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1. Field of the Invention

The present invention generally relates to fusion bonding of
thermoplastic materials such as polyolefins by heating them, and more particularly to a
method and apparatus for applying electromagnetic energy to a material having energy

10 susceptors therein 50 as to heat the material. The present invention is especially useful
in the bonding of polyethylene cables and duct, such as is used in the
telecommunications industry.

2. Description of the Prior Art

The present invention relates to a method and apparatus for joining,

15  repairing or sealing the insulating covers of cables and ducts, such as those used for
telecommunications, including cables of copper wires or optical fibers. When two or
more cable ends are joined together, for example when extending a cable, tapping into
an existing cable, or repairing a severed cable, a splice or splice area is created.
Generally, it is necessary to provide a closure for such splices to protect the splice

20  against harmful environmental influences, regardless of whether the cable is, e.g., aerial
or buried.

One persistent problem in the use of splice closures involves the need
for a complete seal about the splice. Many prior art splice closures accomplish sealing
by providing a complex array of nuts and bolts, clamps, gaskets and heat shrink

25 (thermoelastic) tubing, as well as potting gels and resins, in various combinations.
Besides the fact that these closure methods require significant assembly time, the
closures still often suffer leaks or ruptures, particularly along their seals. This problem
is even more acute at the sealing of the closure to the cable jacket (the outermost layer
of the cable), where even the slightest defect can result in the migratidn of moisture

30 along the jacket or the inner surface of the closure. Such moisture progresses into the
splice area and adversely affects the electrical connections therein, often even when
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10 (SLiC is a trademark of Minnesota Mining and Manufacturing Co.). Nevertheless,
moisture migration is still possible along the longitudinal seal of such a closure, as well
as at the end caps or seals to the cable jacket. A lack of a complete (hermetic) seal can
also be particularly detrimental for pressurized closures.

) Although these seals may be strengthened by the use of adhesives, the

15 adhesive bonds formed are relatively weak due to the low surface energy of the

- material of the closures and cables, typically polyethylene. U.S. Patent No. 3,143,364
discusses the great difficulty in bonding nearly anything to polyethylene. An
alternative technique for sealing thermoplastic polymers such as polyethylene is that of
fusion bonding. This technique generally involves the heating of the material until it

20 becomes molten at its sealing surfaces, causing it to flow together at the interfaces, and
can be used for butt welds, coupling joints and repair sleeves. There are four specific
methods of fusion bonding: (i) direct heating, (ii) microwave heating, (jii) dielectric
heating, and (iv) induction heating. These various heating methods may also be used
to activate thermoset and thermoplastic (hot-melt) adhesives, as well as thermoelastic

25 (heat-shrink) tubing.

In direct heating, heat is applied to the thermoplastic article to be
bonded by directly attaching heating elements to the article. Current flowing through
the elements heats them up. The current is supplied by a power source directly
connected to the elements, but the heating is not very efficient. One advantage of such

30 a system is that is does not involve emission of radiation, but there are still safety
issues with the use of hard-wired current sources, and there are disadvantages such as
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or absorptive mechanisms such as may occur by perturbation of the electrons in the

20 atoms or molecules (inducing a dipole moment), and by dielectric polarization if the
material has polar molecules. A polar molecule (e.g., water) is not necessarily
magnetically reactive. Japanese Patent Application (Kokai) No. 54-58777 describes
the use of dielectric heating to connect polyolefin pipes. Canadian Patent No.
1,237,970 notes that dielectric and induction heating techniques may be combined.

25 Induction heating has been widely used to seal and bond polymeric
materials. A composite bonding material is formed by dispersing magnetically reactive
susceptors in a thermoplastic carrier which is compatible (miscible) with the
thermoplastic bodies to be welded. When this material is placed in an alternating
electromagnetic field, the H field induces heating in the magnetic material. Heating

30 may be caused by one of two effects: hysteresis loss, or resistive loss from induced
eddy currents. The E field does not interact with the magnetic particles. The
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These patents describe a variety of susceptor materials, including iron

20 oxide (ferrous and ferric), ferrite powder (e.g., barium ferrite), other metals and metal
oxides including chromium, manganese, nickel, cobalt, stainless steel, alloys of
aluminum, silicon, copper, silver and gold, and carbon powder (graphite). These
materials may be coated on inert particles, that is, a susceptor substrate which is
transparent or non-reactive to radio frequencies, including substrates such as glass

25 beads or mica flakes. The susceptors may be circular, irregular shaped, or formed into
fibers, wires, strips, threads, fabric or screening.

The alternating electromagnetic field which is used in these induction
heating techniques has a frequency which is typically in the range of 4-30 MHz. The
‘989 patent describes induction heating with a frequency as low as 1 kHz,

30 Leatherman, in the ‘090, ‘765 and ‘985 patents, suggests that the frequency may vary
from 450 kHz to 5 GHz, but no explanation is given on how to achieve efficient
energy conversion at such high frequencies. Indeed, Leatherman only teaches the use
of an induction coil and states that, with such a coil, the maximum frequency should be
35-50 MHz. Lower frequency power supplies are deemed preferable since they

35 typically cost substantially less than higher frequency generators; however, the use of
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10 Energy consumption is important for field splicing and repair since

power sources may be limited. Similarly, the power supply and applicator should be
portable, as lightweight as possible, and rugged. Conventional power supplies and -
applicators are not well-suited for use in the splicing and repair of cables and closures,
in that they are generally bulky and heavy, and do not have the appropriate geometry

15  for sealing cables. There are further no suitable applicators for higher frequency
ranges. It would, therefore, be desirable to devise a system to efficiently couple
electromagnetic energy into absorptive materials and allow the materials to be heated
and bonded with less electromagnetic power than is required by more conventional
means, particularly at higher frequencies. The power supply and applicator should be

20 portable (i.e., not too bulky or heavy) to allow ease of use in field splicing and repair
of telecommunications cables. It would be further advantageous if the system could
seal surfaces of various shapes and sizes, and be able to seal around a cable or closure
without having access to the end of the cable. The applicator construction and
operation should also be amenable to applicable safety regulations

25
S a I ion

The present invention provides an induction heating system for fusion

bonding of telecommunications cables and closures, generally comprising (i) 2
composite bonding material (CBM) having a bonding matrix and a plurality of

30 susceptors, said susceptors being magnetically reactive at a frequency above 50 MHz,
and (ii) applicator means for applying radiant electromagnetic energy to said composite
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partially surrounding the inner conductor, the inner and outer conductors being shorted
at one end of the resonator, and the inner and outer conductors being constructed such

10 that material containing the susceptors may be interposed between the inner and outer
conductors. The inner conductor may comprise an electrically conductive tube located
within an electricaily conductive outer shield (the outer conductor). A coaxial
connector is provided to connect the resonator to the power supply, through a
capacitive probe coupling electromagnetic energy to the inner resonator tube, the

15 capacitive probe being connected to a center conductor of the coaxial connector, and
the outer tube (shield) being connected to a ground conductor of the coaxial -
comnector. Dielectric material may fill the space between the capacitive probe and the
inner resonator tube, as well as the space between the inner tube and the outer tube
(shield).

20 The applicator may be selected from a plurality of applicators each
adapted to receive power from the same power supply, and each having a different
geometry for heating the CBM, i.e., for accommodating differently shaped
thermoplastic articles to be bonded. Alternatively, the applicator may be constructed
of an applicator base and a heating adapter operatively connected to said applicator

25 base, the heating adapter being selected from a plurality of heating adapters each
having a different geometry for heating the CBM.

_ In an alternative embodiment of the applicator, the two resonator tubes
are electrically connected by a coil which may be shaped to encompass the item or
region to be heated. This coil may be comprised of a single conductor strip or of a

30 plurality of wires, electrically insulated from one another, each forming a coil with a
common axis, each of the wires being electrically connected in parallel at each end.
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It is further inadvisable ffeforegoing system efficiently couples electromagnetic energy into
the bonding materials with less electromagnetic power than is required by more
conventional means, and accomplishes this at a higher frequency, avoiding the

10 problems associated with induction heating of telecommunications cables at lower
frequencies. This also reduces the size, weight and cost of the electromagnetic power
generator and makes it more amenable to portable operation where the availability of
primary power is limited. In addition the requirement for less electromagnetic power
improves the safety of such heaters by inherently reducing the electromagnetic fields to

15 which an operator may be exposed and similarly reduces the potential of interference
to other services using the same electromagnetic frequencies. Additional features of
the present invention include: (1) the suitability to efficiently heat and bond materials
of linear, curved, circular and other configurations; (2) the capability to make seals
around and between materials of extended lengths without requiring access to the end

20 of the material; (3) a heating zone of restricted and controlled volume and of a shape
and size compatible with the material to be bonded; (4) adaptability to the heating of
absorptive dielectric materials in the electric field region of an electromagnetic field or
the heating of magnetically absorptive or resistive materials in the magnetic field
region; and (5) compatibility of the applicator design with appropriate shielding to

25 minimize electromagnetic field emissions outside the heater device.

Brief Description of the Drawi
The invention will best be understood by reference to the accompanying
drawings, wherein:
30 Figure 1 is an elevational view of a conventional two-conductor,
quarter-wave cavity;
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i nducti on heating systemfor fusion bondi ng of tel ecommunications
cabl es and cl osures, generally conpr|3|ng (1) a conposite bondi ng
mat eri al (CBM havDegcriptibn Prefeted Bmbundiment pl ural ity of

susceptors, said susept ors hein : J cal cli fre en

above 50 MHz and (.?ﬁ’%‘%ﬁ%&?’%‘ ngﬁg"‘fg"r 5‘§P€F‘H€s’mc}u Silction

el ect romagnet i c ienheging] sarticulatly forasion behding of thermoplastic polyolefins, and essentially
comprises (i) an applicator for providing radiant electromagnetic energy, and (ii) a

composite bonding material (CBM) having a bonding matrix and a plurality of
susceptors which are magnetically reactive. The susceptors are selected to be efficient
at very high frequencies, greater than 50 MKz, preferably in the range of 75-500 MHz.

20 The applicator accordingly is designed to optimize energy output in these ranges, and
most preferably at peak frequency of about 125 MHz.

In one embodiment, the applicator of the present invention adapts the
properties of a quarter-wave resonator. A length of two-conductor electrical
transmission line that is shorted (low resistance connection from one conductor to the

25 other) at one end and open at the other, as illustrated in Figure 1, will be resonant at
frequencies having a quarter-wavelength (or odd multiples thereof) approximately
equal to the effective length of the line. At these resonant frequencies the line will
have a (near) zero impedance at the shorted end and a very high impedance at the open
end. Asa consequence, when appropriately connected to an electromagnetic power

30 source, of a frequency corresponding to the quarter-wavelength resonance, there will
be, at the shorted end of the line, near zero voltage between the two conductors and a
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the outer tube (s bei ng conne to a ground conductor of the
‘coaxi al resonator and (2) the respective impedances at the two ends, such that P = E%/Z,= FZ,

10 where E is the electric field strength at the open end, Z, is the electrical impedance
between conductors at the open end, Z; is the effective impedance of the shorted end
and 7 is the current at the shorted end. These impedances are functions of the
configuration of the transmission line and the Q which is affected by the resistive loss
of power in the conductors, the dielectric loss of power in the insulating media

15 between the conductors, the power lost by radiation and the power loss in absorptive
material being heated by the resonator fields. For efficient heating of materials the
power loss in these materials should be as large a portion of the total power loss as can
be achieved. This then implies that the Q of the resonator, without considering the
effects of the material to be heated, should be as high as can be achieved within the

20 restrictions imposed by other requirements and the material to be heated should cause
as large a reduction in the Q as can be achieved, i.e. the power absorbed from the
resonator by the material to be heated should be maximized. The applicator of the
present invention addresses these issues,

The heating of magnetic and conductive materials in a time varying

25 magnetic field is a function of the magnetic field intensity (H), the hysteresis loss
characteristics, the eddy current loss characteristics and the frequency of the time
varying field. The total power lost, P,, from the field to such materials is

P=P,+P,
where:
30 Py, = hysteresis loss, watts, o< Bfvdsy,
P, = eddy current loss, watts, < £B%,



connector. Dielectric material may fill the space between the capacitive
probe and the | i€t resonator tube, as well as the space between
the inner tube and the outer tube (shield). - 20

The applicator may be selected froma plurality of applicators each

adapted to rm?t’,gomer fromthe sanme power supply, and each havi ng a

di fferent geonetry for heating the CBM i.e., for I ng
differently shaped thernoplastic articles to be bonded. _

Al ternatively, the applicator nay be construcjed _ of an applicator
base and a heating adapter operatively connected to said applicator 25

base, the heating adapter b@ﬁ@agdtbﬂ:ﬁdeﬂskpmtﬁeﬂhu?ﬂléﬁﬂ, of heﬂ]i n%BM
adapters each having a djfferent gegnetry for heating e
I'n an alternative enbodi ment# STelate Permeability ofthe material.wo r esonat or t ubes

are electrically connected Qy=@naghérlc fitfdintendi§y be shaped to enconpass the
I tem or region to be heated. This cOil may be conprised of a

si ngl e conductor strip or off=eﬁ°quen°8(0_fﬂlﬁﬂdal ity of wires, electrically
axi 5, cach of the wires bei o SHEEPERE B8 ncct ed n parallel at each
end. WO 96/ 31090  Agy=area of B-H curve of magnetic material, for field intensity of H.
PCT/ US96/ 01853 For non-conductive magnetic materials only the hysteresis loss causes the mater-naz ;o
be heated as a result of power absorbed from an electromagnetic field. Since the H
field is proportional to the current flowing in a conductor, the highest H field in the
10 quarter-wave resonator is at the shorted end of the line. Similar analysis of the electric
field shows that dielectric heating can be maximized at the open end of the line.

