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TITLE 
FLUORESCENT LAMP 

FJELD OF JNVENTION 

PCT/US96/13091 

The present invention relates to lighting, and more panicularly to lighting 

5 articles employing a suitable phosphor in combinalion with a cold cathode field 

emitter. This invention is the result of a contact with the Department of Energy 

(Contract No. W-7405-ENG-36). 

BACKGRQUNQ OF 1lJE JNYENJ]ON 

Flum:esc:ent lighting has been the standard illumination method in 

10 · commercial buildings for mmy yeam. While it is used in a lessor degree in homes, 

it is generally IJ'Pied where large areas need to be economically lighted. Although 

incandescent tungsten lighting is ·less efficient and more cosdy than fluorescent 

lighting, incandcsc:ent bulbs are the primary method of home lighting because of 

superior convenience and ascetics. 

lS Although fluOICSCent lighting is a highly efficient method of lighting, it does 

suffer from several deficiencies. Among these deficiencies are ecological concems. 

Fluorescent light tubes me now classified as hazardous materials by the U.S. 

Environmental Protection Agency (EPA) as these tubes contain mercury, a highly 

toxic and regulated material. nus problem has lead to developments such as in 

20 U.S. Patent Nos. 5,229,686 and 5,229,687 which describe the potential leaching 

problems of the men:my from such lights and the addition of a chemical agent to 

these lights for reaction with the mercury upon pulverization of the light. Further, 

the ballast resistor required in most, if not all, fluorescent lighting systems can 

contain polychlorina1ed biphenyl oils (PCB's) such materials being highly 

2S carcmogenic materials also regulated by the EPA. 

Generally, the production of light in a fluorescent bulb takes several steps. 

First, liquid meicmy within the tube is electronically heated to volatilize at least 

some of the mercury. Then. an electric cmrmt is passed through the mercury 

vapor to excite the men:ury :into a plasma state. The excited mercury plasma emits 

30 ultraviolet (UV) light. Finally, the UV light strikes a phosphor in the bulb with the 

phosphor converting the UV light energy into emitted visible light. This light 

produ~ pathway has certain perfonnance shortcomings. Jn comparison to 

conventional incandescent tungsten lighting systems, :fluorescent lighting sys~ 

are slow to stan as the mercury must first be heated to provide mercury vapor. 

35 Also, fluorescent lights are known to make acoustic noise due to the ttansfonner 

and ballast register electronics needed to start and keep the current flowing 

through the mercury vapor. Oscillation in light output from fluorescent lighting· 

can occur when the system is cold and first mmed on thereby distracting some 
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people. Further, fluorescent lighting systems arc typically incompatible with 

conventional d.imning technology used to adjust the light brightness output 

necessitating expensive ttimmable fluorescent lighting using moie exotic 

electronics. 

S I. Brodie, U.S. 4,818,914, discloses a lamp comprising a cathode fonned 

with an may of needle-like members projecting from one surface thereof, an 

accelerator electrode fomied with an array of apenures there through, a layer of 

phosphor and an anode electrode. VoltageS applied across the cathode and the 

accelerator elecuode and across the cathode and the anode iesult in field emission 

10 from the cathode and collection of the electrons by the anode. Impingement of the 

electrons on the: phosphor layer results in the emission of light. Dworsky et al., 

U.S. S,l80,951, discloses a uniform light som:ce comprised of a substantially planar 

(tlat) polycrystalline diamond film electron emitter. Y. Taniguichi et al., 

WO 94128571, disclose a fluorescent tube light somce comprising a layer of 

15 ammphic diamond fihn deposited over a conductive filament and an anode 

surrounding this filament and film which radiates light when struck by the emitted 

electrons. The amorphic diamond fDm is said to be comprised of a plurality of 

disuibu1ed localized electron emission sites, each sub-site having a plmality of sub­

iegions with differing electron affinities between sub-regions. 

20 It is an object of the present invention to provide a men:ury-frce fluorescent 

2S 

light employing a fibrouS field emission element. 

It is another object of the present invention to provide a fllJ:orescent light 

having a substantially instant tum-on. . 

