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TI TLE: PULSE TUBE COOLER HAVI NG 1A VWAVELENGTH
RESONATOR TUBE | NSTEAD OF RESERVO R BACKGROUND OF THE

WO DMERIE3ON Field OF The I nvention This inventiPEI/US2006/021169
rel ates generally to pul se tube cryocool ers and nore
particularly to a structuré that can be substituted
for the reservoir that is used in comon

conf i gyTBEI pUESErIdJEE SHVER SOVCENG 05 WA VBLRNGITHas
vol une, wei ght and cool down tine. Description O The

Rel at ed ARESENGEORIFUREVRSTHAIL OF RIESSERYDERs have
been recogni zed as havi ng desirable characteristics
for cooling to cryogenic tenperatures, particularly

when mul ti pl eBAGKEROUNE OFAFEBANYENTIENges. Their
devel opment began with the study of the cooling
effects resulting fromthe application of a pressure

. t end of a tube that was closed at its
Field (1 The 1ihvcills . A regenerator was added to the tube and
arThésdanpitioni relatds| geaeraly exlpulse b8 crypeoelats Bda6ate $2dicularly to

The d that the t h bet { .
o strugiog Bt e ORI R H "GRG BR JeFOREs CPHERgions
and tRPERNEIR oD h) tgh%luﬁlg WwdigntheacoRdBW N Eme.

effi'ciency of the ¢6oler. A dramatic inprovement in
performance resulted fromthe addition of an orifice,

Descat .tgﬁghorggrl é gl osed end of the tube, with the
i a relatively large vol une
I engvalitkl wavd $Olst uBE c8fletsOh@d% BedhUr@0gnaddIa® having desirable
conpliance volunme or buffer. This orifice pul se tube

charagigBptéss 19 eerling ionsyescais ﬁeﬁv@e@ﬂaﬁ,s wgricylarhiewheyemeing gpolers
are CBJ&S&C%]bl\élSétg erseﬁél? Qk:P aémpul S {Hc ﬂfé' of Woﬁﬁ effects

o t he ori e cool er’ exi st
resuliiig ﬁbm&hé applioatibn lof b, p&ssmt\m t5 o118 4nd 50 altsba)iﬂnh’ywamelosed at
exanp The orifice ervoir .chan

ed. t.h .
its OPQE%'E?s@anchl RGNVt E%Qﬁ% toshg tihe %ﬂﬂe@nte&gep% q%%sfﬁ%yl USs.
patent B%g 9d1 Pk R3S gﬁ%’eé‘ttﬂa@ @l‘?ehinﬂe *f)ﬁﬁéﬁﬁg? Bet@Ren V) ﬁ&%bsﬁﬂe and the

and pressure. At the wal a cl osed end of t ube,
workhigegztsomasba flpwe weldeity (mm tkmmgcnmytqr swad wateal ztertbe WisRi pumping

efﬁc1ﬁ%<§f g% E&%géﬁ?‘gs‘gn‘%ﬁ ama gé%%ﬂod’tegl%i} flrgg)%f opn%ancce resxﬂte%‘ln]grom the
addition of an orifice, at the formerly closed end of the tube, with the orifice leading to a
relatively large volume reservoir, also referred to as a surge volume, compliance volume
or buffer. This orifice pulse tube cooler greatly improved the phasing in the regenerator
thereby increasing heat pumping efficiency. Numerous examples of the orifice pulse tube
cooler exist in the prior art of which U.S. patent 5,794,450 is only one example.

The orifice and reservoir changed the acoustic impedance at the end of the tube
and thereby changed the phase relationship between gas velocity and pressure. At the wall
of a closed end of a tube, the boundary condition velocity is always zero while the
pressure oscillates and therefore the closed end has a pressure anti-node and a velocity
node. The closed end presents a nearly pure reactive impedance to the tube, with the
pressure and velocity essentially 90° out of phase and reflecting energy. An orifice,
however, when connected to a large volume, that is sufficiently large that it does not
undergo any significant pressure variation, allows gas to flow in oscillating directions

through the orifice unaffected by a pressure change in the reservoir (because there is
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node. The cl osed end presents a nearly pure reactive

i npedance to the tube, with the pressure and velocity
wes®aeneddad |y 90 out of phase and refl ecting eneCTYS20061021169

orifice, however, when connected to a | arge vol une,

that is sufficiently large2that it does not undergo

any significant pressure variation, allows gas to flow

none)! FhdOFMs! FHbisiee Fhriffhnk Qfost MO BARCE, e tey biifieé€ is not too large.
unaf fected by a pressure change in the reservoir

