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ELECTROVAGNETI C RESONANT FI LTER ' This invention was made in
. part with governnent support under a cooperative agreenent nunber

7QNANB3H 381 awar ded by the Departnment of Conmmerce. 5

BACKGROUND OF THE | NVENTI ON Field of Invention Thi s

I nvention relates generally to resonant cavity filters and nore
~particularly to nodul ar housi ngs for ¥idters having resonators as

"well as to 10 the shape of those resonators. Background Art
Conventi onal resonant cavi tkéaSPNAGNELLM & MlgdaR consi st of an
out er housi ng made_of an electrically conductlve material. One or

nore

This invention was made in part with government
support under a cooperative agreement number

70NANB3H1381 awarded by the Department of Commerce.
5 BACKGROUND OF THE INVENTION
ie Inventi
This invention relates generally to resonant
cavity filters and more particularly to modular
housings for filters having resonators as well as to
10 the shaﬁe of those resonators. ' -
Background Art |
Conventional resonant cavity electromagnetic
filters consiét of an outer housing made of an
‘electrically conductive material; One or more
15 resonatoré is mounted inside the housing by use of a
dielectric material. Electromagnetic energy is
éoupled through a first coupling in the housing to a
first resonator, to any additional resonators in the
housing and then out of the housing through a second
20 coupling. The particular design, shape, materials.
aﬁd spacing of'the housing and'resonator will
determine the signal frequencies passed through the
filter, as well as the insertion loss or quality
("Q") of the filter. .ﬁany filter housings are

25 designed with solid walls and are therefore suitable



15 resqpé - s mounted inside the housing by use of a ' tric
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mat eri al . omagneti c ener TS —C-otpd t hrough a pling
in the housing to a first ?’é@o%%@-r!ﬁ_%(ﬂ’éfd_ addi tional resonators in
t he housi ng and then out [of th@Eﬁ@@§ﬂhg t hrjough a second 20
coupling. The particul ar design, shape, materTdal s and spaci ng of the
housi ng and resonator wl| determ ne the signal frequencies passed

t hrough t he filter, as well as theidisertion loss or quality

("Q') of the filter. Many filter housings are 25 designed with solid
wal |'s and ar eniliyefeirore pregeth imumber WY 9féddRdtors. If a

PCT/ US95/ 15594 _. THI S SHEET HAS BEEN
- 2- onParticud ax aprlicattion ofequivestgreatetr ar fewerparticul ar
application requires greater or fewer resonators than the preset

nunber, an eREPPPARFOXS,than the preset number, an entirely new
housing must be constructed to accommodate the
5 desired number of resonators.
A type of resonator that may be used in
filters is the split ring, consisting of a
reétangular plate bent to'form a hollow cylinder
with a gap running from the top to the bottom of the _ "

10 cylinder at the ends oflthe bent plate. Thus while
the sides of the cylinder or ring will be curved,
the top and bottom will be flat and meet the
cylinder sides at a right angle. Right angles or
corners on the cylinder.are undesirable.for two

15 reasons. First, the corners create discontinuities
in the electric field around the resonator in the
area of those corners. Second, resonators are
generally made of a conductive material, but also
may be coated with a superconducting material.

20 Coating the corners of a resonator is difficult and
may lead to non-uniform coating and additional
discontinuities in the electric field around the
resonator. |

When the resonator contains superconducting

25 material, additional problems are encountered

because of the need to cool that material to

cryogenic temperatures to achieve superconducting

i




housi ng rrushd)&,ﬁg&struct ed to accommodate the. 5 desired nipgrassosrisses

r ésonat or s. A type of y be used in

filters is the split ring, consis |ﬁ§) E Hhg&ﬁEEN?tangul ar plate bent to
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~farm a hol | ow cyl i nder Wi t hla_gaftEh GERg frdm t he top to the bottom
cof the 10 cylinder at the ends of the bent plate. Thus while t he

. sides of the cylinder or ring will be curved, the top and bottomw ||
be flat and. neet .the cylinder sides 3t -a right angle. R ght angles or

corners on the cylinder are undesirable for two 15 reasons. First, the
corners create dpsopertiesti eThe filter tiomsdmgyt resdnater candnd t he
resonator in the _—- area of those corners. Second, resonators are
general |y made odielechutict masewdad: used ha mount the resgnaboroBREd with
a superconducting material . 20 Coatin the corners of a resonator is

difficult and allphaveeddf€eTivs. aa iants (Rf Shewwl (expansion

di scontinuities in the electric field aroumié
and are exposed to a very wide temperature range

5 during cool down and warm up. Provision for
expansion and contraction of the materials of such
filters should therefore be made to ensure that all
elements of the filter are properly situated when
immersed in liquid nitrogen, or other super-cooling

10 fluid or when attached to a cryogenic cooler. It is
also important to ensure that the resonator is -~
cooled sufficiently by the liquid nitrogen or other
cryogenic cooling methods which will be located

outside of the housihg.

15 ’ SUMMARY OF THE INVENTION
There is provided in accordance with the
present invehtion a filter having a housing_with a
cavity in the housing containing a split tinq _
resonator. The resonator has an outer surface and a
20 .fi:St face and a second face where the outer surface
is rounded and the first and second faces cppose
each other to form a gap. |
The resonator may have a circular cross-section
or may have an oblong cross-section. The resonator
25 may be made from a supercondﬁcting material,
including a £ilm of ¥Ba,Cu,0,.

Sheet Has Been Replaced
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mat eri al, additional problens are encountered because of the need to
cool that material to cryogeni c tenperatures to achieve
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lters should_therefore be made to ensure tha aI
frEpard, there.may Br 2 groove on the

surface of the housing for 1nsert10n of the
substrate. A pin may be placed at a first end of
the groove for locating the substrate and a spring
may be p1aced'a; the "other end of the groove for
retaining_the substrate whilé allowing for movement
of the substrate with respect to the groove due to
expansion or contraction of the_housing and.
substrate.

A thermally conductive gas can be placed in the
cavity to transmit heat from the resonator to the

housing to aid in cooling of the resonator when the

| housing is placed in a cryogenic environment. A

substrate made of a dielectric material for holding
the resonator may be placed in the housing and the
housing may be made of aluminum coated with silver.
The filter may have a plﬁrality of housing
cells with each cell containing a resonator and the
filter may have means for céupling electromagnetic

energy from each resonator to an adjacent resénator.

~ Each cell may have a cell wall having an upper

surface and a lower surface and include means
adjacent the upper surface and lower surface for
releasably attaching the cell to adjacent cells or

to end plates.

When the resonator contains supercon@ggTiuSE 15584




i mer sed in ‘gbg%%ggl trogen, or other super-cooling 10 fl ui,sh%sgg}]ggg‘

attached to nic cooler. It is al so inportant to ensure that
the resonator is cool ed sufficiently by the liquid nitrogen or other
cryogeni ¢ cooling methods which will be | ocated out si de of the :
housi ng. 15 SUMVARY OF THE | NVENTI ON There is
provi ded in accordance with the present invention a filter having a
housing with a cavity in the housing gcohtaining a split ring

resonator. The resonator has an outer surface and a 20 first face and a
second face where the2fiiasts eridicell and is seconddenddceb? maysbeand
second faces oppose - each other to - forma gap. The
resonat or may haproyided mith & Kirstendplate fastengedhtioethe obl ong
cross-section. The resonator 25 nmay be nade froma sugerconducting

mat eri al , uppexdiswrface |of she/fizet |end@crelljand a second end

plate fastened to the lower surface of the second

5 end cell. The first end cell may contain means for
coupling electromagnetic energy through the housing
to a resonator and the second end cell may contain
means for coupling electromagnétic energy from a
resonator to the housing.

10 The means for coupling electromagnetic energy
from each resonator to an adjacent resonator may -
comprise plates having apertures in the plates. The
surfaces of the housing cells may have alignment
pins and the plate may have alignment holes where

15 the alignment pins engage alignment holes to fix
plates in a desired position on the cells.