Still another object of the pmsent invention is to provide a low voltage, low 

SUMMARY OFIHE JNYEN]'ION 

To achieve the foregoing and other objects, and in accordance with the 

pmposcs of the picsent invention, as embodied and broadly described hemn. the 

present invention proYicles a lighting apparams including a fibrous cold cathode 

30 field emitter wbeiein fibers of said cold cathode have a diameter of less than about 

100 microns, an anode for reaction of electrons emitted by the fibrous cold cathode 

field ~r. a phosphor capable upon contact with emitted electrons from the c:Old 

cathode field emitter of generating a persistent light, an evacuated enclosure of less 

than about 10-s Torr containing ~ithin the enclosure the cold cathode field emitter, 

3S the anode and the phosphor. The persistent light preferably has a luminous 

intensity of at least 20 lumens per watt. 
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BRIEF DPSCRifl'ION OF THE DRAWING 

FIGURE 1 shows an elongated tube device m accordance with the lighting 

apparatus of piesem invention. 

FIGURE 2 shows an exploded view of a flat plate device in accordance 

5 with the lighting apparatus of present invention. 

FIGURE 3 shows a bulb device in accordance with the lighting apparatus 

of present invention. 

FIGURE 4 shows a light beam producing device in accordance with the 

lighting apparatus of present invention. 

10 FIGURE S shows a test device in accordance with the lighting apparatus of 

present inventi~ 
FIGURE 6 shows driver circuits for the lighting device of the present 

invention. 

FIGURE 7 shows a bulb device for use in standard light bulb sockets. 

15 DETAILED DESCRIPTION 

The piesent invention .relates to a field emission lighting apparatus and to a 

. fiber field emission lighting (FFEL) apparatuS. 

The lighting apparams of the piesent invention uses field emission to 

generate light output from a phosphor, e.g., a cathodoluminescent material. 

20 The field emission lighting apparatus involves a fibrous cold cathode field 

emitter. The field emisSion electron emitting matetia1 can be any material that can 

be provided in the fonn of a fiber. PrCferably the field emission electron emitting 

material of the fibrous cathode is diamond, diamond-like carbon or glassy carbon. 

Diamond is especially prefened. Preferably the fibrous cathode is fonned of one or 

25 more diamond, diamond-like carbon or glassy carbon composite fibeIS consisting 

essentially of diamond, diamond-like carbon or glassy carbon on non-diamOnd COie 

fibeIS. The non-diamond co:te can be made of a conductive or semi-conductive 

material. Alternatively, the com can be made of a non-<:onductive material 

smrounded by a film coating of a conductive or semi-conductive material. The 

30 core material in the diamond fiber can be, e.g., a conductive carbon such as 

gmphite or a metal such as tungsten, or can be, e.g., silicon, copper, molybdenum, 

titanium "'!silicon carbide. Jn another embodiment, the com may consist of a more 

complex structme, for example, a non-conductive material SWTOunded by a thin 

• coating of conductive or semi-conductive material. A diamond, diamond-like or 

35 glassy. carbon layer is then coated on the sheath. As examples, the non-conductive 

core can be a synthetic fiber such as nylon, KEVLAR• (KEVLAR• is a registered 

uademark of B. I. du Pont de Nemoms and Company, Wilmington, DE), or · 

polyester or inorganic materials such as ceramics or glass. In other embodiments, a 

3 



W097/07531 PCT/US96/13091 

diamond, diamond-like carbon or glassy carbon precmsor can be coated omo the 

non-diamond core or the core can be a diamond, diamond-like carbon or glassy . 

carbon precursor and the diamond, diamond-like carbon oi glassy caxbon is then · 

fonned by appropriate treatment of the precursor. 

5 In particular, the field emission lighting apparalUS involves a fibrous cold 

cathode field emitter which can be of the type described by Valone, in U.S. patent 

application serial number 08/196,343, filed Febmary 14, 1994, entitled "Diamond­

Graphite Field Fmitters" or by Blanchet-FinCher et al., in U.S. patent application 

serial nmnber 08/387,539, filed February 13, 1995, entitled "Diamond Fiber Field 

10 Emitters" which is a continuation-in-pan of Valone et al •• U.S. patent application 

serial number.08/196,340, filed February 14, 1994, entitled "Diamond F"J.bcrField 

Emitters", such descriptions incorporated herein by refenmce. Further, the cold 

cathode field emiuer can be any other suitable emitting fibrous material such as a 

suitable graphite fiber treated by exposure to intense ion beam ttemmem or a 

15 suitable graphite f"Jber treated by exposure to a laser as described by Friedmann, in 

U.S. provisional patent application number 60/002,277, entitled "Method for 

· Creation of Controlled Field Emission Sites" filed August 14, 1995, or a 

diamond-coated m diamond-like-coated nickel-coated KBVI..ARGll fiber as 

described in US. patent application number 08/387,539, filed Febmary 13, 1995, 

20 or fibers containing glassy carbon, an amorphous material exhibiting Raman peaks 

at about 1380 cm·l and 1598 cm·l. "Diamond-like carbon" is used hemn to 

designate the marerial refen'ed to in the literatme as diamond-like carbon as well as 

glassy carbon and carbon containing microscopic inclusions of glassy carbon, all of 

which are diamond-like in theirpeiftmnance as field emission materials. 