Consqgbetbuslee ¢dvebived srifine pnd mserioirows. her designed to RFGsgnt HEpsistive
cross.the orifice, if the orif]j ' .
wconsBE SRl BB B B BB T PR BE  e
pressi?€ afle$é18618€o 1 he Rae St ofifit€ sleShipligseaThelphising chpadeaaicthe end

to the tube. The resjstive inpedance has the
of thecthbg reseléing Sione sybstitutioneof &%@%ﬁeﬂl@ﬁese@% rithe glosgdygnd wall
Cot RN : ; .
s B0 PSS AP TSR iR ISR S g e
improved hést puapthgreffieienei.r for the closed end wall resulted

in a desired change.in th [ int [
e AR R i = g

illustﬁfetiijﬁ’ tﬁ!%tenf’s%,?%,@@ﬁl@@.@. Pt Joe¥e0ed 9. been
confi gur wth multiple cascaded stages as

i IMhagtavelirwave phlSe tym: oles veis fBBhgdgipsenedhySsubstifytion of an

) 2004/ 0000149...The, travel. i ng wave bul se t. I

e RSB Pioka i} CSHBLE TR AP B R AR

2003/092636RETRY inkittitte thbe RXeABRE Qarddw tiies typally gue@trhetarsilong, that
illustrated in U S. Pub. 2003/ 0226364. The.i nertance

is opan s sa¢hsendd andrrgnibervemdtingecoll Fhe Bartpgeedubeis Goppesied between,
.10 h ' . '

o 5 s T SO FOE, AR SEN LU 08 e

connéciiain tthis ananaactol the palse el andi cup edgpeeximetelye Bnwatdiength of the

reservoir and .the pul se tube. Wen. connected in thi
acousETRPs 15 CORIAHBRPTEBIS LAY SEIT S APHUk RE Gy 1hthe end

of th §e| BRI ad HRrideQUTDE TsiBY 6F arf Hiffces QURLIBALH @R, by varying

esents a nearly resistive acoustic i|npedance to the
the lemgth off thee igartapee ttubs. valyi thg aspushie ritpadanceuload | theredarg the

presfie Bt b5 & 25085 e e T BT g A more
flexie tb Rakirk a8mst R PphBEshe/ PURIRLint tie RipesdraEr add tHebsdy further

. end of the pulse tube. This permts the designer nore
increfidedlvé Iviat pewping offigien®t adj ust and optimi ze the phasing

O SR ALL, AU AN N AE LA RRESARS. FHE reservoir
must enclose a large volume that is sufficiently large that the pressure of the gas within it
does not vary appreciably throughout an acoustic cycle. Furthermore, the reservoir must
be sufficiently strong that it will retain the working gas under the average pressure to
which the pulse tube cooler is charged. Therefore, the reservoir must be structurally
configured and have both its surface area and its thickness sufficiently large to meet these
requirements. As a consequence the reservoir has a large mass, has a large volume
occupying considerable space, is relatively heavy and is relatively expensive to
manufacture.

Additionally, in multi-stage pulse tube cryocoolers, the upper stages (stages
beyond the first stage) operate in their steady state at reduced temperatures. In some

implementations, the reservoir and inertance tube for an upper stage operates at the
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The reservoir, however, also has sonme undesirable

characteristics. The reservoir nust enclose a | arge
waetoansidthat is sufficiently large that the preEGEFUSEIE21169

the gas within it does not vary appreciably throughout

an acoustic cycle. FurtherBore, the reservoir nust be

sufficiently strong that it will retain the working

tempedRBre SYAR wAliLre@ivRl @0endT WARUIE af Be WethSdtatidecoftib Sﬁldtﬂd@@n or
cool er is charged. Therefore, the reservoir mnust