The current / which generates the H field is a function of the Q of the
resonator and the characteristic impedance, Z,. A higher Q resonator results in
increased E and H fields for a given amount of electromagnetic power coupled into the

15 resonator. In addition, the current is an inverse function of Z,, while the voltage is a
direct function of this parameter. To maximize the Q the power lost or dissipated per
cycle, except that lost to the material being heated, should be minimized. To minimize
radiation losses this objective is best met by using an enclosed (shielded) resonator
design similar to a coaxial transmission line, as shown in Figures 2A and 2B, or similar

20 1o a cavity resonator using waveguide techniques. The resonator Q is also increased
by minimizing resistive losses in the conductors through the use of low resistivity
materials having a maximum cross-sectional area and low resistance joints or
connections between metal components. Similarly, any dielectric or insulating
materials used in the resonator structure should have a minimum dissipation factor at

25 the selected operating frequency. Forming the conductors at the shorted end of the
resonator to enclose the volume of magnetic material to be heated provides a region
where maximum heating of this type material is obtained. |

The applicator embodiments of Figures 2, 3 and 4 are based on a
quarter-wavelength coaxial resonator that is shorted at one end and open at the other.

30  These applicators have an outer conductor 10 which forms a shield around an inner

conductor 12. A low resistance electrical conductor (a continuation of the shield),
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Several of the wires may further be stacked to form nmultigge-tay f

coi | s;—stueh that t he -ef+eeti+ve reststance of the %MEELMEN
reduced and the current-carrying capacity is i ndr ease@EPLACED
plurality of capacitors spaced at selected intervals nay al so be connect ed,
I ndi vi dual | i n,&?éari es with a respective one of said coils, such that
current in i‘ﬂé"é sis 5 approxi mately uniform for EGFUSIENI8S3

ci rcunferences which are greater than about 0.1 of the wavel engt h
of the radi ant el ectromagnetic energy. -11- The

foregoi ng systemefficiently couples el ectromagnetic energy into

t he bondi ng mat erjoias $0 i 12 atlshortedaend A4 prefeablyidofitinuoubiroliththe ishorfed @xd 1£GnlY
nor e conventi opal neans, and acconplishes this at a higher

frequency, avoi dif#Frenrauctor 19 amay 3lsgispelose open ead 14 bty s ot Rlestrigallycopnected 42 i ng
of tel ecommuni catdemiasednalibes124 dlpgﬂ‘?v{dhlﬁ. The shalpefo?‘aﬂié%’ci‘ddﬁ&orlﬁiiéi& 163 ve
st ofthe electro power

reduces the size, weight and co ‘ magnet i c
generator and nakeund (Figuee 2A) squarefFigure:2R)ortother configurativn.dagrietically absorptive

avai lability o . | S . r4s limted. | ddi tion the

requi r enent fo‘tf f@é&ﬂ%}%&ﬁ%}?ﬁ%ﬁ&p@&%@@ew@he two °°"p“%?'8\9§‘§ tF‘hﬁwgﬁ‘f end of ¢
such heaters by ithélecHdles orsldtsomaobe grovidédohioughtigotitdr Conduetot fedr@horted ehd
whi ch an operator, may_be exposed _and simlarly reduces thegi)otential of

i nterference 14 toallgwy ingertian ofdiglectrically seactive material. 4a:be beated inshexssion; ¢
frequenci es. Addiyet dehérs ' | i de:
(1) ‘the suitabil Il{eilwut}gltheéf%?‘(atl ont f’@g‘iieé’%‘theétr’%‘egtgﬁ‘g CLAS BRACRN T md) be' e

li near, curved, ditoadaifilooprt ottienshiape tonfit ayoundtmaterial tof &) hehted andifhetebyi ty to

nmake seal s ar ou nd. het weepn ,mat.erial s of extended.l engt hs
wi t hout requi M nfﬁ%ﬁ@%eoeﬁkﬂ’é‘qgﬁ%? régjon. (ﬁle %M?'Qrﬂ"g‘ie,’ ﬁ’?@)“gé"i’rﬂ‘&{ i ng
zone of restri ct gRnérmdr B@BLpled infChhe Pdsuidortyisd bf Acdpaditive probe at, or nedf)theSi z€

conpatible with the rial, tp he bonded; (4) adaptability to the, heating
of absoﬁ?F?Q%EYGP@BW‘ie °‘?Pe&‘e?'i'!§?’s$*i°r¥h od o by acdisectalestricalyi on of

an el ect r omagnet iggnddcBdiitodhe center conducidpe heating of magnetically absorptive
or resistive materials in the magnetic field region; and (5)
conpatibility of the appli dhe geart¢c-wiayeregpnator apist haye an effective electrical length that 25
m ni m ze el ectto EEH i 1.SS) .90 i h at.er. devi ce.
Brief Descri ptt1$ 02?% %@@Lﬁ%@@hﬁ?ﬁﬂe gpe%ﬁn%fpe%uéncg Jfﬁe physxcgﬁ may be

made much shorter than the effective electrical wavelength by appropriate use of

capacitive or inductive loading as is known, or by using an insulating material of high
dielectric constant between the two conductors. The high dielectric constant material
reduces the velocity of the electromagnetic wave in the resonator in proportion to the

20 square root of the dielectric constant of the material. By filling the space between
conductors with a material having a relative dielectric constant of 4, for example, the
physical length of the resonator for a given frequency can be (nominally) reduced to
half that of an air-filled resonator. The material of high dielectric constant also reduces
Z,. These properties are used advantageously in the present invention to reduce the

25 physical size and to increase, for a given amount of power, the current and the
resulting H field in which magnetic materials are heated (and can also be used to
control the E field). |

The embodiments of Figures 2, 3 and 4 also have an advantage over

induction coils (muiti-turn wire windings) in that they allow better control of the

30 volume of material to be heated, and they may be fabricated in the form of an openable
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The i nvention w |

dr awings, wherein:

of a conventi onal
96/ 31090
PCT/ US96/ 01

Fi gures 2A ﬁ%’%mﬂ’re perspective views of coaxial, quart erRGIH$26/01853

cavities used as
t he present

| best be understood by reference to thg_acconpanyi-Rg————
30 - Figure 1 is ahTHISSHEETOHAS BHEEY
t wo- conduct or, guarter-wave chvity REPLACED WO

-8-

applicators of inductively coupled energy, according to
i nventi on; -12- Fi gures 3A, 3B,

3C and 3D are el evational views, shown in section, of 5 anot her
enbodi ment of thenﬂtbﬁi&lx@i&hdﬁﬁhbﬁuﬁﬁﬂhﬁdﬁss&@ﬂld@abﬁfhe%t&ﬁﬁ For kil ithe/ent i ons,

with diferently-s
4A and 4B are sid
of still another
present

fl anges; and
alternative en@pd
i nvention.

0

15

20

25

30

h d h pt Fi gures
ESSBAeiy 1. b AR e P PR AESund e SseuoRepes ofan

eRBRLE 1gih ofcatld ﬁtlf&' fHah RAviNPIODashke &amnmugﬁ ?‘E gﬁ &{ontcbﬁ

i nventi on, adapted for use in sealing | on
Figgre 3 shows one embodiment pfithe invention for qlunm,ngeuoundenndulnemmf an

h%neﬂfytah&rpnve materials afilf Wela‘fr@s%h Mﬁt%gals B dh Boen? iz
Figure 4 shows a second embodiment for heating lengths of magnetically ahsorptive
materials.

Figure 3 shows preferred embodiments of the invention for clamping
around and heating material in the peripheral region of single or multiple cables or
closures (Figures 3A, 3B, and 3C) or for heating flat strips of material (Figure 4D).
The material (discussed further below) may be of a sandwich configuration with the
inner materials being magnetically absorptive at the frequency of the resonator and the
outer materials being either absorptive or non-absorptive. The heating of one or more
layers can be sufficient to cause the materials, or portions thereof, to reach the melting
or fusion point such that the layers become bonded one to the other. Many plastic
materials, particularly those of polyethylene, may be welded together in this manner if
one or more layers, by use of appropriate additives, are made magnetically absorptive
to electromagnetic energy of the resonator frequency. Such additives may be particles
or filaments of materials exhibiting hysteresis loss or thin films of resistive materials or
materials which modify the bulk resistivity or conductive characteristics of the layer.

The applicator 20 of Figure 3A is a quarter-wave resonator with means
for coupling electromagnetic power through a capacitive probe 22 at the open end 24
of the resonator’s inner conductor. In this embodiment, several components make up
the inner conductor, including resonator tube 26, coupling joint 28 and low resistance
conductor 30. The outer conductor is also formed of several parts, including another
low resistance conductor 32 and a shield formed of a first housing 34 which surrounds
resonator tube 26 and a second housing 36 which surrounds low resistance conductors
30 and 32. Probe 22 is connected to the center conductor of a coaxial cable connector
38. A coaxial cable (not shown) from connector 38 leads to an electromagnetic signal
source (power supply) 40 which provides an appropriate amount of power at the
resonator frequency (discussed further below). Resonator tube 26 surrounds, or is
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Descrl ption of the Preferred Enbodi nent The
present—Tnventtonts—ditect ed t o—a—trethod ard—system+op— '

heating, particularly for fusion bonding of thernoplast (THiﬁ)SVEEEH'ASSBEEah
essentially conprises (i) an applicator for pgovi dlmg‘uaalj)ant

el ectromagnetic energy, and (ii) a conposi te pondinmg metertat—
(CBM havi "YO8638Mi ng matrix and a plurality of Pg[(gﬁ’l?ﬁ‘i‘ﬁ’s whi ch

are magnetically reactive. The susceptors are selected to be efficient
at very high frequencies, greater than 50 Mjg, preferably in the range of

75-500 MHz. 20 The applicator accordingly is designed to optim ze
energy output in aﬁﬁmw @Bmﬁgpﬁbdzztofomacouﬁm@tmﬁc&ﬁ%ﬂﬂtkuﬂésmeak
frequency of about 125 ne enbodi nent, the

appli cator of thé%ﬁﬁ%ﬁ?“‘i'ﬁ?@#ﬂ?“oﬁ%@&E@S”H&bﬂ‘f”ﬂmvﬂ%p Eynically thig o
quarter-wave res%ﬁ] edﬁmh?ﬂﬂid&éShaié%ﬁ&%?%%%al%ﬂ%&ddﬁ@h?y
n from one

transmission line't I's shorte OW resi stance connecti o
¢conductor to the electrom@@etm(BM}powfmnmm 49rbut 'mmmbamaﬂhad?ﬂeimt yalussto
esgnant a requ cies having a