2S Additionally, the fibrous cold cathode may generally be of an conductive 

material having an activated surface, i.e., capable of allowing electrons to be dmwn 

off at a Jelatively low bias voltage, with suitable dimensions, ie., diameters of 

generally less than about 100 micrans, preferably less than about 15 micmns, and 

more preferably less than about 10 microns. Among the suitable materials may be 

30 included thin fibeIS of magnesium oxide and the like, suitably with an activated 

surface based on tteatment of the fibers by, e.g., flash heating. 

~rally, the fiben of the fibrous cathode each have diameter of less than . 

about 100 microns. preferably less than about 15 microns. and more preferably less 

than about 10 microns. Smaller diameter fibers reduce the voltage necessmy to 

35 generate the f"ield emission. Preferably, the diameter exceeds 1 micron. Generally. 

diameters of the fibers of the cold cathodes are substantially smaller~ dimensions 

than the metallic filaments commonly used in presently available lighting apparatus. 

While a siDgle fiber can be used as the fibrous cathode, it is generally prefened to 
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use more than a single fiber as the fibrous cathode to provide redundancy in 

electron emission. 

The phosphor used in the lighting apparatus of the p:csent invention can 

generally be of any type suitable to generate visible light upon being struck by 

5 electron emission. For example, the phosphor can be zinc oxidc:zinc, zinc sulfide, 

cadmium sulfide, zinc cadmiuin sulfide, zinc selenide, zinc cadmium selenide 

yittrium silicate:cesium, zinc phosphate:maganese, or other well known materials 

which emit light followmg suitable excitation. Blends or combinations of 

phosphon may also be employed. 

10 The phosphor used in the present invention is further capable of prod.icing 

a persistent li~, ie., the light from a particular point of the phosphor does not 

madily fade with time as it is excited. Additionally, the output from the excited 

phosphor may be capable of generating this persistent visible light with a luminous 

intensity of at least 20 lumens per watt. 

15 The lighting apparatus of the present invention includes a fibrous cold 

cathode field emitter, a phosphor, an anode for attraction of emiued electrons from 

the cold cathode field emitter, all generally contained within m evacuated 

enclo~. Unlike a standard mercury vapor fluomscent light, the lighting 

apparatus of the present invention can tum on instantly without the need for 

20 heating the mercury to fonn a plasma. Without the need for maintaining a plasma, 

the light generated by the lighting apparatus of the present invention can be madily 

and easily dimmed or brightened by adjusanent of the voltage applied to the fiber. 

When mom voltage is applied, mom electrons ue emitted and impinge upon the 

phosphor material resulting in additional light ouqmt, i.e., a brighter light. When 

2S less voltage is applied, but above 1he minimum tum-on voltage for the fibrous field 

emitter, less electrons me emitted and impinge upon the phosphor material 

resulting.~ a reduction in light output, i.e., a dimmer light. No starting circuits are 

necessary for the lighting apparatus of the present invention, only a iectifyjng 

voltage step-up circuit and a simple current limiting chcuit. Such a cunent.limiting 

30 circuit can consist, e.g., of a small msistorfmductor in series with the fibrous cold 

cathode. 

~ evacuated encloSUIC typically maintains a low pressme ofleast as low 

as about 10-s Torr. Such an evacuated enclosure can be. e.g .• a glass bulb or 

nmltiple glass sheets with appropriate spacer material therebetween. 

35 The lighting apparatus of the present invention uses electron emission 

induced by a di.meted, shapable applied field. This is in contrast with lighting using 

a plasma which results in a non-cfuected light source. This allows practical, but· 

varied. shape configurations of the present lighting apparatus without limitations to 
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the traditional elongated tube. No matter what shape the lighting apparatus has, 

electron emission from the fibers of the fibrous cathode occurs along the length of 

the fibers utilized and not from the fiber tip or end. 