“end”qfthe prigeeding stagm Thefigfoie wndar Wansiens senditiqns wheprihe erygﬁ@&er 18
coohn%e&iml/ﬁ ‘?o tg]l W teﬁiﬁeﬁa{t&fee Bt C%ul% g€ cB&eﬁ?tﬁé Ig§§§cool down

rel’rent onsequen e reser vol
the rels@ﬁf@@ af®&H, as lodiser aoinpbgamty Ahigrrelatieely farge giaemnﬁihd a@esbvadr, and

spac is. relatively heavy and is relatively e nSiV%
its cangeqRsht iy bFal. SIotEER CABRRI) yFauseR anﬁvlf%ta%ltaﬁé%nep dpley untl the
cryoc?&'l@?re%ﬁ’e@%@?tjaﬁﬁ tenfdfariiRPer stages (stages beyond the

t sta rate in their steady state at reduced
t émsetha’efwesn objectsndefeatny efitba tisstentions fo $ubstifuésstor o reservoir

ertance ube f.or . an oper at es.__at .
of & Fifpsy B Brelttut rbfhoTa il ERBGY STUGH mERGE T B Lot ds el
consid¥sbliyasRexpEMIR £id éa@ﬂ¥ @0ldd FREiaQBadily aveflbleOforbién product,
precédi ng stage. Therefore, under transient condi ti ons

and casmbmmomea@ﬂy oowsained withircthe oiisy varswm Yessql il WhEsErGayoqeglers are
ordin e&ﬁjerature t he pul se tube cool er stages nust cool

o ) He reservoir as well as ot her conponents. The

rel atively Iarge mass of the reservoir, and 5 its

t hi heat st t
substant i al BRI SOV BF TRE TRVRSER: * eaches
0 pﬁfealteké}g?ﬁ‘ S)E%eﬁglﬁgél ffbe ddoldrSis tr%t%@efd%}ﬁ a Q'Qso‘ﬁgio? GhbRft has a

feature o nvention to substitute for
length estestantinlly et[lueé tpil wevdlergth oﬁalstamdug vszmeuntthlcr wohlang 12gs, DT an

reatly. r ced and volune that is a
odd, iRt il Jherbom dhe ARRPYES HABas PHPSHES Fdbprespure of the
resonh@RAiHeY PRYEHHIFPIE reGAMIP RutR!i9 $taled idegANY vhEBNthEE&ndmee tube
easily contai hed within the outer vacuum vessel in

as a sitglg; integrpbiubo bavgdhefioedonsaafiboth. housed. BRI EF SUMVARY
OF THE | NVENTI ON The reservoir of a pul se tube cool er
is replaced by a resonator tube that has a 15 | ength
S WKERDESERIPTEONAOF H@IEQEV@R@IIBVEWS@F THS BRAWINGS

WaFV1§ 1I 12 atsgﬁenvl\g:[ck&lggrar%ao% a p%ror art pulse tube cooler.

Fig. 2 is a schematic diagram of an embodiment of the invention.

Fig. 3 is a schematic diagram in partial vertical section of a preferred embodiment
of the invention.

In describing the preferred embodiment of the invention which is illustrated in the
drawings, specific terminology will be resorted to for the sake of clarity. However, it is
not intended that the invention be limited to the specific term so selected and it is to be
understood that each specific term includes all technical equivalents which operate in a
similar manner to accomplish a similar purpose. For example, the word connected or
terms similar thereto are used. They are not limited to direct connection, but include
connection through other elements where such connection is recognized as being

equivalent by those skilled in the art. In addition, devices are illustrated which are of a
type that perform well known operations. Those skilled in the art will recognize that
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odd, integer nultiple thereof, at the operating
frequency, tenperature and pressure of the resonator
wo ame/0281£f erabl y, the resonator tube is fornmeRPCT/US2006/021169
integrally with the inertance tube as a single,
integral tube serving the #unctions of both. 20 BRI EF
DESCRI PTI ON OF THE SEVERAL VI EW5 OF THE DRAW NGS Fi g.
there rd %E@lys GREMAl ie AhagrARy ok AldMidml, MdmahveSeevicsdewhich are
cooler. Fig. 2 is a schematic diagram of an enbodi nent
recoguized hreequivedert beeruseihgy p®vide the seRe ARFRIEONSI agr am i n
partial vertical section of a preferred enbodi nent of
the invention. 25 In describing the preferred
enbodi menbEFATLEP DESCRIPTUONOFAHE SNVENTSONat ed in