[ d Fi il
1:]ualrjtS te; a\t/vgve: gﬁgtdﬂ'e‘(@r ’8&‘\6\% ﬁﬂ?"&eﬁ’é’gmt&‘?@%@f )“’“3%?’0%?5 mmpmemequal

to the effective previdihga®inphtifipedaiis of SO dhit3 P 1dsSallNRhe sk OF W fogkrosoakile | | ne
Wil have a_ _(near)_ zero inpedance at the shorted end and a very

hi gh i npedance atcablpwithentsignificant loss. Agpgher prabed2- whish iselestrisallygoanected to a
ot o, COMBELA Mo TR0 B s UG s e
‘be, at the short ¢opravileafsample of thegesonatar eneegyas\an Ioua:gefobpumem of menitaning
conductors an Sio 2 the resonant power level, indicating proper tuning of the resonator to the EM wave
. source or for feedback to the inpﬁt of an electronic amplifier to cause it to self oscillate
and become the EM power source at the resonator frequency when the output of the
amplifier is connected to resonator input coupling probe 22.
Low resistance conductor 30 is removably attached to resonator tube
15 26 by a low resistance detachable connection 46 at coupling joint 28 to form a
continuation of the center conductor to the shorted end 48. Low resistance conductor
32 is electrically connected to conductor 30 and housing 36 by a metallic clement 50,
and is further connected to housing 36 at the extended interface 52 to form a part of
the outer conductor and carry a major part of the EM resonator current flowing in the
20 conductors in the region near shorted end 48. The adjacent surfaces of 32 and 36 are
shaped to best conform to the material 54 to be heated. Several shapes for elements
32 and 36 for heating round or flat material are illustrated in Figure 2. Material 54
may be heated even though that material may not completely fill all the region available
for the material. The center region of the round shapes in Figures 2A, 2B and 2C may
25 also be heated but not at the same rate as the material at the periphery of the regions.
The outer conductor components 34 and 36 separate at 56, and components 26 and 30
of the center conductor are hinged at shorted end 48, allowing separation of 30 and 32
to permit material 54 to be placed in the region or to allow the heater to be placed
around material to be heated and then removed. Other hinging and separation
30 configurations to permit the heater to be placed and clamped around various forms of
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VO 96/ 31090

PCT7US96/ 01853 THI -
very high current flowing in the conductors. Toward the opeSnSN ‘E gg %——
line the vol tage across the |ine increases andLthe (I' BHED £ 1 ow
t he conduct Olvd o35 flbs 2s €s such that at the open end the current
flowis essentlglﬁf?gzero and the vol tage between the PCT/ES¢QIRSB or s i s
at a nmaxi num 5 The quality of a resonator is defined
by the "Q" which is a ratio of the aghergy stored to the energy

di ssi pated per cycle of the electromagnetic field. The anount of
vol tage at the opewateriatito terhdated wilthecome appatent toctheseakilledlinahélant @pch reference to
proporti onal g h0: (1) the power, P, that is coupled fromthe

el ectromagnetic sélﬂfﬂgd t he resonator and (2) the respective

| npedances at the two ends, Thednfigitas oﬁﬁlﬁéﬂ%ﬁms%ﬂgl]@gmﬁ t\Wper e

Eis the electric field strength at the open end, Z[err] 1st rlcal
i-npedance to sreyesahe elegivicat shortbetween the inaes ancbouter tzmdmasm‘zellfaedtel ve

i npedance of the m t fné ung?ratzonof @L}th fhﬁefe&%uéaﬁqrfg%?sgfw Saihorted

end. These |rrpedanc s are ons o B he
transmn ssion |i neebudullyeso@wdﬁ'mhtheshatd‘(hoﬁsh%iﬂuﬂzhﬁfd&:ﬂﬁhﬁé@t&doﬁ&&torof

[ th | at
medla " ' 15 et SRR bih din thehigh A upemtaioes O&ﬁowﬂ@&%%”su 334129
power |oss in abs@BpiThi¥Ronstruction providds Sﬂnﬁﬁid@%@%@& eib‘étr

fields. For efficient heatln? of mat eri a oss I'N ese
materials shoul d femdbe heatese rahpsmﬁwmmwﬂfesmﬁm amesttaa& conductor

Do Seeres: 1B =t Wit oo Sl o5 R i o
hi gh as can be acKshested) end bfithe résbmator to baﬁerreqsﬂlm thieicorient ifloRCmd Redting OF lfhg e a
e b ¥ T A IR TR N S
resonator by the mtsnreldab rifimise efiSioR eRbOThe hMRerRuiEiEe? 6fcompfier? s dni¥e°"
of the (such as at 52) in any of the resonator embodiments of Figures 2A, 2B, 2C or 2D may
15  be shaped to conform to any of the material geometries as shown in any of these

Figures or any other shape as may be appropriate for heating magnetically absorptive

materials. Dielectric material 60 between the inner and outer conductors 26 and 34

provides electrical insulation to minimize high voltage breakdown effects at the open

end of the resonator), serves to reduce the velocity of EM wave propagation in the

n

20  resonator, thereby reducing the required physical length of the resonator for a selected
frequency, and may increase the current flow and the heating effect therefrom at the
shorted end of the line by reducing the characteristic impedance, Z,, of the
transmission line element which forms the resonator. Dielectric material 60 may
extend over the entire length of the resonator or over only a portion as shown in

25  Figure 2, and may fill all or only a portion of the space between the conductors. The
dielectric material is selected to have a minimum of dielectric loss to aid in maintaining
a high resonator Q and to have a relative dielectric constant as fequired to optimize the
physical size and Z, of the resonator. Coupling probe 22 is electrically insulated from
resonator tube 26 by additional dielectric material 62. This dielectric must be of low

30  loss material to minimize adverse effects on the Q of the resonator and may be of the
same material as 60 or different.
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present invention addresses these issues. The

heat rmg—of—agnet+c—and—eenduct i ve—rateri al-s—+A-a-ti ne varypg——-=25—-

magnetic field is a function of the magnetic field intensity (H), the

hysteresis | oss characteristics, the eddy current |oss
characteristics and the fiequency of the tine varying field. The
total powerWP8EPOM orr], fromthe field to such materials $96/01853

Plerr] =P[err] + Plerr] wher e: 30 Plerr] =
hysteresis | oss, watts, [err] BfvAlerr], -15- P. = eddy
current loss, watts, [err] WO 96/ 31090

PCT/ US96/ 01853 Figure 3 further illustrates how different heating adapters (compdiients

B = magnetic flux density in the material = pH p =

rel ative per meabd®i32y3@ymayhe atached; one at a time, to a common applicator base (cpmpPoRERtSct i c
field intensity, : - o]

v = vol une of rnatzze’rzlséfs’ 3g?idE ven if completely sep&ﬁté iﬁﬁbﬁ%geﬁmghgﬁgﬁ%fwg@ IE?“
curve of nagnet i usenmtomman powepsupplyd®l i ntensity of H. For

non- conduct i vey magneti ¢ mag erlal s, 00l e Rk ShuilaP o s e e bk in
place of elements 30, 32 and 50 to form a loop around material to be heated. This
strap would preferably be connected at 46 to 28 and at 64 to 34 to provide the
electrical requirements for a shorted end and the remaining length (inductance) needed
to form a quarter-wave resonator at the desired frequency. Means to adjust the length
10 of the loop formed by the conductor and thereby control the tension may be
incorporated. Such means may be as simple as a slot in the strap under the attachment
46, a clamp through which the strap passes, or a threaded screw mechanism.
Figures 4A and 4B show an adaptation 70 of the quarter-wave
resonator most suited for heating extended lengths of materials that are magnetically
15 reactive at the resonator frequency. A conductor 72 joins resonator tube 26 to
conductor 30 to form a continuation of the inner conductor of the resonator.
Conductive element 32 is connected through to shield 36 to form a continuation of the
outer conductor. Another low resistance element 74 forms an electrical short between
the two conductive elements 30 and 32. The material 54 to be heated is located
20 between the adjacent surfaces of 30 and 32 where the high EM current of the
resonator heater produces a maximum EM field. The edge of the material to be heated
is inserted through a slot 76 along one side of housing 36, extending into the region
between the conductors 30 and 32. Slots in the adjacent ends of the shield allow
extended lengths of material to slide through the conductors 30 and 32 as illustrated in
25 Figure 4B, useful in accommodating, e.g., longitudinal flanges of cable closures. The
assembly of the extended portion of the applicator (components 30, 32, 36, 72 and 74
in Figure 4) may be made separable from the other elements offigure 4 or it may be an
integral part thereof.
Power supply 40 is a radio frequency power generator which operates
30 at the resonator frequency, and can run off 12 v DC as well as 110/220 v AC. The
resonator frequency is selected to be optimum for the particular application, in the



be heated as a result of power absorbed from an el ectromagnetic field.

Simce the H field is proportional to the current flowing in a
conductor, the highest Hfield in the 10 quarter-wave resonator is at
the shorted end of the line. Simlar analysis of the electric field

shows that dielectric heating can be maxi m zed at the open end of the |ine.
The current ORI generates the Hfield is a function of PCRUSYPS3; e
resonat or and the characteristic inpedance, Z. A higher Q resonator results

in i ncreased E and H fields for a giyen anmount of el ectromagnetic
power coupled into the resonator. In addition, the current is an
inverse function %gribﬁso:iooom wed momeqaencynsprefemdlyn@adedimtlon
of this paraneter 0 maxi m ze the the | gst _or, di ssi pat ed. per
cycle, except thatespnasqr ffeguenqe by eﬂed ﬁ@"ﬂ?@ﬁ?‘b dn thepseseat esabodinienti zed.
To mnimze er%ﬁ%é’{adpﬁ&t&ﬁiées&e& Sedln} féidcommuhitattins babidlan® Yoblied)9 an
encl osed (shiel ded) reson esi gn S|n1Iar to a coaxia

transmi ssion | i netheaptimhonfrequencyisdds dHz AThe powefromthe gewerator is optindzedifor a

cavi ty resonat Qr I e

I ncreased 3 “%fg?h }r‘?m ZI ﬁgﬁf%‘g‘m{i’.@g ?%Qfﬂswgé%%g h?%&gﬁ@ﬂr’ough
the use of | ow regticald coniply with all applicableqeguldtorylraqiiiraments, w8 wellusiindustrial
cross-sectional area anpd | ow resi stance ] Ql nts or Onr]h%el ons

between metal confh Suchys ANSI/IEEE standard; (9541952 “Safety Levels apthRespect to
mat er i al 5 used i Npiuin ESSAIRS RadbTrEhiHl EIMhAGHSY Ficia"d REWIY Gy pat | on

factor at 25 the sel ected operating equency. Form ng the conductors at
‘the shorted end of the An sitermativeapplicatondesign 86 ssalepiated vroFigwee Sodndedspnet i ¢

et erial 0 beeBlihop il o ored Uiy i procucil vy T FATLAS O "

this type materla
‘enbodi ments of Fi tjumemy éltem’itl@dedfoﬁfagn&mﬁﬂ Applicator 80 exhnbmmﬁ&d pmuﬂbsngt h

coaxi al resonator,t IS, shor ed at o e d _and .open at .t he other .. 30
These appl i cat or s? g ndyctivg )mgeﬁpegxwtasmm%mghﬂ an
I nner congiy Eﬂe% ﬁlﬂ mtéash?!&rra%ﬂeﬁtaﬁﬂﬁ& o hiph elyfehby FOVAE Uld Mso réuces

continuation of the shi
resistance losm and the heating of the coil by the high frequency current flowing

15 therein. A variation of the heater coil design allows the use of higher frequencies than
would otherwise be possible for efficient heating of material of large diameters.