In accordance with another émbodiment of the
.present invention, a modular filter may have a
plurality of housin§ cells, each cell having means

20 at an upper surface and a lower surface for
connection to other cells. Each cell has a cavity
therein and a plurality of resonators are located in
the cavities of the cells. Means are provided for
transmitting an electromagnetic signal through a

25 cell wall to a resonator in that cell, for
transmitting electromagnetic energy from the

resonator in the first cell to a resonator in a
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-4- The filter nmay have a substrate for holding the
resonator and there nay be a groove on the inner surface of the
housing for insertion of the substrate. A pin nmay be placed at a
first end of 5 the groove for locating the substrate and a spring
may be placed at the-other end of the groove for retaining the
- substrate while allowing for novenert 6 = of the substrate with respect to
t he groove due to expansion or contraction of the housing and 10
substrate. second cellAandefioxt trarsmikting ghectaumbgngticed in the
cavity to transmt heat fromthe resonator to the housing to aid in

cool i ng of energys&xemotthghaesanator in cheisecondpceatddthrougbr yogenic

envi ronnent. A
a cell wall.

In accordance with another embodiment of the-
5 present invention, a filter has a filter housing
with a wall defining a cavity. A resonator is
formed from superconducting material and mounted on
a substrate. A gfoove_on an inner surface of the
housing wall is provided for insertion of the - "
10 substrate, with means at a first end of the groove
locating the substrate in the groove. A spring - -
means at the other end'of-the-groove_isrprovided'for
locating the substrate while allowing for movement
of the substrate with respect to the groove due to
15 thermal expansion or contraction. The housing may
be cooled by a cryorefrigerator.
Other features and advantages are inherent in
the filter claimed and disclosed or will become |
apparenﬁ to those skilled in the art from the
20 following detailed descrlptlon in conjunction with

the accompanying drawing.

BRIEF DESCRIPTION OF THE DRAWING
Fig. 1 is a pérspective View of a resonator and
substrate used in one embodiment the filter of the

25 present invention;




15  subst r%mqlf“of a dielectric material for holding PERES95/15594

resonat or may be placed in the housing and the housi ng may be nade of
al um num coated with silver. ~ The filter may have a plurality of
housi ng cells with each cell containing a resonator and the 20
filter may have nmeans for coupling el ectromagnetic energy from each
resonator to an adj acent resonator. Each cell may have a cell wal
havi ng an upper surface and a | ower=smr&éace and incl ude neans

adj acent the upper surface and | ower surface for 25 releasably attaching
the cell to adjacent(iiQS 2ris a pevspedtivet view of the SesdbmRddr
PCT/ US95/ 15594 - -5- A first end
cell and a secom?nﬁuFQhﬁﬁr#k@ of Fig. 1 shawn between two aperture

plates;
Fig. 3 is a top view of a housing cell of a
5 filter of the present invention;
| Fig. 4 is a side elevational view of the
housing cell of Fig. 3;
Fig. 5 is an elevational view of a groove on
the interior of the housing cell of Fig. 3;
10 Fig. 6 is a bottom view of the housing cell of
Fig. 3 containing a resonator and substrate; -
Fig.'7 is a side elevational view of a housing
end cell of a filter of the present invention;
Fig. 8 is a bottom view of the housing cell of
15 Fig. 7;
Fig. 9 is a top view of a housing end plate of
an embodiment of a filter of the present invention;
Fig. 10 is an embodiment of a resonator and
substrate used in é filter of the present invention;
20 Fig. 11 is an exploded view of a filter of the
present invention;
Fig. 12 is a cross-sectional view taken along
the lines 12--12 of Fig. 1; and
Fig. 13 is a cross-sectional view taken along

25 the lines 13--13 of Fig. 10.



pr ovi dem‘{!{]’gsfi rst end plate fastened to the upp &y, 40f the
first e P&nd a second end plate fastened to the | ower surface
of the second 5 end cell. The first end cell may contain neans for
coupling el ectromagneti c energy through the housing to a resonator
and the second end cell may contain means for. coupling :
el ectromagnetic energy froma resonator to the housing. 10 The
means for coupling el ectronagnetic energgy from each resonator to an
adj acent resonator nmay conpri se plates having apertures in the

pl ates. The surfaces ofDETEILEDSPDESCRYPTIONRY have al i gnnent

pins and the plate may have alignnent hgféé where 15 the al i gnnent pins
engage al i gnment Refeyriiogf initially dteFigsa Les2 randpdBjtaon on the

cell s.
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I n accordance w th anet her enbodi nent of the

202 and may have a small amount of adhesive (not
depicted) where the resonator 200 contacts the
substrate 202. The resonator 200 has a circular
cross section (Eig. 12) and is formed from a
cylindrical piece of metal which has been bent into
a ring so thﬁt.an end face 204 andiéh end face 206
are located adjacént but not in contact with each
other to form a gap indicated generally at 207.
Because. of the circular cross-section of the
resonator 200, its outer surface 208, consisting of
all surfaces of the resonator 200 with the exception
of the end face 204 and the end face 206, has no
angles or corners. The resonator may be made in
whole or in part of metal (e.g., copper, silver-
plated brass, or aluminum) or may be formed in total
or in part of a dieiectric material (e.g., polymer'
material or ceramic such as zirconia, titanate or
alumina) and conductive material (e.g., copper,
silver or aluminum). The resonator 200 may be
formed of or coated with a superconductive material,
preferably YBa,Cu,0,. The supe:;conducting mater;ial
may be in bulk or a thin film, but.wiil preferably
be in the fdrm of a thick film. ( .025-,.100 mm thick)

and applied in accordance with the teachings of u.s.

mounted on apswubatrrapeof housing

sur face




connection t her cells. Each cell has a cavity thereWQnﬁﬁQﬁ%E
plurality oﬁg?géb ors are located in the cavities of the ce s?

Means are provided for transmtting an el ectromagnetic signal through
a. 25 cell wall to a resonator in that cell, for transmtting
el ectromagnetic energy fromthe resonator in the first cell to a
resonator in a WO 96/ 17398 _

 PCT/ US95/ 15594 -9 = - 6- second cell and
for transmtting el ectromagnetic energy fromthe resonator in the

second cell thropgkent No.2a 5,340, %87 which is incorpoestéedanéteiht by
anot her enbodi nent—-of the 5 present invention, a filter has a filter
housi ng Wi reference .deflhe absence idf .corners oortangles on the
outer surface 208 of the resonator 200 allows for
easy coating of the resonator 200 with a film of
5 superconducting material. In addition, the lack of
corners provides a more uniform electric field
around the resonator, thus leading to superior
characteristics of a filter containing such a
resonator.

10 . Wwhen placed in a filter, the resonator 200 and
the substrate 202 will generally be located between --
coupling plates 210. Each coupling plate 210 has an
aperture 212 which may be generally aligned with
the substrate 202. The coupling plates 210 have

15 alignment holes 213 which fit into pins (described
below) on the housing of a filter. The coupling
plates 210 are used to control the electromagnetic
energy transmitted f:om one resonatpr-to an adjacent
resonator. Therefore, the size, shape and location

20 of the aperture 212 are critical in providing the
desired coupling between adjacent resonators. No
one design 6f a cdupling plate will be appropriate
for all applications, as each filter application may
require different filtering characteristics.

25 Referring now to Figs. 3 and 4, an interior
housing cell indicated generally at 214 has a

circular wall indicated generally at 215 defined by



formed f - rconducting material and nounted on e. A
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groove on an i nner surface of the housi ng wal |

i nsertion of the 10 substrate, with neans at a first end of the groove

| ocating the substrate in the groove. A spring nmeans at the other
end of the groove is provided for | ocating the substrate while

all owi ng for novenent of the substrate with respect to the groove due
to 15 thernmal expansion or contracti 9g. - The housi ng may be cool ed
by a cryorefrigerator. O her features and advant ages are

i nherent in an uppelre shiriface @18, Iowerlisurfsed 218\ Ah bafese

apparent to those skilled in the art fromthe 20 follow ng detail ed
descri pti on surféaseud2ni amdriamh outer tsuxrfaxe222yi NHher inhey.