t he draw ngs, speC|f| c term nol og will be resorted to,.
f Gigs: hand Adagpmatatipalkyyshopaseepbe peolers ima - W&Hﬂfg@ﬂatlm

ol PRATESRE  S pREGSAE BT 50 o

show tassiniplé Biapeides, Blknotvedh tiecat, patpsitviad evlas vim hatvecrpeltlateestages

N a | ar manner to.ac i sh, |
cascagiegh W iﬂa% gach by RSV R R B lts Bmediefily SHigRigHt higher
stage L SIEHFEL R HBE %1%'1%&dstag-g% héEobiebt bdif bEsled, oanq' Jﬁ@tting heat to its

‘connecti on i ncl ude connecti on throu
1mmediamhe preseding leverstidge corin dlagt ambaentsatmeldgm, zfeld isgthe b@v%g stage.

T8 0L Pty HIEC 0 B0 el o

havmgeﬁmﬁpl@ WRtddeli Rpwes. oper ations. Those ski I I ed in the
art wli recogni ze thatthere are nmany, and in_the

f (dthgrmalseetyibe eoclerdef Fisnhiis constrastadin eecorriapre with ihe pror art. A

s S SR AL ARS8

conndcteds thr&ugg d Readlirejgethmgrhedtcadchyngehn o, mﬂr@nemtme Ibbahéras heat
in a U-tube confjguration, .alt nvention i

accepfip| heah Brehapger| {hEnprcaREd 6f Fept éeog'fth {}%:i Reofrimesiiy ffom the

regengfagﬁ 14%QHe ?ﬂ@é"‘m@e 38 AHheorha0EmiRY hanﬁ@ld@(‘)ocﬁ@t dotdiflehe heat

art, pulse tube coolers can have nultiple stages
exchangsic d6lethevopposith end axf lths palge teloc &P tis n@pme‘rad [£] raoﬁTSft tead of an

. [ [ | b t .high
TS AT T SRy Lot 47 i
apprdkﬁh@t‘ékﬂ %%M%ﬁﬂ 1Olohg. FHoWHRE At Aoy kivar@cthe grtl fh\éﬁflertance tube

sta or tot i ent atnosphere, if it is
22 typig dem@gf@ length from precisely % Wavelength The reason for thls departure

is that it is undesirable to have a velocity node at the pulse tube end of th¢ inertance tube
because there would be no gas motion at such a node so the cooler would not work
properly. The opposite end of the inertance tube 22 is commected to a compliance
reservoir 24. As known in the art, there may be other heat exchangers and all of these
connections are both mechanical connections and fluid communication connections. The
cooler is charged with and contains a working gas, such as helium, and has a selected
operating temperature and operates at a selected mean pressure. The wavelength of
acoustic waves in the working gas is determined at the operating temperature and is
affected to a much lesser extent by pressure.

The embodiment of Fig. 2 differs from the cooler of Fig. 1 by the substitution of a
substantially % wavelength resonator tube 26 for the reservoir 24. The resonator tube 26

can be a separate structure connected in fluid communication to the inertance tube 28 of
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Therefore, the coolers of Figs. 1 and 2 al so represent

i ndi vi dual stages of a cryocool er having nmultiple,
w@amcaesi st ages. The pul se tube cool er of Fi geCT/UBR06/021169

constructed in accordance with the prior art. A

pressure wave generator, having a sel ected operating

frequency such as 30Hz or 60Hz, is connected through a

Fig. Naflcan QIRChiveda efre@Xsdigude droskZsection2 GReE hidd @hapk4 FRWEver,
a heat accepting heat exchanger 16 to one end of a

prefergbilys thet 1gpenat®. tulpp 86 do fveet iinigstatly ith, ther lngdanse duls 20 go that
t 0.t I Is.through a turning manifold 20
tOgeﬂfeﬁg%egc;efgﬁﬁgi%ﬁné%E@e glatltugeéxchanger 16. The opposite end

