts per inch of lamp length) is desired. 
The plasma tube is surrounded by a concentric cop 

per mesh screen 25 or any conducting surface which 
acts as an extension of the circular portion of the transi 
tion section 1 l. The copper mesh waveguide extension 
25 serves to prevent microwave radiation leakage out 
side its cylindrical volume and to redistribute that frac 
tion of the incident microwave power which is not ab 
sorbed in the vicinity of the tapered end 21 of the 
plasma tube 22. This redistribution causes further mi 
crowave energy absorption along the length of the 
plasma tube which improves the axial uniformity of the 
emitted radiation. The waveguide transition section 11 
is separated from the concentric screen 25 by a wave 
guide flange plate 26 with a hole 27 to permit the 
plasma tube to ?t through. The size of the hole 27 and 
the thickness of the ?ange plate 26 may be varied in 
order to vary the distribution of microwave power be 
tween the transition section region and the remainder 
of the extended concentric waveguide mesh or screen. 
A second waveguide ?ange plate 28 is used to termi 
nate the concentric screen waveguide 25. To prevent 
microwave radiation from escaping at that end, the 
hole 29 in the plate 28 must be made only slightly 
larger than the tube diameter and a short metal tube 30 
is inserted over the discharge tube 22 and through the 
?ange plate hole 29. Typically, this metal tube may be 
1 inch ID and 2 inches long for a plasma tube of 1 inch 
OD. Alternatively, this tube may have any larger ID 
which is convenient and its end may be terminated with 
a metallic cap to prevent microwave leakage. 

In the single ended operation as in FIG. 2, plasma 
tube 22 is supported by a collar clamped to the tube by 
set screws (not shown) at the right end and cantilev 
ered so as to pass through the center of hole 27 in 
?ange 26. Hole 27 is preferably much larger than the 
outside diameter of plasma tube 22 to permit more of 
the microwave energy to flow from transition section 
1] to the extended, screen mesh wave guide section 25, 
thereby improving the axial uniformity of the emitted 
ultraviolet energy. The edges of hole 27 are rounded as 
shown to minimize electric ?eld enhancement and re_ 
sultant arcing. In cases where the screen mesh 25 is suf 
?ciently opaque to the incident microwave radiation, 
?ange 26 may be entirely dispensed with by increasing 
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the diameter of hole 27 until it equals dimension D of 
the transition section 11. 
At microwave input power levels in excess of 200 

watts certain precautions may be needed ‘to cool the 
system. Water cooling coils (not shown) may be re 
quired on waveguide transition section 11, and the sec 
ond waveguide ?ange plate 28. It is sometimes neces 
sary to flow gas around the discharge tube 22 itself to 
prevent excessive heating of the quartz wall. A way of 
effecting this is to install a lucite, glass, or quartz shield 
31, concentric with the main discharge tube 22. It may 
also be used to hold the mesh screen 25 in place (and 
in some cases the mesh may be formed or plated on the 
inner surface of shield 31). The shield material must be 
chosen to transmit the desired wavelength regions if the 
lamp’s radiation is to be used outside the shield. A gas 
such as nitrogen may then be flowed into the transition 
section 11 through the annular space between the 
shield 25 and the discharge tube 22 and out the second 
waveguide ?ange plate 28. The ?ow rate may be ad 
justed to provide adequate cooling. Proper choice of 
gas and shield material may also serve to control un 
wanted photochemical processes caused by the lamp. 
For example, nitrogen gas prevents ozone formation 
around the lamp. Other gases can be used to effect sur 
face changes caused by the lamp’s radiation if the ma 
terial to be irradiated is either placed within the shield 
or passed beneath an opening cut in the shield. 
The electromagnetic power which excites the dis“ 

charge is produced by a conventional microwave gen 
erator 10 such as a commercial type 2450 MHz magne 
tron supply. Other microwave frequencies. such as 915 
and l 19 MHz, and radio frequencies, such as 19 MHz 
(Ref. 21) may also be used. This applied electromag 
netic power may be continuous or pulsed. The micro 
wave power is transmitted to the transition section 
through suitable lengths of the waveguide 40 or high 
power coaxial waveguide. The microwave power trans 
mitted to the discharge tube and re?ected back toward 
the microwave generator may be monitored by power 
meters (not shown). For ef?cient coupling into the 
plasma, the re?ected power must be minimized. For a 
particular set of operating conditions this is most easily 
accomplished by adjustment of the magnetic ?eld. A 
microwave tuner (not shown) may also be used to mini 
mize the re?ected power and an isolator (not shown) 
may be used to limit the power re?ected back toward 
the microwave generator. 
The axial magnetic ?eld is produced by a pair of 