BRI EF DESCRI PTI ON OF THE DRAW NG _ Fig. 1 is a perspective view of
a resonator gpHface 23Qhef the wadd i21Hdetinesliaceavity 22Btén of the

the interior of the cell 214. Formed in the upper
5 surface 216 are several bolt openings 224 and .

alignment openings.zzs. Located on the bottom
surface 218 are several bolts 226 and alignment
posts 230. A reduced diameter portion 232 is.formed
in the cell wall 215 to define an annular rim 234 ' ‘

10 - adjacgnt the upper surface 216. The bolts 226 and
the alignment posts 230 of a cell are inserted -
through the bolt openings 224 and the pih,openings
228, respectively, of an adjacent cell. The bolts
226 then protrude thfough the annular rim 234 and

15 into the portion 232 of an adjacent cell and are
secured with nuts (not depicted in Figs. 3-6) to
fasten the cells together. 1In order to ensure a
hermetic seal between cells at cryogenic
temperatures, indium solder or other gasketing

20 material may be applied between cells on the upper
surface 216 and the lower surface 218.

Formed in interior surface 220 are two

rectangular grooves 235 located 180° opposite each
other. At one end of each groove 235 is a semi-

25 circular detent 236. Located in each detent 236 is
a ring 238 which partially contains a spring 240

(Fig.. 5) . Adjacent the other end of the groove 235



25 present dgﬁ“w*’?” WD 96/ 17398 - PCT/US95/15594

PCT/ US95/ 155 L : -7- : Fig. 2is
a perspective view of the resonator and substrate of Fig. 1 shown

- between two aperture pl at es; Fig. 3is atop viewof a
housing cell of a 5 filter of the present invention; Fig. 4
Is a side elevational view of the housing cell of Fig. 3;

Fig. 5is an elevational view of a groove aa = the interior of the
housing cell of Fig. 3; 10 Fig. 6 is a bottomview of the housing
cell of Fi ds a pdm #4%.ng The substraten202ubstplaced into each Fig.

7 is a side elevational view of a housing
- groove 235 between pin 242 and spring 240 so that

the substrate 202 cannot move past.the pin 242 or
the spring 240. The spring 240 allows for expansion
5 and contraction of materials in each cell so that
the substrate 202 and thus the resonator 200 are
kept in the desired positiﬁn while undergoing the
change from room temperature to cryogenic or
superconducting temperatures. The thickness of the
10 substrate 202 and the width of the groove 235 should
be nearly identical to minimize any movement of-the -
substrate 202 and thus the resonator 200 in a
direction perpendicular to the length of the groove
235._ A small amount of nylon tape or othe: flexible
15 material placed around the ends to the substfate 202
prior to insertion into groove 235 may aiso minimize
movement of the substrate 202 and maintain its.
desired alignment. |
Also located on interior surface 220 is a
20 tuning disk-244._ The tuninq disk 244 is situated
adjacent the gap 207 of the resonator 200 and can be
moved closer to or farther from the gap 207 by
'rotaﬁion of a screw (not depicted) located in the
ﬁall 215 of the cell 214 to adjust the gapacitance,'
25 of the resonator. Tuning discs may be made from a

disc formed of brass plated with silver and the



end cel |_ of |l ter of the present invention; _
bott om \)’Y@W’g’r’;‘i he housing cell of 15 Fig. 7; lJ:c'I:—[%sgglé |s a top

vi ew of a housing end plate of an enbodi nrent of a fllter of the
present invention; Fig. 10 is an enbodi nent of a resonator and
substrate used in a filter of the present invention; 20 "Fig. 11 is
an exploded view of a filter of the present invention; Fig
12 is a cross-sectional view taken alof§ - the lines 12--12 of Fig. 1;
and Fig. 13 is a cross-sectional view taken along 25 the lines

13--13 of Figajdiftment m&&ﬁﬁ/ﬁiﬁaﬁy consist of a post and -
PCT/ US95/ 15594 - 8-
threads and may be made of brass.
On the outer surface 222 is a cap 245 having
two bolts 246. The cap 245 is used to seal the cell
5 | 214 in the area where an opening has been drilled to
allow placement of the tuning disk 244 and its
attendant adjusﬁment mechanism. Also located on the
outer surface 222 are two pin caps 248 located _
outside of the pins 242. Thg'pin;caps 248 hold the ‘I
10 pins 242 in place and cover the holes, which have
been drilled through the cell wall 215 to allow -
insertion of the pins 242, to seal the inside of the
cell from the outside. Both the cap 245 and the pin
caps 248 may be sealed to the outer surface 222 with
15  indium solder.
In the area where the lﬁwer surfacé 218 meets
the inner surface 220, a circular shelf 250 is
formed. The outer diameter of the circular shelf
250 is approximately equal to the outer diameter of
20 the coupiing plate 210 (Fig. 2), and the distance
from the top of the shelf 250 to the upper surface
. 216 is approximately equal to the thickness of the
coupling plate 210. When a cdupling plate 210 is
‘placed onto the shelf 250, the top of the plate will
25 be flush with the upper surface 218, and will be
held onto the shelf 250 by the upper surface 216 of

an adjacent cell. Alignment pins 252 are located on




DETAI LED DEWA?{;J{,Q\I Referring initially to Figs. pcrhisddltksds 2
g resonator

split rin 200 is nounted on a substrate 202 and may have a
smal | amount of adhesive (not 5 depicted) where the resonator 200
contacts the substrate 202. The resonator 200 has a circul ar
cross section (Fig. 12) and is forned froma cylindrical piece of
nmetal which has been bent into a ring so that an end face 204 and an
end face 206 10 are | ocated adjacent b3 rot in contact with each

-other to forma gap indicated generally at 207. Because of the
circular cross- s ishef 2%5@ and fiteintbet the2@ldignmentuthelesirdke 208,
consi sting of _-all surfaces of the resonator 200 with the exception
15 of the end farcclrdjapextuhe phatesac2l006, Thes alignment hojless or
corners. The resonator may be nade in whol e or in part of netal
(e.g., copper, $nswye that the aperbures21gr ig adigned sithnthe forned in
t ot al or iqupqgt of a dielectrjc nateri al (e.%., po%yner

substrate 202 when e substrate and the resonator

5 200 are inserted into the groove 234 of a housing
cell 214.

Referring now to Figs. 7 and 8, a housing end
cell indicated generally at 254 is adapted to be
used as the first or last cell of a filter housing.

10 The end cell 254 is similar to the interior cell 214
but has a number of modifications described below to -
adapt it for use on either end of a filter housing.
Each element of the end cell 254 which is identical
to an element of the interior cell 214 has been

15 given the reference numéral of that interior cell
element. _

. The end cell 254 has a bushing 256, made of a
conductive material, preferably copper, secured by
bolts 258 to the end cell. On the exterior of the

20 bushing 256 is a coaxial tubular connector 260 which
carries an electromagnetic signal to or from the

. filter. The exterior of the connector 260 is in
electric contact with the bushing 256 while an
interior lead 262 of the connector 260 is insulated

25 from and passages through the bushing 260. After
passing through the bushing 256, the interior lead

262 contacts a loop 263 near one end of the loop.