oRephaeinguiierdsetvoir 1¥ith sthe aaswatogdube of ther swertivn hds sgveral
i nertance tube 22 which, as known jn the art

advaniegnAPFIE yis cofrges indugdy eatmmales; tibing sonBris,a ﬁ%l'%tz\f%é/ figible
produ@ﬁYlﬂt 88 %le!?p 96d i Hs%eW aa%ﬁﬂb?@ TR 1 fl&% & td?si%n and
t e rom

e I nertan t ube typicalTy departs in length
fabricpteercteseivpir id operatd &irthy¢ requifbe presagenaridtentperaurds pehetrasanator

|s that it is. | h | oci t de_at
wbe 2 gnc)iicea pariskEmD PO IHEY A A8° FOPBLBRR A IS Tag e 2

reservéRUArd tABrefste 3R oABTHAS Mes@tvebdlt And tdkR6 @p I85stsPaeeC BR B0 there is
woul d not work properly. The opposite end of the

less maserto drcwotadbéowapta epersingdemperafusesnon st Yrawden the pulse tube
eservoir 24 int

. As. k . i
T

reducB®C Bagiugd |thi 0A15E gidatli Sredinds fthelit6tal gaayOluedd i0Mhe cooler, less
connections. The cooler is charged with and contains a

workipgieRs HgWe dyougiibi palse fidhe; wapiielddnA sesepergiar duriag cool down.
0 %&cﬁﬁéﬂl@lyﬁ_ﬁ%ﬁggﬁ e'ﬁ%}?{)};ﬂ%a?ep %‘tﬁl&g s @Bn@:n?é%h? ﬁc{vtgﬁeéﬂf& 3thd the

pressure. e wave acoustic waves

resondior kibegecapas: femdétiseglipds ah ekteasiopef dhd ngrtamepebgtalirthat is
and .is affected to.a nmuch | esser extent b ressure.

necesiry it b Bith HBIRES OF g 107 IepEwahat i sufistentedly dopdpnis than the

desighbdinektatide 1UBE 1SMARTdchlitd M @lfosi%gsdﬂésérﬂnéﬂdaﬁtta)éhﬂag the opposite
wavel ength resonator tube 26 for the reservoir 24. Tﬁe

end toabompalsertubebie the coavenbenzd rsapsr.atlas previdesuessentially the same
connected in . fluid.comunication the.inertance. t ub

prossGERETRHG bosthapy tSpgSETT AR, ESE B ol i U bEGE B RS, he

reserfdiPBHis6Eithdh@ineftaRa téded shape. However, preferably,

t he r esonat or tube 26 is formed integrally wiith the .
i et tame etubgbevixe appliedhin the dyvererespradgr Jube of Hedpyrgtien, has

a megﬁﬁlg %[r@ilnaltiﬂpﬁnplied by the term “tube”. It is an elongated body enclosing a
hollow interior passage that can contain a fluid. Although most commonly cylindrical, it
can have other polygonal cross sectional shapes, such as oval, square, triangular or
rectangular. Its length is considerably greater than the lateral dimensions. The important
feature of the resonator tube used with the invention is that it functions to support a close
approximation of an acoustic standing wave inside with a pressure-node and velocity anti-
node at the end connecting to the inertance tube and pressure anti-node and velocity node
at the opposite, far, closed end. The resonator tube cross-sectional area is not important to
wave propagation but of course its length should be an odd, integer multiple of a Y
wavelength of a standing wave in the working gas within the resonator tube at the
operating frequency, temperature and pressure of the resonator tube so that it supports the

close approximation of a % wavelength acoustic standing wave. It is desirable to



10

15

20

25

30

Replacing the reservoir with the resonator tube of the
i nvention has several advantages. There is a | arge