water cooled Helmholtz coils 45 and 46 which are pow 
ered by a DC power supply (not shown). The variation 
of the axial magnetic ?eld with axial position is shown 
in FIG. 3. The precise variation of the magnetic ?eld is 
not important for the operation of the lamp, nor is the 
absolute magnitude of the peak magnetic ?eld, pro 
vided only that the conditions of equation ( l ) are met 
in some volume. Operation at zero magnetic ?eld is 
found in some cases to be possible, as predicted by 
equation (1). However, of the wide range of magnetic 
?elds over which the lamp operates, the region of opti 
mum power coupling (i.e. minimum re?ected micro 
wave power) usually occurs when, simultaneously with 
satisfying conditions (1), the microwave frequency is 
approximately equal to the electron cyclotron fre 
quency somewhere in the lamp volume, and preferably 
inside the waveguide transition section. The design of 
the magnetic ?eld, besides creating conditions for colli 
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sionless transformation of waves, acts to guide the 
heated electrons throughout the quartz plasma tube. 
For this reason, the peak in magnetic ?eld, B” should 
be in the near or to the left of the region of plasma heat 
ing R, as indicated in FIG. 3, so that the heated plasma, 
which tends to ?ow to regions of lower magnetic ?eld, 
will move out into the tube 22. The magnetic ?eld also 
acts to minimize the loss of electron kinetic energy to 
the walls of the plasma tube, thus contributing to the 
ability for low temperature wall operation. Other mag 
netic ?eld con?gurations and means for producing 
same, such as a single turn high current helical conduc 
tor extending the length of the plasma tube may also be 
used. By changing the spatial structure of the magnetic 
?eld, or ?elds, the spatial distribution of emitted radia 
tion from plasma tube 22 may be changed to obtain op 
timum radiation distribution. 

In the operation of the microwave plasma ultraviolet 
light source, cooling water and gas ?ows are ?rst 
turned on. The DC magnet power supply is then turned 
on and the magnet coils 45 and 46 are energized. The 
current from the power supply is adjusted to provide 
the desired value of axial magnetic field. Typically, the 
power supply will provide 350 amps (DC) at 20 volts 
(DC) to produce a peak magnetic ?eld, B0, on axis of 
1000 gauss and a minimum ?eld of 500 gauss with two 
coils (45 and 46) of 24 inch separation and 19 inch 
mean diameter. To ionize or excite the gas in plasma 
tube 22, the microwave power source 10 is activated to 
supply microwave radiation to the gas within the vessel 
by means of waveguide 40 and transition section 11. 
Typically, the microwave power source provides an av 
erage power output of 500 to 2000 watts at a frequency 
of 2450 MHz (which is a standard FCC allowed indus 
trial frequency). In practice, the magnetic ?eld 
strength may be adjusted in order to ignite the plasma 
tube, or a Tesla coil or other high voltage generator 
may be used to initiate the plasma. The microwave 
‘power levels into and re?ected from the plasma tube 
may be measured by means of a dual directional cou 
pler and microwave power meters (not shown). The ef 
?ciency of operation of the system can be adjusted by 
adjusting the position of the plasma tube in the transi 
tion section (as indicated by arrow X in FIG. 2), or by 
varying the magnetic ?eld intensity or distribution, or 
other parameters in such a way as to minimize the re 
?ected microwave power, measured on the power 
meter, and maximize the power transmitted to the 
plasma. 
The magnetic ?eld coils and plasma tube geometry 

are selected to produce the desired length and shape of 
ultraviolet emitting tube. Special materials may be re 
quired for the plasma tube, or for windows in it, in 
order to permit ultraviolet radiation to secape with 
minimal attenuation. Thus, for example, sapphire win 
dows might be used to allow the emission of 1700 A ra 
diation. The emitted radiation can be focused and di 
rected with suitable optical equipment such as mirrors, 
lenses, or re?ectors 60 and 65 (FIG. 4). The speci?c 
form of the auxiliary optical system would depend on 
the application as well as the desired wavelength. For 
example, a system which seeks to utilize 1800 A radia 
tion would have to be evacuated or ?lled with a gas 
such as argon to prevent excessive absorption of the ra 
diation by gas along the optical path, between the lamp 
and the material to be irradiated. Alternatively, the ma 
terial could be placed within the plasma tube itself, 
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12 
which thereby serves directly as a reaction vessel for 
ultraviolet radiation. 
Although the invention has been described above 