20 materi cerami ¢ such as zirconia, titanate or : and
Foisthals, peT/bsbiisas

conduct lal (e.g., copper, . silver or alum nu
resonat or 200 may be formed of or coated with a superconductive
mat eri al , preferably YBa2Cu3(d err]. The superconducting material 25
may be in bulk or a thin film but will preferably be in the form of
a thick film( .025-.100 nmthick) and applied in accordance with the
teachi ngs of U. S WO 96/ 17398 - 14 =
PCT/ US95/ 15594 - 9- Pat ent No.
5, 340, 797 wiTheh othemcend oot thehRoepn263 is connelctedd® tHe absence of
corners or angles on the outer surface 208 of the resonator 200
allows for insideasfy thatbushingt 286k esThet sighald wassing i | m of 5
superconducting material. In addition, the |ack of
through the loop 263 is thereby coupled to the.
resonator 200. By withdrawing the bolts 258, the
-3 bushing 256 can be removed to provide easy
adjustment of the loop 263.
In addition to the cap 245, the end cell 254
has caps 264 attached to the outer surface 222 by.
the bolts 246 and indium solder. The caps 264 are .
10 used to cover bpenihgs which have been placed in
cell wall 215 so that other devices may be connected -
to or pass thrdugh the end cell 254. For instance,
it may be desirable to pressurize the interior of
the filter houSing with helium to increase thermal
15 conductivity to the resonator while preventing the
cooling fluid, such as liquid nitrogen, from
entering the cavity 223 of the filter housing and
interfering with the electrical properties of the
resonators 200. A helium coupling might therefore
20 pass through the cell wall 215 in the area of the
| caps 264. A variety of monitoring devices may also
. be inserted into the cell through the openings
covered by the caps 264 to measure filter
performance or operating characteristics.
25 ‘One side of the end cell 254 will be attached
to another cell in the manner described above for

the interior cell 214. The upper surface 216 of the




corners prowtfigs;lﬁ,snnre uniformelectric field around t TS aHH"

t hus | eadi ng superi or characteristics of a filter containing such
a resonator. 10 . When placed in a filter, the resonator 200 and
the substrate 202 will generally be | ocated between coupling pl ates
210. Each coupling plate 210 has an aperture 212 which may be
generally aligned with the substrate 202. The coupling plates 210 have
15 alignnent holes 213 which:-fit into p+rks (€escribed - bel ow) on the
housing of a filter. The coupling pl ates 210 are used to control the

el ectromagneti c end cetheR§4 isamttached facorbhendowewrsurface 2h8 aof acent
resonator. Therefore, the size, shape and | ocation 20 of the aperture
212 are criticalanethesvealig(Fig. 7) byedhedbodhis) 32y vrickPAs8| acent
resonators. No one design of a coupling plate will, be appropriate
for all applicattreualstReckim P34r angoaresfiastengd with, r&68ii f f er ent
filtering Chara%hgéifgagg'surface 218 of the end cell 254 in Fig. 7
5 is not attached to another cell but rather to an end
plate irdicated generally at 268 (Fig. 9). The end
plate 268 has an outef_rim 270 which surrounds an
interior section 272. Openings 274 are spaced
around the outer rim 270 so that the bolts 226 may
10 pass through those openings for attachment by nuts
(not depicted). The interior section 272 of the end _
-plate 268 is offset from the outer rim 270 so that
the edge of the interior section 272 will contact
the shelf 250 of the end cell 254 while the outer
15 rim 270 contacts the lower surface 218. At the
other end of the filter housing, a second end plate
268 attaches to the upper surface 216 of an end cell
.lpcated at the end of the filter housing in a manner
similar to the attachment of the end plate 268 to
20 the lower surface 218. Similarly, the second end
cell will attach at its lower surface 218 to the
upper surface 216 of an adjacent cell. Either end
plate may be sealed to the end cell using indium
solder.
25 Referring now to Fig. 11, a modular filter 276

has a housing made of three cells: the interior

cell 214 and two end ceils 254. The interior cell



25 . Referring now to Figs. 3 and 4, an interior ' el
I ndi cat@@%ﬁé?sal ly at 214 has a circular wall -indi cé’f’ﬂ@%ﬁ’ﬂ%? 1y at

215 defined by WD 96/ 17398 - _ .

PCT/ US95/ 15594 - 10 - an upper
surface 216, a | ower surface 218, an inner surface 220 and an outer
surface 222. The inner surface 220 of the wall 215 defines a cavity
223 in the interior of the cell g4 Formed in the upper 5

surface 216 are several bolt openings 224 and al i gnment openi ngs 228.
Locat ed on thps homd OSach endsdelacesileontaine & dedvdtorr2fo@nd al i gnment
posts 230. A reduced dianmeter portion 232 is formed in the cell wall

215 to defi nsecuredntibathei ce2l4byld sabistrate 202 .upmhersutiece 216. The
Pol ts 226&M:Lduiar filter is assembled, an electromagnetic
signal is transmitted through the cdaxial connector
5 260 into the bushing 256 for coupling to a resonator
" contained in one of the end cells 254. The signal
then passes through the coupling plate 210 to the
resonator 200 in the interior cell 214. The signal
continues through the secdnd coupling plate 210 to _ .
10 the resonator 200 in the end cell 254 and out
through the other coaxial connector 260. Once the -
filter 276 has been assembied,'the tuning disks 244
are adjusted to tune the resonators to the desired
filtering characteristics as is well'knbwn in the
15 art. If the resonators 200 contain superconducting
material, the filter 276 must be immersed in a
super~cooling fluid such as liqnid nitrogen after
all adjustments have been made. Instead of using a
super—cooling fluid, ﬁhe filter may be placed in a
20 cryorefrigerator such as the CryoTiger manufactured
by APD Cryogenics of Allentown, Pennsylvania. The
. filter 276 is designed to be easily sealed so that
no super-cooling fluid entérs the interior of the:
filter while siill permitting detachment of the
25 cells for service or addition of cells. The cells,
coupling plates and end plates of the filter 276 may

be made of a variety of electrically conduéting



the alignme 230 of a cell are inserted t hrough tgeernbddkiissos
ol

openi ngs 22 _pi n openi ngs 228, respectively, of an adjacent
cell. The bolts 226 t hen protrude t hrough the annular rim 234 and 15
into the portion 232 of an adj acent cell and are secured with nuts
~(not depicted in Figs. 3-6) to fasten the cells together. In order to
ensure a hernetic seal between cells at cryogenic t enper at ur es,
i ndi um sol der or other gasketiing 20 matexya+ may be applied between cells
on the upper surface 216 and the | ower surface 218. For med
in interior surfnaéeﬁﬂalsuebmmopreferahmxzaqpnmadqutna&avﬁihpbateéd 180
opposi te each —--other. At one end of each groove 235 is a sem- 25
circul ar detent 2¥eminuBeated in each detent 236 is a ring 238 which

partially contains a sgrln 240 Fig. 5). Adjacent the other end of
the groove 235 Although only ee cells are shown for modular

filter 276, more cells may be added to modify the

S filter characteristics as desired, as is well known
in the art. Adding cells is accomplished by
inserting additional interior cells 214 having
resonators 200 into the middle of the filter once
cells have been separated frbm each othér.

10 Superconducting resonators which may be ﬁsed in the
modular filﬁer 276 have very low inseftion loss and -
therefore a number of resonators can be used in a
given filter without unacceptably weakening the
output signal. One significant advantage of the

15 modular housing 276 is the ease with which
additional resonators can be added to obtain the
desired filter characteristics.