In one embodiment of the present invention, shown in Fig. 1, a light .1!2 
5 included a glass tube .1.2 as an "eVaCDable enclosure. Tue inner or interior surface of 

glass tube 12 can be coated with a transparent conductor as an anode and a 

phosphor or cathodoluminescent material U. A fibrous cathode element li, the 

fibrous field emitter, is situated within glass tube .12. An end cap 16 includes 

electrodes connected to fibrous cathode element li and to the transparent 

10 conductor coating or anode. The fibrous cathode element can consist of a single 

fiber, can include a multiple of fibeJs or can include a thicker single fiber . . 
Generally, the single fiber or individual fibms making up the multiple fibers can 

have a diameter of from ·about 1 micron to about 20 microns, pieferably about 

S microns to about 10 microns. The glass rube can be a circular cylinder as shown 

15 or it can have a configured surface. 

In another embodiment of the present invention, shown in Fig. 2, Ught lQ 
. bas a flat plate design with a flat plate ~having a fibrous cathode element array~ 

thmeon. A transparent second flat plate .26 includes a coating of transparent 

conductor 11 upon the surface of flat plate~ facing cathode element may 24 and 

20 a coating of a phosphor or cathodoluminesccmt material Jn upon transpaient 

conductor coating 28,. A spacer plate 2.§ separates flat plate 22 and flat plate~ 

and provides an evacuable enclosme for fibrous cathode element array~ 

ttanspment conductor coating 3 and phosphor or cathodoluminescent material 3D. 
Conductor electtodes are connected to transparent conductor coating 2& and 

25 fibrous cathode element array 24. 
In another embodiment of the present invention, shown in Fig. 3, a bulb­

shaped light .4Q includes a glass globe~ having an interior coating of a transparent 

conductor~ and a coming of a phosphor or cathodoluminescent material~. A 

fibrous cathode element j!, the fibrous field emitter, is situated within glass globe 

30 ~- Conducton me connected to fibrous cathode element~ and to the 

transparent conductor coating or anode~- The fibrous cathode element~ can 

consist ~a single fiber or can include a multiple of fibers. Generally, the single 

fiber or individual fibers making up the multiple fibeIS can have a diameter of from 

about 1 micron to about 20 microns, preferably about 5 microns to about 

35 10 microns • 

. In another embodiment of the piesent invention, shown in Fig. 4(a) and 

Fig. 4(b), a light~ capable of producing a light beam output .U includes glass · 

hemispherical support~ having coatings upon the concave inner smface of a 

6 



W0'7/07531 PCT/US96113091 

reflector material S6, a transparent conductive material~ and a phosphor or 

cathodoluminescent material .6Q. A fibrous cathode element §2, the fibrous field 

emitter, is situated within glass hemisphere ,Si. Conductors are connected to 

fibrous cathode element §2 and to the transparent conductor coating or anode 3. 
5 Varying the shape of the glasr support~ can result in am~ conccnttatcd light 

beam. For example, a parabolic suppon would accomplish this result. 

.. Figure S shows a simple test device used to test field emission variables of 

the fibrous cadlodes including a clear pbstic, e.g., Lucite• plastic, tube :m capped 

with end caps 12 and~ to fonn an evacuable enclosure. End cap 12 includes an 

10 opening 16 connected to a vacuum pump. Suspended within the evacuable 

enclosure is a _grouru:ted copper screen mesh 18. coated with a phosphor or 

cathodoluminescent material IQ. A fibrous cathode element .8.2 is situated within 

grounded copper screen mesh .za. Conductors are connected to fibrous cathode 

element .B2 and to copper screen mesh or anode 18.. This test device can prove 

15 useful for detemllnhig emission uniformity of emissive fibers. 
Figme 6 shows a current limiting circuit for osc with the lighting apparatus 

. of the present invention. The current limiting circuit .2il includes IeSistor 22 and an 

inductor~ in series with the emissive fiber or fibrous cathode element .26,. Power 

source 21l is connected through a rectifying voltage step-up circuit 1:llll to the 

20 anode lm and the current limiting circuit .2il in series with cathode element .26,. 
In another embOdimem of the present invention, shown in Fig. 7, light .l2Q 

is in the fonn of a standard light bulb with a screw type base. The inner surface of 

the glass bulb mis coated with a transparent conducting oxide ll2 and a 

phosphor or cathodoluminescent material .12l. A fibrous cathode field emitter 

25 comprised of a field emission electron emitting fiber~ is in the central region of 

the bulb. The fiber emitter is shown in a triangular configuration but could be in 

other configurations, e.g., a circle or a figme having four or more sides. The fiber 
emitter is supported by a non-emitting current canier m. Emitted electrons are 

shown by the mrows 12fi. 1be screw type base mis essentially the same as used 

30 for standard incandescent bulbs. 