The electromagnetic field in a generalized coil is proportional to the
current, 7, flowing in the conductor. The power dissipated in the coil is equal to F'R,
where R is the effective resistance of the length of conductor forming the coil. At low
20 frequencies this resistance is given by
R=pl/A
where:
A = cross-sectional area of the conductor,
L = length of the conductor, and
25 p=resistivity of the conductor.
For a copper wire 0.25” (6 mm) in diameter and one-foot long, the cross-sectional
area is 0049 square inches (31 sq. mm) and resistance would be near 1,71 x 10™* ohms
at DC and at very low AC frequencies. A current of 100 amperes flowing in the wire
to produce a magnetic field would cause a power dissipation of 1.71 watts in the wire.
30 However, as is well known, at higher frequencies the skin depth effect restricts the
effective cross-sectional area such that most of the current must flow in a very thin
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11
joins 10 to 12 at shorted end 14, preferably continuous around the shorted
end 14, and outer conductor 10 may al so encl ose open end 16 but is
not electrically connected to center conductor 12_at open end 16.
The shape oVORHB0 conduct or / shiel d 10 may be rou @P&ﬂ\!f’é 2A) ,
square (Figure 2B) or other configuration. Magnetically absorptive 3
material IS to be heated is | ocated between {jhe two conductors near the
shorted end of the line. Holes or slots may be provided through

the outer conduct %mmﬂwwwidmﬁcondmor Thik4ndréasésl the effécioefekisi@iice@nd
dielectrically reactive material, to he heated in the region

bet ween t he condué%l’%df%@ﬁf"m%ﬁ“ﬂﬁe‘&ﬁwmﬁﬁt’@ﬂec&%d%mf@ may be
formed ;&gmﬁl W%ﬂﬁ@ﬂﬁ?o@ﬂ?fﬁg"ﬁ?@‘ﬁx dJs'ahd 8 oft O

be heated and the centrate the field in t e se ecte regl on.
El ect romagnetic pdhenmerﬁa?ﬁ * alinmeterconesfoot long wire mcmmbaumomfdampb@d%&t 0

end, by a i nduct efsy” KGR Bfronh 41Ok el oo Bpeomen ppa 8 YRBET

el ectri cal Tmmmrteﬁelﬂmwﬁtd&eomemhommmér mcreases the resistance and
The quarter-wave resonator. ,nust have an effﬁaél ve el ectrl c Iength th_at

15 i's a quart er - ROWET BrgriFioyssyglecands 9

| ength nmay be near the Wird Surfaéen shorter t han the effectlve eI ectr| cal

wavel ength by appropriate use of capacitive or inductive |oading
as is known, or by using anﬂnskmvagemdﬂppucamwuwamultlphcntyoﬁhndlactr| c

constant belvegh it NEUR  rgheb el bbb AR o o
proportion to t he frequetities fotlacdivenitonl cdﬂﬁudtdsre:rsbseéaibhﬂlaeeac Iheiskin depth for small
mterial. By filll Jl ? t L %n?eg?scaei\:ppo%m\/\ﬁely equal to that of large diameter wires but for smalt
wires the percentage of the physical cross sectional area that carries high frequency
currents is much higher. For example a 0.25” diameter solid wire has a cross section
15 area of 0.049 square inches but at 100 MHz the effective current-carrying cross-
sectional area is 0.049/233, or 2.1 x 10™ square inches. A bundle of 1000 wires each
of 7.89 x 10™ diameter would have the same total cross sectional area, but if the wires
are adequately separated the effective current-carrying cross-sectional area at 100
MHz will be 8.69 x 10>, This is 41 times that of the solid 0.25” diameter solid
20 conductor, and the effective resistance is thus reduced by a factor of 41. For 100
amperes of current this reduces the power dissipation in the conductor from 398.8
watts to 9.7 watts.
A coil formed of a strip of copper, or other conductor may be used in
an attempt to produce a more uniform H field of greater extent along the width and
25 near the conductor. This is frequently needed to produce uniform heating in a wide
area of material which absorbed energy from the H-component of an electromagnetic
field. With a wide conductor strip carrying current perpendicular to the width, the
current density is not uniform across the width but is more intense near the edge. This
causes the H-field intensity to be higher near the edges of the conductor and lower in
30  the midregion. Uniformity of the current distribution can be improved and with lower
effective resistance as previously described by use of a multiplicity of parallel



conductors with a material having a relative dielectric constant of 4, for
exampl e, the physittal |ength of the resonator for a given
frequency can be (nomnally) reduced to hal ft hat of an air-filled
resonator. The material of high dielectric constant al so reduces

Z[ err] Thesegpr (ties are used advantageously in the present invention to
reduce the “Rﬁggﬁﬁé3|cal size and to increase, for a gi venPERUSI§{0185
power, the current and the resulting Hfield in which magnetic
materials are heated (and can al so be used to,g. control the E field).
The enbodi nents of Figures 2, 3 and 4 al so have an advant age over

i nduction coils (wbﬁductowofmn&\wﬂmdmh%)coh@cidﬁﬁireghﬁh?io@&té@ﬁ&él%fsldeand
control of the 30 vol une Ofﬁlﬁggtg“al to be heate and they may be

f.abricated in the frpiatedong fo: F@mptforbﬂ"8|°!9ﬁtpcelb'camesmdmmrﬂ®atm he

thin layer on the pgdsith'Rya Rferdf eldiebRtbraesied o9rall width. Thesg\Qy(%ﬁ'%g%Q
PCT/ US96/ 01853

mat eri al without r &tgckedito furtherreducetthe GMIMSlmdc@n&ﬂlelmby aicreafajhg en‘ﬁenpl e,
th anpgyaround t he
Ci recurnc erenccraegf a%&mpm‘g‘?gg%‘%‘{igﬁg?ﬁ défs'%gé%'} §{"E£ﬂ %%¥han havi ng to

pass the cabl e through an i nThecdeseribed iiyér. of parallel condﬁcﬂm“ﬁhn&: forR\Wcoffiittive

enbodiment of the | e it o o desiced Willth Tohy be Bormad by tchiag copper clad boards to
provide the desired pattern of conductors on the one or both sides of the insulating
substrate. The thickness of the etched cladding and the width of the individual

10 conductors should preferably be somewhat greater than twice the skin depth for the
frequency of the current to be used to produce an electromagnetic field, using the strap
conductor to form a full or partial coil. The spacing from conductor to conductor
should be the minimum that allows adjacent conductors to mutually carry current with
a minimum reduction in the effective skin depth from the effects of the other.

15 For example, etched parallel conductors each 0.006 inches wide, spaced
0.012 inches center-to-center, and 0.0015 inches thick have been used to form a strap
conductor of about 0.500 to 0.75 inches total width. The number of parallel
conductors ranged from 42-63. The insulating substrates have ranged from 0.005 to
0.062 inches in thickness and have included fiberglass, Teflon, reinforced Teflon, and

20 polyamide materials. This list of conductor, substrate materials and dimensions is not
exhaustive and others are potentially usable. Through plated holes between
conductors on each side of the substrate may be used to provide electrical connections
at the ends or at other points as desired. The ends of all the conductors are electrically
connected in parallel by a wider region of conductor which also provides means for |

2s  connection of the strip to the remainder of the circuit and to the generator used to
provide RF power through the coil,

The multiwire coil may be connected to & short section of coaxial RF
transmission line as previously describe for the resonator comprised of an inner tube
and an outer tube to which RF power is coupled through a capacitive probe, orto a

30 suitable capacitor to form a high Q electrical resonator tuned to the desired operating

frequency. Suitable impedance matching may be included to allow maximum transfer



5 magnetically absorptive materials and wel ding such materials to adjacent
mat ett+at-s—————Fgure—4 shows—a—second erbedirent for heating—lengths
of magnetically absorptive mat eri al s. Fi gure
3 shows preferred enbodi ments of the invention for clanping around
and heating material in the peripheral region of single or nultiple cables
or 10 B30 (K gures 3A, 3B, and 3C) or for heati ngPETEHSMBps of
material (Figure 4D). The material (discussed further bel ow) nay be
of a sandwi ch configuration with the .19l Nner material s being
magnetical |y absorptive at the frequency of the resonator and the

outer materials tzmpaﬁe:emhanwtpmr %ethe Fesbitforab sdikidire/he effitRnowith Whickf
one or nore ers can be sufficient tqQ cause the materials, or

portions thereof Wﬁ‘lﬁb Qwes ispsed. Fhe coil ig prefezably enslosed i @isheld(Bilorpagtial)t he
llayers become bonrggfiniie tﬁ@e:&&ﬂalgiebﬁlima et ﬁﬁ{lﬂlﬁﬁo‘immm%ethel 3 PoWer and

particularly those of polyethylene, ded toget IS manner
i f one ortherehydinprope the effmemef géneratipg 8 bighantensity RFtrnagaetic fieldwithine
magnetical ly agsoor pt 'r\iﬁ oil to el ectromagnetic energy of the resonator
frequency. Suc aaryives may be particles or filaments of

materi al s exhibiting hyst eMuymatepials whichi may befliehta by Exposire 16 theH-8omsdned S
or 20 materials which nodi fy the bulk resistivjty or conductive
characteristics &fap MW““W‘Vea"emm‘bsofpt”“‘h‘gh”ﬁfé“ﬁ?msﬁ%%h% of
Figure SA 1S 2 QURighciel F6r hESERA! Ris disiribie® 8 frequely SR

el ect romagnetic pomer hrough a capacitive probe 2 at t pen end 24

-of t he resonat or' s’wm:hmmddwmgmwwxm@mmunmnfkgwmlﬂwmmms
make up t ng
Foint "2 and 1y 9h8 deBible U athg ve ot wbfly B oF Haleralto b5 Refid
‘al sg formed of 3 chyassebf t}hgk}l?sﬁ,eid rWit?ld w]g]fomed ofd continuous oov\llihdnwtor it Btfahge
conductor 32 and a I e or afirs si ng, 34 i surrounds
resonator tube 26\ W@EM ‘B@ﬁ‘ﬁ'g“%‘&h?‘ﬂ’#“%‘ﬂ&l’%h&%‘ 1on0fi st ance
conduct ors @ﬂd%th?wﬁﬁ&fm&%&%a%mﬁmmwvﬁ pduct or

of a coaxi al cabl e connector ) coaxi al cable (not sho from

connector 38 | ead¥pieally 8 m@s@mmm themency aBUh@bttr!%w teusedsr Thisippl v)
10, L a8 SselhMIPRAR e A 5 of BRGNSl et BSRFL
selected frequency. For example, 1f the matenal heating properties require a minimum
frequency of 400 MHz (wavelength of 0.75 meters) then the largest coil circumference
which may be used and still keep the conductor length to less than 0.1 wavelength is
0.075 meters (2.955") making the maximum coil diameter 0.94”. This limits the
20 maximum diameter of material to be uniformly heated to less than 0.94 inches.

This restriction may be overcome and larger sections of material heated
at a selected frequency by putting one or more capacitors in series with the conductor;
in this manner, the current can be kept more uniform over coil circumferences that are
much greater portions of a wavelength. The length of the conductor forming a coil is

25 divided into multiple segments with each segment made a small fraction of a
wavelength (i.e,, 0.1 wavelength or less). A capacitor is placed between adjacent
segments to correct the phase of the current or to partially tune out the effective
inductive reactance of the coil conductor segments. By use of an appropriate
capacitance between segments, the RF current flow from segment to segment is kept

30 nearly in-phase and of near uniform amplitude. This allows uniform heating of much
larger sections of material than would otherwise be possible at a selected very high RF
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adj acent to, coupling probe 22 to forma coupling capac| THIScSHEHAHAS BEENS

t he resonator input inpedance at connector 38 fo beR¥PLACERI ect gd
val ue. Typi I | S I nput i npedance is made TO natLcn _tnar_ of~the
coaxi al cabICQOL%QMO carry el ectromagnetic (EM psmwmsource
40 but it nay be nade a different value to 5 directly match a cl osely

adj acent generator, anplifier, oscillator or.wther conmponent.
Provi di ng an input inpedance of 50 ohns or less allows the use of a |onger

c;)axi al ¥ c&ﬂu:w?a ffhwtcapac@oﬂsﬁnay@mfertkhigsbzfoﬁna?b)eacMWMi 9[‘. is
el ectrica connect 0. a . connect or, al so.forms a capacitiye
coupl i ng toyr esona‘f"gsuctt%g"%théf?&s%?"B’é‘%@%ﬂ‘m €, b“‘“‘l‘é)%ﬁ"&?‘&é‘é‘%%mﬁ e
of the resonator ecideqiiye ctrentcapadity)volfagé rating, MRS etistabcd'Ridi stbility) OThe arealdt thd Ne

resonant power |evel, indicating proge,r tuning of the resonator to the EM

wave s our@gtien ofcgpdycinryga eachiside ohan inflating sebstrateand thethickngss and
anplifier to cayseglibckOconslaht 3k Jumbﬁl?a?e sets, to a first @rﬁ%, ?ﬁg‘iﬂg of (i€ cmgﬁn%‘r@?ﬁ or

source at the resonator frequency when the output o
i s connected to rdoomestasis welbknowndfapparailsl plate icapaifors. Wavelength effects may need to