The filter characteristics 6f filters
constructed in accordance with the principles of the

20 present invention can be designed by procedures well
known to those skilled iﬁ the art. See, for
example, A.I. Azverev, "Handbook of Filter
5ynthesis," J. Wiley and Sons, Inc., New York, 1967.
Briefly, the designer selects the desired filter

25 response and filter tYpe, and then determines the
required number of resonators with the aid of known

' nomographs. Using known tables for the (normalized)



WO 96/ 17398 PCT/ US95/
- 11 - WONTI 5 phin 242. The substrate 202 is placed mt"gﬁ-’iZ'%@F(“”‘

groove 235 between pin 242 and spring 240 so that t he substrate 202
cannot nove past the pin 242 or the spring 240. The spring 240 allows
for expansion 5 and contraction of materials in each cell so that

the substrate 202 and thus the resonator 200 are kept in the desired
position whil e undergoing the ~Lhghge fromroomtenperature to
cryogenic or superconducting tenperatures. The thickness of the 10
substrate Z%ﬁi&ﬁi&ﬂ%ﬂrﬁeééﬁsgkoﬁﬁa &35 thioHdduired REIWER" |

i dentical to mopimze any novenent of the substrate 202 and thus the
resonat or 2Q¥ iquality fadtorcQi andpesvpplinguicvefifidient agddn of t he

groove 235. A small anount of nylon tape or other flexible 15

mat eri al pl deedaetexrminede cUsingoat knownbde-unnidep and
adjusting procedure, the end resonators are ‘set to
5 the required Qs. From data listing K as a function
of distance between resonators,-the spacing between
the resonators that will yield the required K is
determined.
Referring to Fig. 10, another resonator 278 has '
10 a generally cylindrical shape with an outer surface
280, an inner surface 282, an upper surface 284 and -
a lower surface 286, which together form the
exterior surface of the resonator 278. An end face
288 and an end face 290 oppose each other to form a
15 gap 292. The resonator is attached to a Suhstrate
294 similar to the substrate 202 used with the
resonator 200. Like the resonator 200, the
resonator 278 has a rounded exterior surface without
any corners, and théfefore has an oblong shaped
20 cross-section as shown in Fig. 13. The resonator
278 will also have many of the coatinq and uniform
. electric field advantages of the resonator 200. The
resonator 278 is lafger than the resonator 200 so
that the housing for the resonator 278 must be
25 larger than the housing for the resonator 200, but

may be identical in all other respects.




prior to i ' into groove 235 may al so i ni mi ze MGk 16804 t NE
g§§§&¢ﬁ?h Al so

substrate maintain its desired alignnent.
| ocated on interior surface 220 i's a 20 tuni ng di sk 244. The tuning
di sk 244 is situated - adj acent the gap 207 of .the resonator 200 and
can be noved closer to or farther fromthe gap 207 by rotation
of a screw (not depicted) located in the wal | 215 of the cell 214 to
adj ust the capacitance 25 - .of the resonstesr. Tuning discs nmay be nade

- froma disc fornmed of brass plated with silver and the WO
96/ 17398 The foregoing detailed despfiptiiomw hasObeen
- 12 - adj ust-nent nechani sm may consi st of a post and t hr eads

and may be nadgiyerbrf@tg_clearness of understanding only, and no
unnecessary limitations should be understood
therefrom, as modifications would be obvious to

5 those skilled in the art.



On the outer. surface 222 is a cap 245 having t wo boltﬁcﬁﬂﬁﬁyﬁﬁﬁ,cap
as

245 is d@gﬂm{33§eal t he cel 5 214 in the area where an opening been
drilled to al I ow pl ac nmmSpEEﬁggst%E@y di sk 244 and its

attendant adj ust ment nechan}sm on the outer—surface 222
are two pin caps 248 | ocat et Ol de off the pin aps
248 hold the 10 pins 242 in place and cover the holﬁﬂﬁf’wm Hﬂ:ﬂ

been drilled through the cell wall 2d5z§0-al | ow pi ns
242, to seal the inside of the cell fromthe outside. Both the cap
245 and the pin caps 248 may becgRpM8d to the outer surface 222 with
15 indium sol der. In the area where the |ower surface 218

nmeet s the inner surface 220, a circular shelf 250 is - formed. The
outer dianmeter of the circul ar shelf. 250 is approximately equal to the

outer dianeter of1.20 At fdltexpicompyiskng®10 (Fig. 2), and the distance

fromthe top of the shelf 250 to the upper surface
a housing having a cavity therein;

a split ring resonator located in the cavity of
.5 the housing, the resonator having an outer surface
and a first face andla second face, the outer
surface being rounded and the first and the secqhd
faces oppose each other to form a gap; and - .
means for coupling electromagnetic energy'

10 through the housing to the resonator. -

2. A filter as recited in claim 1 wherein the

resonator has a circular cross section.

3. A filter as recited in claim 1 wherein the

resonator has an oblong cross section.

15 4. A filter as recited in claim 1 wherein the

resonator comprises supercoﬁducting material.

5. A filter as recited claim 4 wherein the
superconducting material comprises a film of

YBa,Cu,0;.

This Sheet Has Been Reilaced ’




216 is approxoValifley equal to the thi ckness of the coupl pefrusdsaisds

| mﬂiﬂmﬂm 1 "

of the plate will 25 be flush V\ntTI’f"$ Eﬁbpms BN pce
held onto the shelf 250 by the upper SLRERuAeE§16 of:
Al'i gnment pins 252 are |ocated on WO—€ 398

PCT/ US95/ 15594 , - 13 - the shel f° 280
and fit into the alignnent hofes 213 = 2bmthe aperture plates 210. The
al i gnnment hol es ensure that the aperture 212 is aligned with the
substrate 202 when thé-suBsfidteraps reeiteshdin slaim o Fnserted
into the groove 234 -0f a housing cell 214.: Referring now to

Figs. 7 and 8, aCPBRs+RiNEnd
a substrate for holding the resonator;

a groove on an inner surfaée,of the housing for
5 insertion of the substrate;
a pin at a first end of the groove for locating
the substrate;_and
spring means at the other end of the groove for
retaining the substrate while allowing for movement
10 of the substrate with respect to the groove due to-
expansion or contraction of the housing and -

substrate.

7. A filter as recited in claim 4 further
comprising a thermally conductive gas in the cavity
15 to transmit heaﬁ from the resonator to the housing
to aid in cooling of the resonator when the housing

is placed in a cryogenic environment.

8. A filter as recited in claim 1 further
comprising a substrate made of a dielectric material

20 . for holding thé resonator in the housing.

9. A filter as recited in claim 1 wherein the

housing comprises aluminum coated with silver.

This Sheet Has Been Reraced
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cell ind enerally at 254 is adapted to be used as the first or
| ast celcwaﬁﬁg”?i lter housing. 10 The end cell 254 is siPFVE?§¥Mhe
19- - : & ! Low t o

interior. cell 214 but - f ot fi

adapt it for use on either E%I%‘ﬁ%ﬁ&ﬁaﬁ%&mvsi ng. t of

the end cell 254 which is identi c% LAGED™ o 2 el er}mm,ﬂlﬂiwﬂmjﬂﬁror cell =
214 has been 15 given the reference nuneral of thal i " _

el enent . The end cell 254 g a- bushing 256, nade of a
conductive material, preferably copper, secured by bolts 258 to the
end cell. On the BxterAofibtethas Pecikedhiingcialn 3 Furddd@! tubul ar
connector 260 which .ccarries an el ectromagnetic signal to or fromthe
filter. The comprisingf the connector 260 is in - electric contact with
t he bushing 256 while an interior |ead 262 of the connector 260 is
insul ated 25 fr@npHrpbitygef hansing cedlsysieach 21l After passi ng

t hrough t he bushing, 256, the interior |ead
containing a resonator; and

5 means for coupling electromagnetic energy from

each resonator to an adjacent resonator.

11. A filter as recited in claim 10 wherein
each cell comprises a cell wall, having an upper - | '
surface and a lower surface, and includes means
10 adjacent the upper surface and lower surface for -
releasably attaching the cell to adjacent cells or

 to end plates.

12. A filter as recited claim 11 wherein the
plurality of cells comprises a first end cell and a
15 second end cell, a first end plate being fastenéd to
the upper surface of the first end cell, and a
second end plate being fastened to the lower surface

of'the second end cell.