WO paba®e243y4 t hat makes tubing so it is a rel ati vRCTUS2006/021169
fungi bl e product that is readily and inexpensively
avai l able. There is no nee# to design and fabricate a
reservoir to operate at the required pressures and

minithRBWHeS GidliRBweiFheof the aiahasr tubfahe Golenel daskidg gas it contains
conS|derany snal | er ,vol ume and has consi derably | ess
and teghpye enpegligible Jlow, sesistanse Exrssayodevnissiskiey rﬁ%&@eq thgscooler

perfolfih Rt B g stvBKESiohPal EiDe SHAGGer R w%h%{g th &L %obl%r aﬁ&%ake
nmass to ﬁ li

cool ed down to operating t eratures
windiigathe tuhe inheooil Hffﬁpmlt Sk‘-hetetfbxe thealesonaies tabe e secsﬂbmgearea is
of multiple casc erefore, cool down

I me
chosqces B RERFr B LR USE Phf Hp%se&weﬁtwnﬁ@d?fe&seemmﬁ arca that

avoﬂsocfl@ |ex<9§§§v¥ @ioWrFesis&nE@ ?esﬁﬁﬁiltg qu'om 165 SR KBS GR8ordal AW and
hrough the pul se tube, nanrfold and regenerator

the edaersswg mlw&ighﬁwandb\mkm@ rgab Ivyolum@a:@uhmgt frem too great a cross

secth,rgg g FIEY)G k%l " ablz)lefg glg %Iéllen?#ll %?rg%{t%; bl eﬂ f%ﬁdthat s barely

affec@®doBIt$ ipBifoRharich %ndi RegrhANERuEH Bewid Intd B @bll lafid REEARISEcYssive
is to cut a piece of tubing to a length that is

weighty Sincenthiealcsgnaion fubp ghgesubstifte fdiea deavigheseivaly parrt eveight
redu({t%gqs ﬁ&gﬂ??ec(ﬁlﬁg{ b&g and cl osi ng one end and attaching
He opposite e

0 the pulse tube in the conventiona
rram‘ge’j shoWl scataledgins eaggideahbe/cddie maimg a first stage cold head

essure/vel oci ty ary conditions as ired .and
31 arfdgRgOnd Sl c?)lﬁ.fwac? 37 bt e baspon wbe &4 SErinameRiold
36 aﬁcE ?egeﬂ&ﬁfo?@%e Thi Beonthga. elregénetréc{&e 40, ¥ReR: 8R! dx8hrlrs at its

A wave resonator tu f the invention, has a
oppomnndsg ipcdnmegted| tﬂurcmgibl 4 eunipg mhwfaldrdd to theepulse tubesd4. The

BT A T TRR AN A T

turnify naAEHIcC A of ithe mn@ aM8e BN ehe mw@omainf&ﬁa&sm the illustrated
sectional shapes, such as oval, square, triangular or

embodiweririg thapecond stage sgteciien ebheitdgenertyr igrtbapakse timforming
the c%Pdereﬁ%{ng(Efatlth %eg%lasé ctoll{ir F ad'. %Oééwe%néndf ESN)? Lh% <9J1]teh I?l?oe 46 is

'eso ube use i on

conné¢ted ol the pulse tibepiaantl the @IQSIGG ampsmo(ﬂ thatoited tabe 4fis closed. The

acousti c st andi n]g wave i nside %(l h a pressgre node .and
coileefube 14 hantd HRjale laeth RBPTERRAE N &c PiaNg RFht ple acoustic waves.

Spec%]ﬂ(;bgggf,%ﬂg GerlgHPEr BB Y K58 WSsu@Dbf mBog @fa%lgng‘[ﬁ ll@d:g feYonator tube
segment of the coiled tube 46 that is located proximally from the pulse tube 44 and begins
at the closed end 50, added to the desired length of an inertance tube designed in
accordance with the principle known in the art.

Advantageously, the turns of the tubular coil 46 are soldered or brazed together so
they are held in place mechanically and are bonded together along a continuous thermally
conductive path. The coil is similarly bonded to an annular plate 52 that is mounted in
thermal conduction to the turning manifold 36 of the first stage. This mechanically retains
the coil relatively rigid but more importantly provides a thermally conductive path from
the entire coil 46 to the cold region of the first stage 31. This thermally conductive path
facilitates the conduction of heat from the coil 46 during cool down of the pulse tube

cooler.