Lov oSt ELanoe oSl i BAAR HeMSE, TBeERE rBS e
forma c dowidiletriclossahd goed kighhveltage bredkdowar propertidic Tehler-baed end 48.
Low resistance co nn?aut(e:tga?sr have been found suitable for some applications though other substrate
10 materials can be used. The etched paraliel plate capacitors can be combined with the
conductors that form the coil segments and an appropriate pattern etched
simultaneously in the double clad board to form the coil strap of a desired length. The
coil segments and overlap to form the capacitors can be of the parallel multi-conductor
configuration previously described or made of a wider strip. Other means of
1s fabrication can also be used within the scope of this invention. Applicator 80 may use
the same power supply 40 used with applicator 20
The composite bonding material (CBM) used with the present invention
comprises a bonding matrix with a plurality of magnetically reactive susceptors therein.
The bonding matrix can be a cohesive material (thermoplastic, such as polyethylene) or
" 20 an adhesive material (epoxy or hot-melt) or a mixture thereof. Simple susceptors such
as ferrite powder may be used. A preferred material is the layered, magnetic particles
described in U.S. Patent Application Serial No. filed on or about March 29,
1995 (attorney docket no. 51206USA7A). These multi-layered flakes include at least
one thin-film, crystalline, ferromagnetic metal iayer stacked alternately with at least
25 one thin-film dielectric layer, and are present in the bonding matrix in an amount in the
approximate range of 0.1% to 10% by volume. The composition of the CBM is
generally not critical and is not per se within the scope of this invention; however, the
CBM must be reactive at the applicator frequency. The bonding matrix or susceptors
could also have a material which has a dielectric reactance. Finally, the susceptors
30 could be self-regulating, i.e., Curie-limiting.
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32 is electrically connected to conductor 30 and housing 36 by a netallic
etement—56———and—+s  f urther—eonnected—toe—heusi ng 36 at—the—extended
interface 52 to forma part of the outer conductor and carry a

maj or part of the EMresonator current flowng in the 20 conductors in
t he region near shorted end 48. The adj acent surfaces of 32 and 36 are
shaped to b¥%EYMPormto the material 54 to be heated. SePSTHSIYHEPes for

el enent s 32 and 36 for heating round or flat naterial are
illustrated in Figure 2. Material 54 21-May be heated even though
that material may not conpletely fill all the region available for
the material. The center reginaagiPihe iventichtiasibeen aRRsibéd with Efiraie 46 spedlicand
2C may 25 also be heated but not at the sane rate as the nmaterial at

the periphery of emhedineptsothis description is notmeans 4o be constsurddn 8 limiting sensen (Varigus
and 36 separate %o@ﬁ%atﬁgs %fﬁ{?ggg’dgﬁsg& glgggdéﬁi?:g a3 Qvell as alternative ehlbBdi ©F the

conduct or are hinge M ng separation o and 32
to pernmt materi ainvénion,ovil) beqimeapparent to ipersonsgkilind inrthe art poroseferdnse tethter t o

be pl aced und ial to, d _.Oh
i NG ng- and setarSrson of e gvenon i MierrR cofichBlardd 1A she RidiBeaops o,
pl aced and cl arrpelsbﬁmﬂuouaaépeuﬁngfﬁwmeeﬁmormpe of the préseht iOéntiod 8Sdefined

-14- material to be heated will becone apparent to those skilled in
the art upon ref eipdbrappensded claims.



this disclosure. mllrllll mlnmﬁlmrﬂlﬂuguratl of. Eigure 2A
makes use of a single netal “ete serve| 3HIS BREET ﬁASrBEmI
short between the inner and outer conductors,’ as well ap t he REPLABED D mgi.
In the configuration of Figure 2B, the el ectrical short i S
el ectricall yv)o%%%@d fromthe Shl el d (housing 36) which forns the outer
conduct or of the resonator such that the hi gh EM cuPEFHRE6@IS3 N0t
fl ow through the external hinge 58. This construction provides
better shielding and reduces el ectromagneti c.@ ssions fromthe

heater. In the configurations of Figures 2C and 2D, | ow resistance
conduct or 10 XLABMShaped to electrically isolate this conductor from

the shield at the high curr shorted of the resonator to

better equalize the current‘i deﬁﬁt?”ﬁ‘é%f )f?’ﬁ'ﬂ"” bonding, compeising) 54

fromsuch currents in el enegicompékite ﬁlalt],gv,;, g5 e r%w ﬁﬂ'k t
of conponen s

the shield to mnimze emssion fields. The adj acent surfaces

32 and 36 SUSGEPYPrs, Said fusceptors heing, magreticali reactive st e drequency sbave 150 MiZ;
Figures 2A, 2B, §2Gaq" 2D may 15 be shaped to conformto any of the
materi al geonetries as shown in any of these Fi gures or any ot her

shape as may be appropri at e applicatbemeans forapglying iradidnk pleathumugnéticenergy to said

and s 0 o et el Bt shene 50 M sl v

breakdown ef f ect s mdy Heltrated fifficiently to meR @PoRionlof Said S&fRidtsix. S€rves to
reduce the velocity of EMwave propagatlon in the 20" resonator, thereby

‘reduci ng the required physi éalhesystemef Glaim i svhereinseick sysceptors are sugresically

nerotrom ar t AG. Yelch%é RARErab or4C SR il Vol b cifor e i ol

‘characteristic i rrp!mm'nwneﬁfmaﬂymdfemﬁgeoﬂs-wom{zansm ssion |ine el enent

whi ch forns the resonator. ectric eri ext over
the entire length of the re?ﬁ%%‘%?f% °V’%“%l’°&w'mm€6ﬂgﬁ=ﬁ 25
Figure 2, and may quaitér-wdvie résondaod. y a portion ofthe space between the

conductors. The di el ‘hlel c nat r| al is selected to have a m ni mum of
dielectric loss to aid in nfi RS ¥ Claim 1 1 further, comprising & ROMSF supPlynwherginhay e

a relative di ehgclshidappiitafor MehnsiSsel [ fbeeach I
size and Z[err] of theﬂr esonat cfr scegﬁbﬂlﬁroﬁrﬂabl?gg?dfgbl s electric WWY&&G@
i nsul ated from powerﬁers@ﬁémwemnnlym Whmaﬁﬂ‘mmemmfmbeaagwdal

62. This dielectr 'cSmBUs?ttebQﬁdl{?émL%.

5. The system of Claim 1 wherein said applicator means includes an
applicator base and a heating adapter operatively connected to said applicator base,
20  said heating adapter being selected from a plurality of heating adapters each having a
different geometry for heating said composite bonding material.
6. The system of Claim 1 wherein said applicator means includes a
plurality of wires, electrically insulated from one another, each forming a coil with a
common axis, each of said wires being electrically connected in parallel.
25 7. The system of Claim 1 wherein said susceptors are further
dielectrically reactive at said frequency above 50 MHz.
8. The system of Claim 2 wherein said applicator means generates a
peak frequency of about 125 MHz.
9. The system of Claim 3 wherein said quarter-wave resonator is
30 elongate and coaxial, having an inner conductor, and an outer conductor at least

This Sheet Has Been Re; ﬂ

A



PCT/ US96/ 01853 RErLAbED 15-
Figure 3 further illustrates how different heating adapters—tconpoment
30, 32, 36) rragznbe attached, one at a tine, to a comon applicator_ bhase
(corrponents 22, 26, 28, 34). Even if conpletely se 1853

1 TS TR

applicators were provided, they could still use a common power
supply 40. 5 A continuous sgxap of conductive material (not
shown) may be used in pl ace of elements 30,32 and 50 to forma | oop
around materi al ﬁ@ﬂﬂlg she@indihg sdidiither conductor, $4id drmer\dnd| othtep coRductobs heilge
connected at 46 to 28 and at 64 to 34et§q‘g?‘&ow de the el ectrical
requi renents forelectacally $99849% | engt h (i nduct ance) needed
to forma quarter-wave res,gnﬂ, c!;f@,‘,{g{@d‘,ﬁ@qﬂfrequency Means to adj ust
the length 10 of the oop by the conductor and thereby control
the tension may be sandmymmwommclmﬁgem;mem&sam baving g

the strap pasdecth e soudytforchoy 6 SR bondurar peledSeparhly B Wi nile 1
Fi gures 4A and Agpndhé@wr; and adapt ati on 70 of the quarter-wave

said inner and outer conductors are electrically connected at one end of
said applicator base by said plurality of wire coils.

11. The system of Claim 6 wherein several of said plurality of wires are

10 stacked to form multiple layers of said coifs, such that the effective resistance of said
applicator is reduced and the current-carrying capacity is increased.

12. The system of Claim 9 wherein said applicator means further
includes a capacitive probe for coupling electromagnetic energy to said inner
conductor.

15 13. The system of Claim 11 further comprising a plurality of capacitors,
each connected in series with a respective one of said wire coils, such that current in
said coils is approximately uniform for coil circumferences which are greater than 0.1
of the wavelength of said radiant electromagnetic energy.
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resonator nost suited for heating j)f“ﬁﬂ@]lﬁ”ﬂ,’ﬂ f rrateﬁ*a-l-e—t—ha&-.a.Le____
magnetical |y 15 reactive—at th ncy. A lEbhSHEEDHARREEN
joins resonator tube 26 to conductor®30°t ¢ form ajcont i RERIACED of

t he i nner conductor ofthe resonator. Conductive el enent 32715
connect ed thw;}&,? shield 36 to forma continuation ofthe out er
conductor. ANOCREI ™ ow resistance el enent 74 forns an el ect PCHESY6OM883 ¢
bet ween the two conductive elenents 30 and 32. The material 54 to
be heated is | ocated 20 Dbetween the adjacgnt surfaces of 30 and 32
where the high EM current of the resonat or heater produces a

maxi mum EM fiel d. The edge a#. Aineppardtes fordpplyingradifledtfomagnetic enetgy thnsert ed
through a slot 76 al on ne side of houa}ieggr%, extending I1nto the region

bet ween the conduct IFAGHVE SuSCEPIOfs, SEAMATBIE: ends of the shiel d
al | ow ext ended | enghhglofgatémh& doRducidr: S! i de through the conductors
30 and 32 as illustrated in 25 Figure 4B, useful in accommdating, e.g.,

I ongi t udi nal flanges of cabll_%ﬂ@m#s%m'@s}t congductor at least pactisliy sistopndihg sdidbinner
eAL e P o8 o B EATY B e 5 ok B
it may be an beingielectrigallyl conaccted dt aicominon end to form a quarter-wave resonatd?OMRIr
SUDBLY 40 1o A S RNl B Sk ] I GRS et
resonat or frequencysdeptofsthfytediftefpdstitbetinden B itnef arldYRite? 3bAduetor ind
application, in the WO 96/ 31090

"PCT/ US96/ 01853 means attached to said inner and outer conductors for electrically

10 connecting said conductors to an external power supply.

15. The apparatus of Ciaim 14 wherein:

the susceptors are magnetically reactive in the range of 75-500 MHz;
and

said apparatus is adapted to radiate inductive energy in the range of 75-

15 S00MHz..

16. The apparatus of Claim 14 wherein said connecting means
comprises a coaxial connector, a center conductor of said coaxial connector being
coupled to said inner conductor, and a ground conductor of said coaxial connector
being connected to said outer conductor.

20 17. The apparatus of Claim 14 further comprising a capacitive probe for
coupling electromagnetic energy to said inner conductor,

18. The apparatus of Claim 14 wherein said inner conductor includes a
resonator tube, and further comprising capacitive probe means for coupling
electromagnetic energy to said resonator tube.

25 19. The apparatus of Claim 14 further comprising probe means for
sampling resonator energy at said inner conductor.

20. The apparatus of Claim 14 wherein said inner and outer conductors
are electrically connected at said common end by a plurality of wires, electrically
insulated from one another, each forming a coil with a common axis, each of said wires

30  being electrically connected in parallel.
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I-O'16- range of 50-1000 Mﬁummgwﬁ]mﬁmﬁgt 8;/ :

connection In the present enbodi nent, wherein the app % BEEN
sized for sealing tel ecomunications cabl es and cl osuress

ED
Ye
optimum freguency is 125 MHz The power fromthe generator is_optimzed 1O
5 the size g’ﬂf‘@i‘l’ﬁnt of the fusion bond. The power supply,’qgwlpéas t he

appl icator, shoul d conmply with all applicable regulatory
requi renents, as well as industrial S4.andards such as ANSI/ | EEE
standard C95. 1-1992, "Safety Levels wth Respect to Human Exposure

to Radi o Frequency El ectr orpgAsystem forapplying Sadidiit electraifiignétidzenergy to

An alternative applicator design 80 is depicted in,Figure 5 and also
10 provides neangaW'Hi'WWBYFWYPF’EHWQF‘ﬁmﬁP@BW%g a very high
frequency, high i rymg*pg{w nating el ectromagnetic field.

Applicator 80 exhibits reduced power | oss in the inductive

-~

coupling el enent (a coil 8a&plrality ofiepplicstorseach havingmeansifor nductively heatingshe

magnetic field.ntensity. for [ i ah. nd
al so reduces > éu%c@@{gﬁ@ﬁﬁg%ﬁ%@gﬁ%&ﬁ%hoﬁ%{eﬂ@gﬁ%g%? Gfﬂ%%ﬁ%%@ t he
hi gh frequency cuspplicdtors/firthenBaving a differefitigeometny fof heming diffecently Shdpbsd: matesible r
coil design allows the use of higher frequencies than woul d

ot herwi se be possfaManing, eéF‘FFl?}P%nt heating of material of large diameters.