This. Sheet Has Been Reﬁaced
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262 cont ac?g%gﬁ,{ﬁgp 263 near one end of the | oop. . VO 96/pchoshs/15594

PCT/ US95/ 1 The ot her end
of the |oop 263 is connected to I'naus SHEETIHASI BEEN)f t he bushing 256. The
si gnal passing - through thelloop t her epy coup

resonator 200. By w thdraw ng the—bel fé@i@gﬁnt fe bush"ﬂ“ﬁlﬂ“ﬂ“‘“&“‘“‘
renoved to provi de easy adj ust nent of the Ioo

addition to the cap 245, the end cell 25423 - has caps 264 attached to
the outer surface 222 by the bolts 246 and i ndium sol der. The caps
264 are 10 used tdIovek Hhthengaswoechtedvdnbedainm dfefunther  cel |
wal | 215 so that at-her devices may be connected to or_pass. through

the end cel|l 2%Pmaxisinga tirst end cell and a second end cell

wherein the first end cell contains the means for

coupling electromagnetic energy through the housing
5 to a resonator and the second end cell contains

means for coupiing electromagnetic energy from a

resonator through the housing.

14. A filter as recited in claim 10 wherein
the means for coupling eiectrqmagnetic energy from
10 each resonator to an adjacent resonator comprises -

plates having apertures therein.

15. A filter as recited in claim 14 wherein
surfaces of the housing cells have alignment pins,
the plates have alignment holes, and the alignment

15 pins engage fhe alignment holes to fix the plates in'

a desired position on the cells.

is Sheet Has Been Rerlaced
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It may be desirable to pressurize the interior of the fi r_housi ng
wi th helWQAAB8 ncrease ther mal 15 conduct ivity to the r%ﬂ#ﬁ?’%i | e

preventing the cool i | aS:JIQUId_nLLLQgBﬂ+_LLQﬂl____
entering the cavity 223 of q'hfs SHEEFHASCB&N gi and interferi ni;ﬂvmth
f- th

the el ectrical properties EPLACEDT €S0 ator;ﬂﬂllmruﬂﬁ“wmlw Li ng

m ght therefore 20 pass &k .
caps 264. A variety of nonitoring dey,ces may al so be nsert’ed into
the cell through the openings covered by the caps 264 to neasure

filter per f1@ mar)cemﬁumprghegrceaﬁ?gggg_hgt.l cs. 25 One side
of the end cell _254 will be attached o another cell in the manner

descri bed above fpluralitie oNtwbusingebblisdeachNeellPHardlig ace 216 of
t he WO 96/ 17398 PCT/US95/ 15594

means at an upper surface and at a ;ower surface for

connection to other cells, each cell having a cavity
S therein;
a plurality of resonators located in the
cavities of the cells; |
first means for transmitting an electromagnetic
signal through a cell wall to a resonator in that
10 cell;
second means for transmitting electromagnetic -
energy from the resonator in the first cell to a
resonator in a second cell;
and third means for transmitting
15 electromagnetic energy from the resonator in the.

second cell through a cell wall.

17. A modular filter as recxted in claim 16
wherein the plurality of cells comprlses a first end
cell and a second end cell, a first end plate being

20 fastened to the upper surface of the first end cell,
cand a second end plate being fastened to the lower

surface of the second end cell.

18. A modular filter as recited claim 16

wherein said second means comprises a plate having

25 an aperture therein.
is Sheet Has Been Reﬂlaced
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- 15 - 254 is attached to the | ower surface 218
anot her cel ﬁ%@%&n by the bolts 226 which pass througﬁ ﬁlsssnsss

and are fastened with nuts 266. The—louer surface 218 of the end ceI

;2)I5egtieni EicigéaZedSQeniafalrll(); gitggge Il-lmg;S géi&[mg?g?ﬁy bUt ratlmull ‘M‘mmmulm

outer rim 270 which surrounds an - rTtertor—seetli on 272.* Ofenitng® 2%4
are spaced around the outer rim270 o9 1hat the bolts 226 may 10
pass through those openings for attachnent by nuts (not depicted).
The interior sectiongs72 Af fillteenBomprisipgrte 268 is of fset fromthe
outer rim270 so that the edge of the interior section 272 w |

cont act t he shel £iPtérochousingntiavdng a54adl Iqefireirguteer 15 rim
270 contacts the | ower surface 218. At the other end of the filter
housi ng, a secoavity; pl ate 268 attaches to the upper surface 216 of .

an end cell | ocated at the end of the filter housing in a manner
a resonator formed from superconducting

5 | material and mounted on a substrate;
a groove on ah inner surface'qf the housing
wall for insertion of the substrate;
means at a first end of the groove for locating
the substrate in the groove} and
10 spring means at the other end of the groove for
locating the substrate while allowing for movement -
of the substrate with respect to the groove due to

thermal expansion or contraction.

20. A filter as recited in claim 19 further
15 comprising a thermally conductive gas in the cavity
to transmit heat from the resonator to the housing~
to aid in cooling of the resonator when the housing

is placed in a cryogenic envirohment.

21. A filtetr as recited in claim 20 wherein
20 -the housing is placed in a super-cooling fluid, and
the gas in the cavity is pressurized to prevent the

super-cooling fluid from entering the cavity.

22. A filter as recited in claim 21 wherein

the thermally conductive gas is helium.

is Sheet Has Been RTlaced
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simlar_to the attachnent of the end plate 268 to thel&\/\ﬁﬂ’é face
218. SR (he second end cell wll attach at PETAS surface’
218 to the . upper surface 216 of an adj acent cell Fl 'rher ﬂnd

plate may be sealed to the dTmS@ﬂIEETLmSHBEEm

Referring now to Fig. 11, 4 moduRgp| ARt er iﬂlﬂl ﬂﬂut I\’ﬂx l‘l ‘
three cells: the interior e+ ’“4 ﬂn'* vvo end C I “ eri or

cell WD 96/ 17398 S95/ 15594
- 16 - 214 and each end cell 2 cont ains a resonat or 200 _
secured to the cghl by 2ij¢as! a3l tetited Witelditn 20 wnéPdihar filter is
assenbl ed, an electromagnetic signal is transmtted through the

coaxi al conggétRébusing is cooled by a cryorefrigerator.

" This:Sheet Has Been RTlac

AR




5 260 into the ‘@@?@ ng 256 for coupling to a resonator POTIUSHSIESS94 N
one of the J¥Y? s 254. The signal t hen passes through the coupling
plate 210 to the resonator 200 in the interior cell 214. The signal
- continues through the second coupling plate 210 to 10 the resonator 200
~in the end cell 254 and out : t hrough the ot her coaxial connector 260.
Once the filter 276 has been assenbledt é@e tuni ng di sks 244 are
adjusted to tune the resonators to the desi é filtering
characteristics as is well known in the 15 ﬁ#ta . I§ the resonators 200
G2

cont ai n superconducti ng material, the fi must be immersed in a
super-cooling fluid.such as liquid nitrogen after all adjustnents have
uid, the filter may be

been made. Instead of using a super - cool i ng
placed in a 20 cryorefrigeraje - :

by APD Cryogeni cs of All entown,
desi gned t.o be easily seal ed so
interior of the

fi ger manuf act ur ed
filter 276 is
'£¥36Iing fluid enters the




filter whil ewatg'Fllllmger mtting detachnment of the 25 cells fQ@gc5gd¢/150940"
S.

addi tion of cel The cell s, coupling plates and end plates of the
filter 276 may be nmade of 'a variety of electrically conducting

W0 96/ 17398 _ PCT/ US95/ 15594

- 17 - materials, but preferably ai/de of .silver-plated

al um num Al though only threeasegl!ls are shown for nodul ar

filter 276, nore cells my beypdlde

y th@225 filter
characteristics as desired, aS\*;i [
0

inthe art. Adding cells
] |1's 214 having
cell s have been

I's acconplished by I nsert
resonators 200 into the m ggl
separated from each ot her