In operation of the lighting apparatus of the present invention. power 

density o~ about 1.S watts per inch from the cathode can generally be necessary to 

generate sufficient electron emission. Generally, if the bias voltage on the fibrous 

cathode is at least 1500 Volts, then the emission ciirrent per inch must be at least 

35 about 1 milliamperes. 
The present invention is more particularly described in the following 

example whiCh is intended as illustrative only. 
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EXAMPLE t 
A lighting apparams was assembled essentially as shown in Figme S using a 

carbon fiber that was exposed to a single intense ion beam~- The carbon· 

fiber was prepared as follows. 

S Untteated graphite fibm (commercially available IM7 graphite .fibers from 

Hexcules, Inc., Wilmington, DE) from a graphite yam were spread out across a 

frame and the frame placed in the path of an intense ion beam operated in 

accordance with the teachings of Rej et al., Rev. Sci. Instrmn. 64(10), 

· pp. 27S3-2760, Oct. 1993. The voltage was about 300 kilovolts. The distance of 

10 the frame from the focus of the ion beam was varied between about six inche5 to 

18 inches. ~energy density of the ion beam wis estimated at from about 

2 joules per square centimeter to about 10 joules per squaie centimeter. The time 

of a pulse of the ion beam was abOut one microsecond. After a single poise, the 

frame was tamed over (180°) and the reverse side of the fibers was exposed to a 

15 single pulse of the intense ion beam. The resultant fibers were tested and shown to 

be excellent field emission electron emitters. 

A fiber was then attached to conductor "A" shown in Figme 5. A zinc 

oxidc:zinc phosphor was coated onto the copper mesh screen. A potential 

difference of about 3.5 keV was applied to the calhode and anode, Le., to 

20 conductors "A" and "B". A current of 2-3 mA was obtamed over a one inch 

(2.S cm) length of fiber together with a persistent light emission. About 10 watts 

per inch (2.5 cm) was obtained for lighting pulpOJCS. 

Although the present invention has been described with~ to 

specific details, it is not intended that such details should be regarded as limitations 

25 upon the scope of the invention, except as and to the extent that they are included 

in the accompanying claims. 
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WHAT IS CLAlMBD IS: 

1H1s sHEET HAs- aEErj·-1 
REPLACED 

1. A lighting apparatus comprising: 

PCT/US96/13091 

a fibrous cold cathode field emitter including one or moie fibeis, 

said one or moie fibers of said fibrous cold cathode having a diameter of less than 

S about 100 microns; 

an anode for attraction of electrons emitted by the fibrous cold 

cathode field emitter; 

a phosphor capable upon contact with emitted clectroDS from the 

fibrous cold cathode field emitter of generaling penistent light; 

10 an evacuated enclosme of less than about 10-s Torr containing 

within the ~osure, the fibrous cold cathode field emitter, the anode and the 

phosphor. 

2. The lighting apparatus of Claim 1 whelein said one or more fibers 

have diameteis of from about 1 micron to about 15 microns. 

15 3. The lighting apparatus of Oaim 1 wherein said fibrous cold cathode 

field emitter includes moxe than one fiber. 

4. The lighting apparatus of Oaim 3 wherein said fibers have diameters 

of from about 1 micron to about 15 microns. 

S. The lighting apparatus of Claim 1 whelein said r:Vacuated enclosure is 

20 of a globe shape. 

6. The lightiilg apparatUS of Oailn 1 wherein said evacoated enclosure is 

of a hemispherical shape. 

7. The lighting apparatus of Oaim 3 whelein said evacuated enclosure is 

of a globe shape. 

2S 8. The lighting apparams of Claim 3 wherein said evacuated enclosure is 

of a hemispherical shape. 

9. The lighting apparatus of Claim 1 whetcin said evacuated enclosme is 

of a flat plate shape. 

10. The lighting apparatUS of Claim 3 wherein said evacuated enclosure is 

30 of a flat plate shape. 

11. The lighting apparatus of Claim 1 whcm:in said evacuated enclosure is 

of a cy~cal shape. 

12. The lighting apparatus of Claim 3 wheiein said evacuated enclosure is 

of a cylindrical shape. 

35 13. The lighting apparatus of Cairn 1 wherein said apparatus is further 

characterized as mercury-free. 

9 