The el ectromagnetic field iy hogRRMAFCIAM 21QUNerdi edth OPRiid appliddtodshad &F
current, |, flowng in the conductor. The power dissipated in the coil is

equal to 12R input impedaneeofi30johmsiopless.f ecti ve resistance of the | ength of

gio\r/lggcwr fornjng the coil -zs.AEhé@éfﬁm_ofﬁ%fﬂW&&Lﬁ%&é%&aﬂpﬁé&tﬁ&%&§
‘A = cross-sect i ongiarer-eavefesdriatorconduct or, L =
length of the conductor, arﬂ.ThesystemofClaile wherein each of said applicators is adapted

to radiate inductive energy in the range of 75-500 MHz.
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area is 0.049 square inches (31 sg. mm and resistance wo beﬂﬂquc-b.

10j 4 ohns at DC and at very |l ow AC frequencies. A curr 00
anperes fl ow i.nthe wire to produce a magnetic field would
cause a pome%‘?é ation of 1.71 watts in the wire. 30 PAHNHEMBSI 55 | s

wel | kiown, at higher frequencies the skin depth effect restricts the
effective cross-sectional area such that nostagf the current nust flowin a
very thin WD 96/ 31090

PCT/ US96/ 01853 25. A system for applyinﬁ,radignt electromagnetic energyto - 1/-
region near the surface of the conductor. This increases the eftective

resi stance and magnetically reactivsgusceptogs, thesyster cpmpasings gi ven current

t hrough the wire. At 100 supply; an exanpl e, the skin depth for
copper is 3.5 x 10[err] inches and tpRé eqfective resi stance of

the same 0.25" diameter, onepplinatorimeans fini indudtively beating theysuscepiars, said applieatac

to 0.3988 5 A A n f. 1 eres. the power .
di ssi pation becg@@@%%ﬂ&&(ﬁ%aﬁpﬁ&ﬁﬁe hg’ﬁ?%g%?&&kﬁé’@a&@%%d
becone very hot vmmbtdmmnalbawmpﬂﬁ,ﬁhﬁ'}ﬂﬁhﬁﬁﬁﬁﬁeﬁéﬁmﬁvelycomecteww\er
in a vicious cycle, ,and which can . lead to excessive thermal heating of
mat eri al applicater base, said heating adapter being selected from a plurality of heating

adapters each having a different geometry for heating differently shaped materials
containing the susceptors.

10 26. The system of Claim 25 wherein said applicator base and a given
one of said heating adapters together form a quarter-wave resonator.

27. The system of Claim 25 wherein said applicator base includes an
electrically conductive resonator tube located within an electrically conductive outer
shield.

15 28. The system of Claim 25 wherein at least one of said piurality of
heater adapters comprises a plurality of wires, electrically insulated from one another,
each of said wires forming a coil with a common axis, and each of said wires being
electrically connected in parallel.

29. The system of Claim 27 wherein said connecting means comprises a

20 coaxial connector, and further comprising a capacitive probe coupling electromagnetic
energy to said resonator tube, said capacitive probe being connected to a center
conductor of said coaxial connector, and said outer shield being connected to a ground
conductor of said coaxial connector.
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'{gf 3: ternative design of aﬂog: [ fgig;fﬂmmmﬂm"ﬁmﬂuw; ;:i ;y of smaI':I! er [s

section at high frequencies for®a 'gi Venst ot al oﬁ n& gr! LAS BEEN
cross-sectional area. The skin depth for small L ameteEAGED es 5
appr oxi mate%%e&& | to that of large diameter wires but for small

wires the .p L*g‘{;e of the physical cross sectional area PREUS¥S¥Bes high
frequency currents is nuch higher. For exanple a 0.25" dianeter
solid wire has a cross section 15 aregqof 0.049 square inches but at
100 MHz the effective current-carrying cross- sectional area is

0.049/233, or 2.1 x 10[ er r 26.Jaiindition hédting systdmforl RgionfboAdifg) compeisingach

of 7.89 x 10[err] dianeter woul d, hgve the sane total cross sectlonal ar ea,

but if the wires a goraposite bending materal having-abandiog amatex and apiurality of
current-carrying RafSehdtiVP lscéptsis; ag 100 Mz will be 8.69 X
10[err]. This is 4I tinmes that of the solid 0.25" dianeter solid 20
tconductor, and the effect|mhmemmn8vapslymswmedg@muyetwmmuid 41.
For 100 n s.red tion in
the conductor Yr 5@%?”&&3%&5 éﬁ{tpé sfng 5 ﬂ%q‘% ﬁgeﬁf’l

A coil fornmed of n&lt&i;fmﬁb:ﬂifsﬁﬂlbﬁﬂﬁng m&trﬂlhﬁrapgmteﬁaﬁs inehiding a pheslity of

an attenpt to produce_ a eunlfo meleId of ea;er etent alongthe

wi dth and 23"“?:»&‘?“"!"5 et one prather B ASOMMPRAX U e
uni f orm heati ng 'e&hhaot‘ﬁhd%resbem electriéill§ Rorttlectd® trpak ], \m. ch absorbed ener gy
fromthe H conponent of an el ec%romagnetl C field. Wth a w de

‘conduct 08 strip carrying %Dmleﬂﬁmofﬁlﬂm&threm@e\temomwrdﬂy@f\wes
the edge. Thi 0 e dithed 8 ofth BleIiert I3l Si{ sibbin Bl Bebenelegiaien B8 1o

‘edges of the condaidapplicaodisiredueed and the curredb cirhingdagacitgiisincreaded.f or mi ty of
the current distribution c e i nproyed. a owe effective
resi stance as previously dggﬁFﬁé’g‘P%?v@w ggﬁ‘\gﬁ’mpﬂﬂ‘%?f’mw&%‘&ﬂ‘

each connected in series with a respective one of said wire coils, such that current in

said coils is approximately uniform for coil circumferences which are greater than 0.1
15 of the wavelength of said radiant electromagnetic energy.
29. The system of Claim 26 wherein said applicator means is adapted to
radiate inductive energy in the range of 75-500 MHz.
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conductors of smaller width. These conductors are physi cgl

by side and i nsul ated one fromthe other except
el ectricall ted in parallel at the ends to forma er o
conductors )()‘Ygg&gg@l red overall width. These | ayers may be P(%‘IUS%IG)J tacked

to further reduce the effective resistance and thereby increase the current
5 carrying capacity and reduce the power disgipation for a given flow.

The described | ayer of parallel conductors which forma conductive
strap-type coil of desired 38 Ankthuoffisichdonding thermdpldstiamateriglpesmpiising the
boards to rqvi de the desired pattern of conductors on the one or
bot h si des of the“ﬁﬁ?gl ating substrate. The thickness of the
etched cladding and the wi Qbdirifi a boaposits biidiithaterial adjfcencOsiti6s OF the Shoul d
preferably be sonewhat greater than tw ce the skin depth for the .
frequency of the thermoplestic matgral, said compositehonding mategialdnaludingabanding mateix
using the stra . f f ' '

spaci ng from cgnd‘t?gta rl“r ggggn u tcg?’tsgd sﬁ’chﬁtﬁrsstfggr@&%égﬁ{lweﬂrﬁn %?}r'réuam&fﬂr%g'tmy

al | ows adj acent cabode5d MEz; amd nut ual |y cany current with a mni mum

reduction in the effective ski.n depth . ,fromthe, effects of the pthe 15
For exanple, etched parall @W%B@&“&W&@ﬁ"&%ﬁ@ﬁ%ﬁ%@“ﬁ?ﬂ&%@c@z
0. 012 inches centwrsaid@ompoiitebondiffimatefisl uhlll saidGliepton &hdatedautficientlyfoafielf O

forma strap . conductor qf abgut 0.500 to 0.75 inches total, w dth.
The number of par&Pp9rtipn of said composite honding material agd & pprtiomof said th c
i nsul ati ng sulygt rgiesahave ranged from 0.005 to 0.062 inches in

t hi ckness and "have 1 ncl uded fiberglass, Tefl on, reinforced Teflon, and
20 pol yami de material s. Thi3d. Thesmetbéd ofClaim:30owhereit [said susceptonstare agneticallyl

OO "2t g O SO L i A ol i ™ ©
electromagnetic energy in the range of 75-500 MHz.
32. The method of Claim 30 wherein said applying step is accomplished
15 using an applicator which includes a quarter-wave resonator having an inner conductor
and an outer conductor which at least partially surrounds said inner conductor, and
further comprising the step of capacitively coupling a power supply to said inner

conductor.



conductors on each side of the substrate nmay be used to provide el ectrical
conmect i ons at—the ends—er—at ot-her—poetnts—as desi+ed—Fhe endsof
atl the conductors are electrically connected in parallel by a

wi der regi on of conductor which al so provides neans' for 25 connection
of the strip to the remainder of the circuit and to the generator used to
provi de RF‘gﬂ\Rﬁf?mﬁhrough the coil. POFESIHOISB Wi r e
coil may be connected to a short sectiq 5of coaxi al RF

transm ssion line as previously describe for the resonator conprised of an

i nner tube and an outer tube to wgich RF power is coupled through
a capacitive probe, or to a 30 suitabl® acitor to forma high Q
el ectrical resonator tuned to the desired opg frequency.
Sui t abl e i npedance matchi ng may be i ncl uded q maxi mum transfer
WD 96/ 31090 o
PCT/ US96/ 01853 -19-
of power froman RF generator to the resonatpr ftotnaiki m ze the efficiency
wi th which avai |l abl e RF power is ust} The koil is preferably
enclosed in a shield (full or partial) 1 to nimze the externa
el ectromagnetic field and to minimze th i &t ed ppwer and
t hereby i nprove the efficiency of generating a:hidh ntensity RF magnetic
field within 5 or near the coil. U ro
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Many materials whi ch may be heated by exposure to the H conponent

of—an eteet+rorraghettec—wave ar e—fere—absor ptvre—at—h gher fr-eguenetes—than

at | ower frequencies. For this reason it is desirable to use as
hi gh a frequency as possible to produce the desired heating rate
wi th m ni rum anount of RF power. However, it is 10 also desirable that

t he heati ngMR96@3#% orm al ong the full extent of material t SCHESHBEHE
by use of the RF field. Wth a coil formed of a continuous conductor that

is fed an RF current, the fiel /il l vary al ong the conduct or
| ength as a function of wavel ength. Thus the coil circunference
must be a small fraction of a wavel engt h, typically 0.1 wavel ength
or less, at the RF frequency at which it is to be used. This 15 then
sets a limt as to the maxi mumsize of material that i f&y My
heated at a sel ected frequency. For exanple, i t:) e@al
heating properties require a m ni num frequency gH—408-4\IA
{wavel ength of 0.75 neters) then the largest coil céy ¢fEvt<E !"
whi ch nmay be used and still keep the conductor |eng ‘m !SS"E 0.1
wavel ength is 0.075 neters (2.955") maki ngm b i %!
dianeter 0.94". This limts the 20 maxi mum di al to be
uniformy heated to.less than 0.94 inches. Thié
restriction may be overcone and | arger sections of ‘
at a selected frgquency by putéi one or nore capaci f} drls Wit
the conductor; & in thi nner, the current cgs : re *
uni form over coil\circunferences fhat_are PRy ' rtu@ of
a wavel ength. The¥ength of $he uet formng a cé dimes ded
into nultiple segnents with each s )ﬁa made a s 7 &
wavel ength (i.e., 0.1 wavel 818 A capacit = t ween
adj acent segmanﬁ B CQHIeBl e phase of th# (o]
partially tune out the e > i oy Nductive r@ R ) coi |
conduct or segnents. By ge f: ol i Xe 20N \\Bk 8 ween
segnents, the RF curren I N LY g nt to segnent : SN 7 Nnearly
i n-phase and of near unif orfgs L4 This allows um ﬁ:\\\.ﬁ of nuch
| ar ger sections of mat er@l § (e { X therwi se be p@psi pPekgi—Nsel ect ed
very high RF T RN | S0 : /\\\’
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-20- frequency. These capacitors may preferably be formed by etched
patterns of—————eorduetors on both—si des -of—ar—+rsul ati ng -substrate—but
coul d be discrete capacitors of adequate current capacity, voltage
rating, |loss resistance and stability. The area of the overl ap of
conductors on each side of an insulating substrate and the thickness and 5
diel ectric WORAM of the substrate sets, to a first ordRCTYEOBR ue of

t he capacitance so formed as is welghgknown for parallel plate
capacitors. Wavel ength effects nmay need {o be consi dered for

accuracy determ nations. The substrate material shoul d have | ow
dielectric |l oss and good hi gh-vol tage breakdown properties. Tefl on-based
mat eri al s have been found suitable for some applications though other
substrate 10 naterials can be used. The etched parallel plate capacitors
can be conbined with the conductors that formghe cqil ge gps and an