-
-

224

220

224

214 FIG. 4
f234
\\\r { <216
232
246 —246
05 ——~ 222 Q/——245
248 —

278 ,.280
200 \ [
o e

| N2
FIG.12 FIG. 13

284




10 Supercgogggmagg resonat ors which may be used in the PEGd98/15594

filter 276 have very low insertion |oss and therefore a nunber of
resonators can be used in a given filter w thout unacceptably
weakeni ng the © output signal. One significant advantage of the 15
nodul ar housing 276 is the ease with mhlgh/ addi ti onal resonators can
be added to obtain the 214 desired filter characteristics. The
filter characteristics of ? | ters ——eoenstruet ed23Daccordance with the
principles of the 20 prese nventji on , degiygmed by procedures
wel | known to those skiII%g bn t He ar s for exanple, Al.
Azverev, "Handbook -of -Filter 4 Syntihesi "J.]Wley and Sons, Inc., New
York, 1967. Briefly, the designer| sel ¢¢ts the desired filter 25
response and filter type, and then determ One requi red nunber of
resonators with the aid of known no raphg. Using known tables for

the (nornmalized)

240

266 234 266 218

232 /\ 222"/ /\ //‘2‘6

264 =B o W _oop Wi U 264
246 258{ 256 258 % 246
_ 48
254—_ A 500 e 2
R I NV S N
296 226 22§ 226

FIG. 7



WD 96/ 17398 PCT/ US95/ 15%@4us95/15594

-°18 - WOR§A38,t i onal paraneters k and q, the required val ues of
quality factor Q and coupling coefficient K can be determ ned. Using
a known de-tuning and . adj usting procedure, the end resonators are set
to 5 the required Qs. Fromdatalistiﬂg/ﬁas a function of distance
bet ween resonators, the spacing be%%ﬁﬁn ' 24E$e resonators that wll
yield the required Kis dete ) Fig. 10, -

iy ‘I’@r%%gRefsﬁgoLﬁt an outer

anot her resonator 278 has 102
wq 284 and a

surface 280,  an inn

| ower surface 286,_which tRer
resonator 278. An end face
to forma 226



15 gap 292syoddifrasesonator is attached to a substrate petrusosisses to

the substrate 202 used with the resonat or 200. Like the resonator

200, the - resonator 278 has a rounded exterior surface wthout

any corners, and therefare has an obl ong Sifafed 20 cross-section as
shown in Fig. @3. The reso [ 278 w Il al so have many of the
coating and un¥form __.—=g | ectrio, field advant ages of the resonator 200.
The resonat or 200 so t hat the
housing for th : larger than the housing for the
resonator 20 ' in all other respects. WO

96/ 17398 ' PCT/ US95/ 15594

- 19 - escription has been




ven for clearness of under st andi ng onl and no unnecessary
{mitations shoul d be under BAJENT LOQHéMTIﬂN TREATXAi AL, gns ﬂy\?ltlvj,‘ﬂa %'9?
ypvious to 5 those skilled in the art. . i 1
PCT/ US95/ 15594 PCT wIre 20 - pop
1. A filter conprising: a housir ' -
cavity (223) therein; a resonator (200) located in the cavity; and

means (263) for couplin
to the resonator; characterized in t

qQrv5aty-4

Artxcle 36 and Rule 7 the

resonator is a cylindrically curved It ring reso)nator t he
resonat or has an outer surface (208), a first face (204) and a second

face (
t he
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curve of the resonator, the cross-section is defined by a planar figure 10
¢t osed by the outer surface of the resonator, the planar figure is free of

corners and the first and second faces oppose each other t@edlefphiQtidn BAP
(207) t.herebe n n he. reso or rises hi gh-t enper,ature
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4. Afilter as recited in claim1 wherein the super conducti ng

material conprises a filmof YBa2Cu3Or. ' : 5. A
filter as recited in claim1 further conprising: 5 Tntern. application No.a
substr. ve
(255) Bfneoll Ped ity SEARRERLN Rgrorr  , RT/usRsladERR
- subst rFate—theretrn: P {242y —at—afrrst—end—of—tte
groov
Sprin Q ?%Eo&%doﬁf’c{ede&gunﬁéﬁ ticle 35(2) ﬁﬂﬁfeﬁir?gﬁsogﬁﬂgrmv%ﬁe}%vg step r]and 1nﬂustr1al applicaility;

substraf«"éat\%m jagd Qiplﬂﬁwoﬁgﬁuipéﬁ“nﬁﬁﬂﬂéﬁﬁﬁﬁméf the substrate W|th respect to the

groove due to (—D(r)anm aon.or . contraction.of the housi ng and substrate dye tao

tenperature changes wherein the substrate secures
the rdsWH®F to the housing. 15 6. Afilter as
recited in claiml further conprising a thermal |y conductive gas
di sposed P the cavity. 7. Afilterg,as
recited |N¥H:t Ahﬂm 1 further COﬁprIC%?lﬂs 1325 s
Claims __ ]
Inventive Step (IS) Claims R YRS
Claims 1-25 0
Industrial Applicability (IA) Claims 1-25 . s
Claims _ NG

2, CITATIONS AND EXPLANATIONS
1. Document D2 discloses in its figure 3:

a filter comprising:

a housing (shield) having a cavity therein, a
resonator (loop-gap resonator) located in the cavity;
and means (microstrip line) for coupling electromagnetic
energy through the housing to the resonator; whereby
_ the resonator is a cylindrical curved split ring
resonator, the resonator has an outer surface, a first
face and a second face (cf. also figure 4 of D2) , the
resonator has a cross-section generally perpendicular to
the curve of the resonator, the cross-section is defined

_ by a planar figure closed by the outer surface of the
resonator and the first and second faces oppose each
other to define a gap (cf. figures 3a and 4 of D2)
therebetween, and the resonator comprises a conducting
material.

Form PCT/IPEA/409 (sheet 2} (January 1994)



20 substrate conprised of a dielectric material which holds the resonator
in the . housi ng.

NPCTVE}\IBED SHEET Intern. ap 11cat10n No.
PR Q.. BRED TR YPTIRTON, BERO¥Tousi ng 2CT/USS 350
alunlnﬁﬁ+wmt.. &—S+Hr-er—eoat-tAe: Fhe—ter
of claim1l wherein: 5 ~ the housing conprlses a plurality
~of housing cells (214); at |east one resonator is

located in each Bhishknpwnsitidtesl Bgffers fromatdie filter claimed in
claim 1 in that

a) the respective planar figure is rectangular i.e. it
contains corners; and in that .

b) document D2 does not specify a high temperature
superconducting materials but pertains in general to
conducting materials.

Document D2 ends with the conclusion that the disclosed
split ring resonator can be used in many applications
where a medium-range Q is sufficient and small size is
important. In order to improve the Q-factor it is stand-
ard practice in the art to use (high temperature)

- superconducting materials as e.g. evidenced by document
D3 (the Wang et.al. article) and document D1. The -
skilled artisan is therefore positively inclined to ap-
ply the technical teachings of documents D1 and D3 to
the resonator known from document D2.

As is apparent from page 2, lines 13-23, of the
original description right angles or corners on the
resonator are undesirable for two reasons:

1. creation of discontinuities in the E-field and
2. difficulties in coating the corners.:

In their submissions the applicants deny that it is well
known in the art that the coating of corners poses prob- .
lems which can be avoided easily by replacing the cor-
ners by curvatures. It is maintained that both probiems
are well-known. In particular it is commonly known that
the E-field discontinuities of corners may cause un-
wanted discharges and the skilled artisan would there-
fore anyhow look for resonators without such corners. In
respect of this problem, too, the skilled artisan would
apply therefore the teaching of document D1 i.e. he
would round-off the corners of the resonators known from

Porm PCT/IPEA/409 (sheet 3) (January 1994)



the filter further conpri ses nmeans (212) for coupling
el ectromagnetic energy fromeach resonator to an adjacent
10. Afilter as recited in claim9 wherein each cel

resonat o

r. 10

Intern. applination Wes a

r espegiNTHRIEeFTONRY, | PREAIMIHARY HRRAINATEORCRRDERE) and ap_b@wegss(
surface (218), and includes respective neans (224, 226) adjacent

15594
he upper

surfaCeé and TOWer surfrace 1or releasaply attaching the corresponding cerl

to 15  adjacerdo€@hést A2 t an@nehps 24 £8i¢368% - the subject matter of

Afilter as recited. claim 10 wherein the urality. ot cel l.s
compri ces & 111 St ber TAE o290 IE HACkEE B chifiath # "tsshpnos FRpagrea
end plate (268) dimrious dsy crieel teachingppfrdscuhentsobl hB2f andt Dandndel |,

and 20 a squﬂgﬁﬁngéﬁ+eﬁ§ é@é@%dﬂ&éﬂ? 13§éﬁ€fget8tEB? | oner surface of

- the second

. The feature of claim 2 is known from document D1,

whereas the feature of claim 3 is rendered obvious for
the reason given in respect of claim 1 i.e. the rounding
off of the corners of the rectangular cross-section
known from document D2 leads to an oblong cross-section.
The feature of claim 4 is rendered obvious by document
D3.