with reference to a preferred embodiment, it will be ap 
parent that other modi?cations may be made within the 
scope contemplated by the invention. For instance, the 
microwave generator output may be split by means of 
a power divider 61 (FIG. 4) and the power fed into the 
discharge tube from waveguide transition sections 62, 
63 at both ends of the tube 22. This would tend to pro 
vide a more uniform ultraviolet emission from a long 
plasma tube. Such a modi?cation is shown schemati 
cally in FIG. 4 where a UV re?ector 60 is also shown 
to illustrate one way of concentrating the ultra-violet 
energy on a surface to be irradiated. The re?ector may 

also be constructed by depositing a coating of high UV 
re?ectivity on the inside of the screen waveguide 25 ’ 
around roughly half of its circumference. Another way 
is to use a lens system 65. 
A further modi?cation utilizing microwave power 

coupled in from two ends 76, 77 of a microwave cham 
ber 74 is shown in FIG. 5. It is applicable to a large an 
nular plasma vessel which is useful for photochemical 
applications. the material to be irradiated would be 
caused to pass or ?ow along the axis of the inner annu 
lar vessel 72, typically of quartz, and thereby would be 
surrounded by ultraviolet emitting plasma. The outside 
or outer vessel 78 could have a coating of high UV re 
flectivity material on its outer surface, or the inner sur 
face 75 of the microwave chamber 74 could carry the 
re?ective coating. In the embodiment shown in FIG. 5 
the ends 70 and 71 of the plasma vessel are tapered to 
replace full conical sections. The embodiment of FIG. 
5 includes metallic tubes 79 of length l and inside diam 
eter d at both ends of the microwave chamber. The as— 

pect ratio l/d must be suf?ciently large and d suf? 
ciently small compared to the microwave wavelength 
that no appreciable amounts of microwave energy leak 
out of the cavity. 
As a ?nal example, other techniques may be em 

ployed for coupling the microwave energy into the 
plasma vessel. One particular technique involves the 
use of a rectangular waveguide section 80 directly, as 
shown in FIG. 6a. In this approach a standard section 
of rectangular waveguide is terminated (capped) at one 
end and a circular hole is cut to accept the plasma tube. 
A limitation to this approach is that the tube diameter 
cannot exceed the minimum waveguide dimension, )1. 
A further advantageous microwave coupling technique 
uses an axially or helically slotted slow wave structure 
85 which ?ts directly over the plasma tube such as the 
one illustrated in FIG. 6b and described in detail in ref 
erences 22 and 23. In this case, a shielded coaxial cable 
86 is used to convey microwave energy to the slotted 
coil 85. Alternatively, a waveguide, properly termi 
nated may be used to couple energy to slotted coil 85. 
For low frequency electromagnetic input radiation 
(2-200 MHz), a simple antenna such as a single turn 
copper strap (Ref. 21) can be used to couple to the 
plasma tube. For these elctromagnetic coupling 
schemes and others, such as that shown in FIG. 5, 
which do not requiretermination of the plasma vessel 
at its end, the plasma vessel may be bent around and 
joined one end upon the other to form a closed ring or 
toroid. 



3,911,318 
13 

The invention herein described is to be construed to 
be limited only by the prior art when considered by the 
spirit and scope of the appended claims. 
What is claimed is: 
l. A microwave generated light source for both pro 

ducing and emitting light in the visible to ultraviolet re 
gion along a substantial length of a longitudinally ex 
tending plasma forming medium containing envelope, 
comprising; a sealed, longitudinally extending plasma 
forming medium containing envelope, means for excit 
ing said plasma forming medium in said envelope to 
generate a plasma and produce said light, said means 
for exciting including: 

1. means for generating microwave energy, and 
2. microwave chamber means for coupling said gen 
erated microwave energy to said plasma forming 
medium, a part of said chamber means extending 
in the longitudinal direction of said envelope and 
surrounding said envelope at least along a substan 
tial portion of the length of the envelope, and at 
least part of said chamber means being made of a 
metallic mesh whereby said microwave energy is 

5 

15 

20 

25 

30 

35 

40 

45 

50 

55 

65 

14 
retained in said chamber means while said light 
produced along a length of said envelope is emitted 
out of said chamber means through said mesh. 

2. The light source of claim 1 wherein said mesh is 
made of copper. 

3. The light source of claim 1 wherein said mesh is 
surrounded by a shield of solid, ultraviolet and visible 
transmissive material to prevent cooling gas which may 
be circulated around said envelope in the vicinity of 
said mesh from escaping. 

4. The light source of claim 1 wherein said medium 
is of the type which may be collisionlessly excited and 
said means for exciting comprises means for collision 
lessly exciting said medium. 

5. The light source of claim 4 wherein said envelope 
is tapered at each longitudinal end thereof, further in 
cluding microwave energy dividing means for dividing 
said generated microwave energy into two parts, said 
chamber means coupling each part to a respective lon~ 
gitudinal end of said envelope. 
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