hi gher

appropriate pattern etched sinmul taneously int e aodbl e board to
formthe coil strap of a desired |length. The copzz 2 nd overl ap
to formthe capacitors can be of the parallel nulti-gQonducirp, ol
. . . . . . LS
configuration previously described or made of a mngf S{F-T M. r Yeans of
15 fabrication can also be used within the scop shifl 4 ) on.
Applicator 80 may use t he sane power supply&l etk 41af |l icator 20
e conposite bonding materia used w . i on
Th nposi te bondi ng t | (CB d th th E5H04,{)-1 Q
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conprises a bonding matrix with a plurality of magnetically reactive
susceptors—thereti———— The bording matri x -eanr—be a cohestve—materi al
(thernopl astic, such as polyethylene) or 20 an adhesive material (epoxy or

hot-nmelt) or a m xture thereof Sinple susceptors such as ferrite
powder may be used. A preferred material is the |layered, magnetic particles
descri bed i WVPEBI0,t ent Application Serial No. _ filed oPCBUSAHYSE Mar ch
29, 1995 (attorney docket no. 5120GWSA7A). These nulti-I|ayered fl akes
i ncl ude at | east one thin-film crystalline, ferromagnetic netal |ayer
stacked alternately with at least 25 one thin-filmdielectric |ayer, and
are present in the bonding matrix in an anountzg@n the appr oxi mat e

range of 0.1%to 10% by vol une_.The conposijfon of .the CBMis

generally not critical and is 8 peésse thin th34$cope of this
i nvention; however, the cBM ppstPbe reactive a\ the amgl %At or
frequency. The bon g gairi¥x of Jus 0 d S ve_a _nateri al
whi ch has a di el ect 1e WA LU A3 PSP T e
. . N . ’ 0
sel f-regul ating, i.e. | | e late : 2 W \
- R}
PCT/ US96/ 01853 ROAARISONNNN: SN 2 o
. Zﬁ . AN AR . (Y
Al t hough the inverfMo wi h ek SO NS ERYEH
enbodi nments, this de ' ' ot t drbet v ddnstcuB It R t"; A
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nmodi fi cations of the disclosed enbodi nent, as well as alternative
en%ed+ﬁ€ﬂ%&—eF4H«}————————4nven%ken—\mI+—%econe—apparemk4++{wﬁseﬂs
skilled in the art upon reference to the 5 description of the
invention. It is therefore contenplated that such nodifications can

be nmade mnthout d%Eartlng fromthe spirit or scope of the present &%vention

as defined W in the appended cl ai ns. WO 96/
PCT/U896/01853 5/5 -22-
CLAI MS: 1. An induction heating systemfor fusion
bondi ng, conpri sing: a conposite bonding materi al
havi ng a bonding matrix and a plurality of susceptors, said
susceptors being magnetically reactive at a frequency above 50 MHz, 5
and applicator nmeans for applying radi ant
el-ectromagnetic energy to said conposite bonding material at a
frequency above 50 MHz, such that said susceptors may be heated
sufficiently to nelt a portion of said bonding matri x.
2. The systemof Caim1l wherein said susceptors are nagnetically 10
reactive in the range of 75-500 MHz and sai.d applicator neans applies
radi ant el ectromagnetic energy in the range of 75-500 MHz.
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3. The system of Cl ai m 1 wher ei n said applicator means incl ugggp

quarter-wave resonator. 4. The system o’rﬁ‘@%ﬁ”ﬁ 3HEET
further conprising a povver suppl y, wher et 15 said appli cator nmeans i s

selected from.,a ur of . a cators each adapt ed to :

power from sHi®f ﬁo‘ﬁe& ﬁdﬁ‘ﬁﬁi‘{e%‘f&fﬁ "Hﬁ“‘&“’ﬁ? sb ?‘Hf‘“‘»@*‘d
heating sai dguter conductdtT80R4Y ﬁs@&%s@gf)&?&ﬂrlﬂutm not ele cally connected to ~ ©-
The systemof Claim 1 wherei'n said applicator nmeans inc u €s an

appl i cat or baetueramdacﬂoen anopencergd t16r Tdnp«shapelofehgercmduemrbtielddnsmh)dbe
appl i cator base,

aid heatin ter b sele tedf
plurality of r‘PfH%Qt(ﬂ%“% gts&‘%re %ﬁmg’“ﬁf cor%gu?atlo& b@éﬂ@?‘?’? for
heating sa drrﬁt? Tt@b?ﬁ lé'gif "JeRbeen the two con uftoas near the short&t enl b

systemof Caim erel n sald app |cat or means 1 nc

plurality of the III&S Hdésamtslotsaiahbelpmmdatthtbughdmmmdudtarneaeﬁwﬁteﬂ@nm ng a

coil with a each of .said vmres bei ng_. el ectr.ical l
connected in 16&9 a]lcp\g pnsernon dle?ectn aﬁy reactive materjal geg reggpg, m |y

wher ei n sai dy, g&%&g%&xdﬁ&ﬁrsfﬁjicgﬁrtheshortedene' egas%e g oY Ea Y6ty _sai d

frequency abo I'm2
wher ei n sai dzmpplhalfam;ro:rmhe&hgpmmﬁttmmatenaltob@hdted‘amlqhmby of about

125 M. o cousegh i n oo o SR e B i
conductor,  aRdn &P &hupfeB i thfesiatdrtiise of a capacitive probe at, or near, the
open end, by a inductive loop at, or near, the shorted end, or by a direct electrical
connection to the center conductor.
The quarter—wéve resonator must have an effective electrical length that
15 is a quarter-wavelength long at the operating frequency. The physical length may be
made much shorter than the effective electrical wavelength by appropriate use of
capacitive or inductive loading as is known, or by using an insulating material of high
dielectric constant between the two conductors. The high dielectric constant material
reduces the velocity of the electromagnetic wave in the resonator in proportion to the
20 square root of the dielectric constant of the material. By filling the space between
conductors with a material having a relative dielectric constant of 4, for example, the
physical length of the resonator for a given frequency can be (nominally) reduced to
half that of an air-filled resonator. The material of high dielectric constant also reduces
Z,. These properties are used advantageously in the present invention to reduce the
25 physical size and to increase, for a given amount of power, the current and the
resulting H field in which magnetic materials are heated (and can also be used to
control the E field).
The embodiments of Figures 2, 3 and 4 also have an advantage over
induction coils (multi-turn wire windings) in that they allow better control of the
30 volume of material to be heated, and they may be fabricated in the form of an openable
clamp to allow heating of the thin layer on the periphery of a selected length of
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partially surrounding said inner conductorl2-said i nner and outer conductors
bei ng electrically connected at one end of said resonator.

10. The syst erfdderigdvithoubreguisingiageess to the end of the material. For example, thear t er - wave

resonat or i ncl ' e | pner
conduct or, anﬁgﬁégﬁﬁgﬁi’%gﬁﬁ*ﬁf"%?gﬁ ‘%ﬁ‘{e@s%‘g@??pgﬁ{P@%‘&‘r“r”%&%ﬁga‘gai d i nner
conduct or; andextended length of cable rather than Bavirig to'pasy the 8able thireughcan ifdedtidh Toik ©

electrically cgnnected at one,  end of . . sald applicator base by said
plurality of wigdredpthows one embodiment of the invention for glamping aroupd radhesting) ai m 6

Mt phe oy er e SoRidl dbskh sl R ot mareold 6 3G Rl <
applicator is Figavecteshotsd sedundibodidient furhighting e of iagnstically abstiptive

12. The systemof Claim9 wherein said applicator neans further
i ncludes a cap‘&%ﬁeﬂi‘lﬁe probe for coupling el ectromagnetic energy to said

| nner conductor. Fi e]353ho ) greferr embodimen]tg’ of t-ﬁg z%v%ﬁaéngfé]ﬁ gié{ng’guai m 11

further conprising a plurality o apacitors, n

series Wth a sresmbaid heatigmatefialinitise péripheralrelion of sialetor atultiplé tabMs drn
said coils is approxjimte uni formfor _coil, circunferences which are

mat el . . !
greater thdf cclasures (FiguresgkA, 38; angh 3€) erfor heating flat stripsaf materiall (BiguredB)net i ¢
energy. The material (discussed further below) may be of a sandwich configuration with the

inner materials being magnetically absorptive at the frequency of the resonator and the
outer materials being either absorptive or non-absorptive. The heating of one or more
layers can be sufficient to cause the materials, or portions thereof, to reach the melting
15 or fusion point such that the layers become bonded one to the other. Many plastic
materials, particularly those of polyethylene, may be welded together in this manner if
one or more layers, by use of appropriate additives, are made magnetically absorptive
to electromagnetic energy of the resonator frequency. Such additives miy be particles
or filaments of materials exhibiting hysteresis loss or thin films of resistive materials or
20 materials which modify the bulk resistivity or conductive characteristics of the layer.
The applicator 20 of Figure 3A is a quarter-wave resonator with means
for coupling electromagnetic power through a capacitive probe 22 at the open end 24
of the resonator’s inner conductor. In this embodiment, several components make up
the inner conductor, including resonator tube 26, coupling joint 28 and low resistance
25 conductor 30. The outer conductor is also formed of several parts, including another
low resistance conductor 32 and a shield formed of a first housing 34 which surrounds
resonator tube 26 and a second housing 36 which surrounds low resistance conductors
30 and 32. Probe 22 is connected to the center conductor of a coaxial cable connector
38. A coaxial cable (not shown) from connector 38 leads to an electromagnetic signal
30 source (power supply) 40 which provides an appropriate amount of power at the
resonator frequency (discussed further below). Resonator tube 26 surrounds, or is
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14. An apparatus for applying radiant el edsfomagnetic energy to
magnetically reactive susceptors, the apparatus conpri sing:

an el ongat e i Bdisgent »9upling probe 22 to form a coupling capacitingerthed cangesitke out er
conductor at | east, partjally surroundin aid inhne 5 _conductor and
ext endi ng gené& §F?\?PB‘3PQW aqeg At 8‘?’5‘,"'“@3?@9 gﬁ]‘é& %SFFG“GLYL‘W dgRgaly tiss

bei ng el ectri Gipuk ¥npeAARRTS ffddeto MafchTRER Gfﬁi&f&ohﬁaxf&lsi@uaecﬂé&ia&}&f -Wave -

resonat or, and said inner and outer conductors ng-constructed
such that nat elecapmagnetiai(EM)powieefrom source 49 but it mayrbe nule abiifférestanhrezod
bet ween said i and, out er, conductors: and .. . means
attached t osd s é‘lﬂg&b TRaich ér‘f&’s{’)‘ﬁtﬁg’r“cﬂ% BERFL4ter amplifierepisillaqr of other compapent.
connecting saiPfoviing dh irphus irhsedasbeDf 56 ofifks oP RUPACWSRRL Yse of a longer coaxial

15. The apparatus of C aim 14 wherein: t he

susceptors ar Gableyrtboitcsignificantloss. i Amother protee 42which isfele'b&id"zﬂg cddrerted éo a
and sai d apparatus s adapted to radiate inductive
energy in th ecpmréft, algo formsixgag fyeGpppling to resonator tube 26 and may be yged The

appar at us of ' W | | er]é}‘gfgé,i 9| a
cggxi al conneggtd,ﬁ%%cent efb%ﬁgéjg?%r of 5?%“?@@?5’% r?r?eescﬁ%{eq?ﬁg
coupl ed t ol0saithe tesonant m&iﬂwehdndng@r@gnMganMMatmﬁosba gl(\)/bwm al
connect or bejn nnected. t o said, outer copgductor. .
17. The appar 8P%§® 8F %%I%%ﬁ%ﬁ?‘gﬁt"ft ‘R ?@B.r?f:ﬁc":@?‘ﬁéma efda cpyseictoself gaciliate
coupling el ecah@BR@AR! the ERM Boe¥r dolrceak the rBdinator HaGLknky When the output of the

amplifier is connected to resonator input coupling probe 22.