Claims 5} 7, 10 and 11 concern constructive details,
which are a matter of standard design practice. In'par-
ticular a substrate securing the ring resonator is known
from document D2, whereas the other details do not seem

.to contribute to the solution of the technical problems

identified in paragraph 1.

The use of thermally conductive gases for cooling pur-
poses does not involve an inventive step (claim 6).
Claim 8 pertains to standard materials used in filter
technology.

‘The features of claim 9 are known from figures 10 and 11
of document D2.

In respect of claims 15 to 18 and 23 to 25 reference is
directed to document D1: figures 1 and 4.

Anent claim 19-22: the arguments presented in respect of

claims 1 to 4 apply also these claims.

Form BCT/IPEA/409 (sheet 4) (January 1994)
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, - - Intern. application No.
INTERNATIONAL PRELIMINARY EXAMINATION REPORT PCT/US95/15594

VII. Certain defects in the intermational application

The following defects-ir the form or contents of the international application have been noted:

1. As shown in paragraph 1 of chapter V. claim 1 is not -
properly delimited in respect of the subject matter
known from document D2 (Rule 6.3Db).

2. Since the applicaﬁts have deleted claims 12-15 claims
15-25 should be renumbered in order that the prescrip-
tion of Rule 6.1(b) be complied with.

3. The present application contains four independent
claims, to wit: '
claims 1 and 15 pertaining to a filter,
claim 19 pertaining to a resonant element and
claim 23 pertaihing to a device employing
superconductivity.
There is much undue repetition of wording amongs claims
1, 15 and 19, whereas claim 23 does not solve any of the
technical problems identified in the introduction of the
description. Having regard to these problems one single
independent claim, with if necessary claims dependent
thereon, appears to afford sufficient protection. The
claims do not therefore conform to the prescription of
Rule 6.1l1a (conciseness) .

4. Figure 10 gives rise to the impression that the resona-
tor exhibits corners (planar figure near reference nu-
meral 290), the figure is therefore unclear. '

Forn CT/IPEA/409 (sheet 5) (Jamuary 1994)



15, Afilter
i(223) therein;
super‘conducti ng naqe
la thermal |y conduct
i PCT/ US95/ 15594
:16. Afilter

conprli.sing:

REPL : nat or (200) conprised of

-

| ocated in the housing;: d, '5_’5
[ as di s oseh ithin the cavity. ST el es
4NOV1 - 24 -
as fetited in clal 1p wherein the housing is

a housing (214) having a cavity

-+
*

‘e~

.

ilocated in a super cOoIing fluid, and the gas disposed within the cavity is

ipressurized to pre

5
thermal |y

10

15

20

25

17. Afilter as recited in claim16 wherein the
orglgh dkRY | ¥ P¥RSEF snywabernef resonators. If a

particular épplibation requires greater or fewer
resonators than the preset number, an entirely new
housing must be constructed to accommodate the
desired number of resonators.

A type of resonator that may be used in
filters is the split ring, céhsisting of a
rectangular plate bent to form a hollow cylinder
with a gap running from the top to the bottom ofithe
cylinder at the ends of the bent plate. See
Mehdizadeh et al., "Loop Gap Resonator: A Lumped
Mode Microwave Resonant Structure," IEEE
Transactions on Microwave Theory and Techniques,
Vol. 3, No. 12 (Dec. 1983). Thus while the sides of
the cylinder or ring will be curved, the top and
bottom will be flat and meet the cylinder sides at a
right angle. Right angles or corners on the
cylinder are undésirable for two reasons. First,
the cornefs create discontinuities in the electric
field around the resonator in the area of those

corners. Second, resonators are generally made of a

" conductive material, (See Dick et al., "The

Superconducting Split Ring Resonator as an
Accelerating'Structuré," Nuclear Instruments and
Methods, Vol. 138, No. 2 (Oct. 1976)) but also may
be coated with a high-temperature superconducting

material. Coating the corners of a resonator is

ing-f2utd fromentering the cavity.
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18. A filter|REPLACEMENT SHEERl m 15 wherein the housing is cool ed

by a cryorefripefator—1Io" : . .

PCT/ US95/ 155 - : =25 5 T 0
- 19. A resonant efkﬁﬂﬂw F@éO) onpri si ng: oo a spli oo
~ring having anj o 208) and end faces (204, 206) wherein

the el enent h the shape of a dylinder having said end faces
| ocat ed at oppC , and where the cylinder is curved upon 5
itself to define a ring where the end faee8 eppose each other to define a
gap (207) therebetween; wherein the resonator
has a cross-sectdbfifgendrabhgd may leadpé&cpardi-culifiotm ¢domt tngvandf the
cylinder, the cross-section is defined by a
additional discontinuities in the electric field
around the resonator.
When the resonator contains superconducting
5 material, additional problems are encountered
because of the need to cool that material to
cryogenic temperatures to achieve superconducting
properties. The filter housing, resonator and
dielectric material used to mount the resonator may
_10' all have differing coefficients of thermal expansion
and are exposed to a very wide temperature range
during cool down and warm up. Provision for
expansion and contraction of the materials of such
filters should therefore be made to ensure that all
15 elements of the filter are properly situated when
immersed in liquid nitrogen, or other super-cooling
fluid or when attached to a cryogenic cooler. It is
also important to ensure that the resonator is
cooled sufficiently by the liquid nitrogen or other

20 cryogenic cooling methods which will be located

outside of the housing.

SUMMARY OF THE INVENTION

There is provided in accordance with the
present invention a filter having a housing with a
25 cavity in the housing containing a cylindrically

curved split ring resonator. Means are provided for

AMENDED SHEET



surface of the resonator and the planar

pI anar flgure CRHHQ\GEMENTL

08 =

: figure is frEeof—cerhe nd wherein the rJng IO
conprlses a high tegpg s re | superconductlng mat eri ai . N EE
- 20. The resona 119846 I im19 wherein the cross- 15 secnuom.ls,,-g.
~a circle. , 21. The resonant el ement of claim19
wherein the crdss- sectiop is oblong. 20 22.
The resonant el CMETtOf~——ei~a wherein the super conducti ve
material is YBa[err] Cu30r. -~ 3a - 26. An el ectromagnetic
filter conprising: a housing having a cavity therein;

coupling electromagnetic energy through the housing
to the resonator. The resonator has an outer
surface and a first face and a second face where the
resonator has a cross-section generally
5 perpendicular to the curve of the resonator, the

cross-section is defined by a planar figure closed
by the outer surface of the resonator, the planar
figure is free of corners and the first and second
faces oppose each othef to define a gap.

10 The resonator may have a.circular cross-section
or may have an oblong cross-section. The resonator
may be made from a supergonducting material,

including a film of ¥YBa,Cu,0,.

AMEMDED SHEET
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30. The electromagnetic filter of claim?27 wherein the faces

other to define a gape therebetween.--

- 26b-
the cross-

31.
section is circular. --

The el ectromagnetic filter of claim 24 wherein
32.

el ectromagnetic filter of claim24 wherein the cross-

The

section is oblong.-

oppose éach
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