Low resistance conductor 30 is removably attached to resonator tube
15 26 by a low resistance detachable connection 46 at coupling joint 28 to form a
continuation of the center conductor to the shorted end 48. Low resistance conductor
32 is electrically connected to conductor 30 and housing 36 by a metallic element 50,
and is further connected to housing 36 at the extended interface 52 to form a part of
the outer conductor and carry a major part of the EM resonator current flowing in the
20 conductors in the region near shorted end 48. The adjacent surfaces of 32 and 36 are
shaped to best conform to the material 54 to be heated. Several shapes for elements
32 and 36 for heating round or flat material are illustrated in Figure 3, Material 54
may be heated even though that material may not completely fill all the region available
for the material. The center region of the round shapes in Figures 3A, 3B and 3C may

25  also be heated but not at the same rate as the material at the periphery of the regions.
The outer conductor components 34 and 36 separate at 56, and components 26 and 30
of the center conductor are hinged at shorted end 48, allowing separation of 30 and 32
to permit material 54 to be placed in the region or to allow the heater to be placed
around material to be heated and then removed. Other hinging and separation

30 configurations to permit the heater to be placed and clamped around various forms of

REPLACEMENT SHERT

2 2 SEP 1997




18. The apparatus of Claim 14 wherein said inner conductor i ..
resonator tube, and farther conprising capacitive probe maf@ﬁmﬁpﬂﬁfﬁﬂ
el ectromagneti c energy to said resonator dfbe. 25 19.
The apparatus of Caim 14 further conprising, probe neans for

sanpl i ng r esomateral tobehggted will hecome pppareattodhesegskilled in the art upon reference to

20. The apparﬁms&gsug aim 14 wherein said inner and outer conductors

are electrically connected at said common end by a plurality of wires,

electrically i NThe edrifigufatiomof Bigure1DA Infakes @sef afsinigheé metabeleendt 50i th a
common axi s, each of said w reisl 30 being el egt rically connected in
paral | el . to serve agithegleetnioal short between the inner and outer conductors, as well as the

PCT/ US96/ 0485 . . . .-25-
21, A syst ém HSEe. Jashe configuration of Figure 3B, the dectical short agross 30 and 32i

magnetical |y eeatitdllydsciated Goinothe shitlddheusiige3w) aiigh fosm$ the outer conductor of
a power supply; a plurality of applicators each

; and .
havi ng means é)@rresqaaﬁ% sychethat the high M cuwent does Botfiny: tspughsthe gxteenabhingeiapt ed
to receive poggrpf i 9 lﬁﬁﬁlh f i?i . L.cat ors
further havi ngﬁaTE‘f ? E}ésr?%ﬁﬁmgg%g%{eﬁeg 981#6% ea ng i) gei?lg?l ?v%%€%51$18%
material s from the heater. In the configurations of Figures 3C and 3D, low resistance conductor
10 32 is shaped to electrically isolate this conductor from the shield at the high current
(shorted) end of the resonator to better equalize the current flow and heating of the

material 54 from such currents in elements 30 and 32, and to further reduce currents in
the shield to minimize emission fields. The adjacent surfaces of components 32 and 36
(such as at 52) in any of the resonator embodiments of Figures 3A, 3B, 3C or 3D may

15 be shaped to conform to any of the material geometries as shown in any of these
Figures or any other shape as may be appropriate for heating magnetically absorptive
materials. Dielectric material 60 between the inner and outer conductors 26 and 34
provides electrical insulation to minimize high voltage breakdown effects at the open
end of the resonator, serves to reduce the velocity of EM wave propagation in the .

20 resonator, thereby reducing the required physical length of the resonator for a selected
frequency, and may increase the current flow and the heating effect therefrom at the
shorted end of the line by reducing the characteristic impedance, Z,, of the
transmission line element which forms the resonator. Dielectric material 60 may
extend over the entire length of the resonator or over only a portion as shown in

25 Figure 3, and may fill all or only a portion of the space between the conductors. The
dielectric material is selected to have a minimum of dielectric loss to aid in maintaining
a high resonator Q and to have a relative dielectric constant as required to optimize the
physical size and Z, of the resonator. Coupling probe 22 is electrically insulated from
resonator tube 26 by additional dielectric material 62. This dielectric must be of low

30 loss material to minimize adverse effects on the Q of the resonator and may be of the

same material as 60 or different.
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cont ai ni ng the susceptors. 22. TheREPLACEMENF SBEET m

21 wherein each of said applicators has an ' I nput 1 npedance of- 50
ohnms or |ess. 10 23. 3re systemof Caim21 wherein
each of said applicators includes a guarter-wave resonator.

24. The syst efreqienty.aThes? tapdcitosinmygaeferably bedformedipl étclrd pattesns ofidapt ed
to radiate induc}ive engrtgy,d'n ;,he, range o 75-%00 M—g ) WO
96/ 31090 conductors on both sides of an insulating substrate, but could be discrete capacitors of
PCT/ US96/ 018534equate ciirrent capacity, volt ing, | i d stability. Th 3
75, A syst em Forieas s captcls, yoage g, ogeessmncegad by, The ares or
magnet i cal | y peerlapiof eosdistorp oo each sidesofansnselating sahstraierand the thickness and

a power supply.,and appl.i cator, neans for ,

i nducti vel y héﬂm qopstant of the substgate sets, 40 3 fisst; dedgrofhe Value of the capacitanc 90, ng
1) an applic | g E%H ' |

E)a)se to gg ex%ﬁ%ﬁ%&gﬁoﬁg‘pﬁﬁ@%sﬁfﬁg&fﬂggt Wr%ela p't@g%&gglg?g%é[hvtgl y
connect ed t o be consideredstar Highermccwratyodet&rasimationni Thémibstrate matkxjal shoubkhave

LR TR RN TV MMM 2 R D TV
materials have been found suitable for some applications though other substrate
10 materials can be used. The etched parallél plate capacitors can be combined with the
conductors that form the coil segments and an appropriate pattern etched
simultaneously in the double clad board to form the coil strap of a desired length. The
coil segments and overlap to form the capacitors can be of the parallel multi-conductor
configuration previously described or made of a wider strip. Other means of
15 fabrication can also be used within the scope of this invention. Applicator 80 may use
the same power supply 40 used with applicator 20
The composite bonding material (CBM) used with the present invention
comprises a bonding matrix with a plurality of magnetically reactive susceptors therein.
The bonding matrix can be a cohesive material (thermoplastic, such as polyethylene) or
20  an adhesive material (epoxy or hot-melt) or a mixture thereof. Simple susceptors such
as ferrite powder may be used. A preferred material is the layered, magnetic particles
described in U.S. Patent Application Serial No. 08/412,966 filed on March 29, 1995,
These multi-layered flakes include at least one thin-film, crystalline, ferromagnetic

metal layer stacked alternately with at least one thin-film dielectric layer, and are

25 present in the bonding matrix in an amount in the approximate range of 0.1% to 10%
by volume. The composition of the CBM is generally not critical and is not per se
within the scope of this invention; however, the CBM must be reactive at the
applicator frequency. The bonding matrix or susceptors could also have a material
which has a dielectric reactance. Finally, the susceptors could be self-regulating, i.e.,

30 Curie-limiting.
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conti i ng e suscentof I 1IN, .. 26 The SHEPEUESIENT Sy

adapt ers toget her forma quarter wave resonét-or

27. The system of Claim 25 wherein said applicator base includes an
electrically c&ha\IMS:ve resonator tube located within an eI ectr| cally
conductive outer The syst em of

C ai m 25 wherein at | east! Mnﬁmgﬁihaﬂmﬂﬁf“ﬁf?" fysion bondmg, comgﬁ‘P'@g—Mer s
conprises a pl gl tacipodits BEndif isteriCibink o Soithnd ot AT PRRAPGE NeT

each of said wres form ng a COI| W|t a commn axis, and each of” said

W res being :/and an Appl gdite reagivaipiod

29. The syst mofalm.7 er ej H 1y} | S€ 20
coaxi al con APPHING 52 gpctiomag STy 10 52 LRQRGHIg matenal K
el ect romagnet | System characteﬂ%xﬁ){hdto said resonat or tube sal d capacitive
pr obe being connécte 0 a cen conductor of said coaxi al
connector, and said out ersaidfsustegtoseanegnagoetically ceactive 2t afresuenty above 50 MHz,

conductor of said coaxi al connector. WO 96/ 31090
PCT/ US96/ 01853 -27-

said applicator means applying radiant electromagnetic energy at a

10 frequency above 50 MHz such that said susceptors may be heated sufficiently to melt a

portion of said bonding matrix, said applicator means selected from a plurality of
applicators each having a different geometry for heatin ting said composite bonding

material,
2. The system of Claim 1 wherein said susceptors are magnetically
15 reactive in the range of 75-500 MHz and said applicator means applies radiant
electromagnetic energy in the range of 75-500 MHz.
3. The system of Claim 1 wherein said applicator means includes a
quarter-wave resonator.
4. The system of Claim 1 wherein said applicator means includes an
20 applicator base and a heating adapter operatively connected to said applicator base,
said heating adapter being selected from a plurality of heating adapters each having a
different geometry for heating said composite bonding material.
5. The system of Claim 1 wherein said applicator means includes a
plurality of wires, electrically insulated from one another, each forming a coil witha
25 common axis, each of said wires being electrically connected in parallel.
6. The system of Claim 5 wherein:
said applicator means includes a quarter-wave resonator having an

elongate applicator base with an inner conductor and an outer conductor at least
partially surrounding said inner conductor; and
30 said inner and outer conductors are electrically connected at one end of

said applicator base by said plurality of wire coils.
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26 An induction heat |I I“HMIAEU {li!,”ﬂ'tl on bonding, conprisi rREPLAGEMENT SHEET

a conposite bondi ng maMr led onding matrix and a plurality of
magnetically reactive susceptors; and -23- appl i cat or
means for applying radi ant el ectromagneti C energy to said 5 conposite
bondi ng material such thdk Témisyistgngfq:ﬁméswmlyinbevmdalfeddqaurﬁitybéwirleyamo

nmelt a portion d. bondi i appl.t.cator ans i ncluding, a
plurality of s?ackuﬂq/\{opgénulgﬁgga c‘gls?‘é ﬂ’sﬁﬁ‘g\%ﬁ&” 8@%\‘@%&9&“&5%
formng a coil dﬂpﬁ&t&xﬁ%@é&ﬁi&'tﬁecurrent—carrynﬁg‘éhba‘éftyisqh&eﬂyeﬂes bei ng

el ectrically connected in parall el 27. The system

of C aim 26 wherein seve@lTbﬁy&m@fﬁlﬂmﬂ.whqremfsamappb:ator mea0s fumther sxcladésd
such that th ef.fectiv esi st ance

f ltiple |a
bp 1O M P ap Rt S ordhe Ol ertiRBndts Soeta) o Said Fiet (obERh ot [y i s
i ncreased. 9. The system 8EClalth S fixfidrBptisig aiplirdifty b tddagiors, |

conprising a plurality of capacitors, each conhected 1Tn series with
a respective omemmumdmmetmthsmmetmof@udmmchn such that curgent ih

Chan 0.1 15 ol s te-dngh Yok oy ol G EeBREE vl i vl

29. The systemwm&wm@&m&hm&tm@&&t&a#ans is adapted to
radi ate i nductive energy In the range of 75-500 : WO 96/ 31090

PCT/ US96/ 01853
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-28- ¥ : 30. A net hod ngrrest's' on bondi ng therrmpl aSPI C

mat ex-i-a-l-,—-een%H—s-l—ng-—t—he—f———r{(—ep fr— e seé@i‘“ﬁ}ﬁ
conposite bondi ng materi w t a surface of the t her nopl astic
ors I '

material, said conposit material including a bondi N ri x 5
and a pl ural It of su sal d suscegtors bei ng magnet i\ reactive
at a frequency ab o WORENINTELLR ORGANZATION s

r adi ant | , ‘
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(57) Abstract
. An Induction heating system for fusion bonding, particularly useful in the sealing of telecommunications cables and closures, comprises

acomposmbond:ngmnmalhavhgabmuhngmatﬁxmdmpmﬂwmemmwngmmcﬂlymmata&equﬂwyabwc
50 MHz, and an applicator for applying radiant electromagnetic energy to the composite bonding material, at a frequency above 50 MHz
(preferably 75-500 MHz). The applicator may take the form of a quarter-wave resonator having an inner conductor and an cuter conductor
which at least partially surrounds the inner conductor, the two conductors being shorted at 2 common end. The material to be heated is
placed between the conductors. The inner conductor may include a resonator tube which is capacitively coupled to the power supply by a
capacitive probe connected to the center conductor of a coaxial connector. Different applicators (having different geometries) may be used
with the same power supply, or a variety of heater adapters may be provided which can be removably attached to the applicator base. An
altemuveapplwamrunplowmanywms, electrically insulated from one another, each forming a coil with a common axis, and all of the
wires being clectrically connected in parallel. Several of these wires are stacked 1o form multiple layers of coils, such that the effective
resistance of said applicator is reduced and the cutrent-canrying capacity is increased. Individual capacitors may be connected in series with
a respective one of the wire coils, to make the current in the coils more uniform for coil circumferences which are greater than 0.1 of the
wavelength of the radiant electromagnetic energy.