at the opposite, far, closed end. The resonator tube
cross-sectional area is not inportant to wave

w@e@pagstdi on but of course its | ength shoul d beCEHOSAE)21169
integer multiple of a 1A wavel ength of a standi ng wave
in the working gas within ¥he resonator tube at the
operating frequency, tenperature and pressure of the
r @dereadrefoftashsesmah alterhdtiveupnatd soil e iwbe amund the cold head.

approxj mation of a 1A wavel ength acousti sta din
The tyEppeF the ouedale cay| @ FHRIPIENPE WORHY AR oF ! agwtlmdncal
inner Of oﬁtgxeslé&% ga R bt HQ?rnaly‘o’?rrdvrﬂlﬁ gﬁlc?ﬁy ¥EMrELRE 1988 slideve.
contai ns an ave a rieg |g| | 'ow resi stance.
BEXW ks cartnirf pmf@rredsamiicmlnnmts efithe @sesetient@rbioarhave been disclosed

. f.or, ht an be di a er, add .

in dcgg] ghis £6 CEnWTEGUREL 154 RS THOHRaHGTE (Y BB ePdoReg withou

depar€iflf; ffrofll én& sk bfth-E'iﬁxFe%EQﬁ Br sdoB€ of B IS Wihg tc%ﬁ’l%s Cross
sectional area is chosen as an englneerlng tradeoff or

conprom se by choosing a cross sectional area that

avoi ds the excessive flow resistance resulting from
too small a cross sectional area and the excessive

si ze, weight and working gas volune resulting fromtoo
great a cross sectional area . W have, for exanple,
used a 4 mmdi aneter tube and find that it barely

af fects cool er performance and is small enough to w nd
into a coil and not add excessive weight. Since the
resonator tube is a substitute for a heavier

reservoir, a net weight reduction is usually
acconplished. Fig. 3 shows a cascaded, two stage pul se
tube cooler having a first stage cold head 3 1 and a
second stage cold head 32. The first stage has a pul se
tube 34, turning manifold 36 and regenerator 38. The
second stage regenerator 40, having heat exchangers at
its opposite ends, is connected through a turning

mani fold 42 to the pul se tube 44. The second stage 32
al so has an integral tube 46 coiled around and spaced
outwardly fromthe turning nmanifold 42 of the second
stage 32. The turning manifold 42 in the illustrated
enbodi nent is the second stage connection of the
regenerator to the pulse tube formng the cold region
of the second stage cold head. An open end 48 of the
coiled tube 46 is connected to the pul se tube 44 and
the opposite end 50 of the coiled tube 46 is cl osed.
The coiled tube 46 has a total |ength approximtely 1A
wavel engt h of acoustic waves.
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Specifically, the length of the tube 46 is the sum of
the 1A wavel ength | ong resonator tube segnent of the
w@oio7eeh3tube 46 that is | ocated proximally froPeT/082006/021169

pul se tube 44 and begins at the closed end 50, added
to the desired length of ad inertance tube designed in
accordance with the principle known in the art.
Advant ageously, the turns of the tubular coil 46 are
sol dered or brazed together sq they are held in place
mechanically and are boﬁa%%ﬂﬂggether al ong a
conti nuous thermally conductive path. The coil is
simlarly bonded to an annular plate 52 that is

1. Amimproed puise tube wadlec owcthdotg opresore weve gemwratgr, hawing @l stlected

6 of the first stage.. Thi.,s nmechanjcally retapns fh
operefige reapies gl JomieRot BHENE D EPaBST SAALE §bP50 PHES tape, the
oppobifte&didt the GRIMIGHE \BrnRRtdd tbrPfksk RAd @R tahlifeidick tdR, 1R cooler

_the cold region of the first stage 31. This thernmal
havingomshlented,epeyating feaeraturataad conleinsethe working gos foreenerating at a
clec]elGeh et le! oGt A SOShedOM Dl L e pul se tube
S 08 & Prwar'e 4 %, 0 ccﬂrse, nangm%??érnative ways to
CQd fesbiiftort tube havmgndfifshend ebthebeddo tHhephdsitBSseobnd Bl of the
.coiled tube can, for exanple, be wound around. or

ingriapgen tubecgnd Aayingain ioppesiteosecond eindsthab e ssplingky slesed, the
i : t t : 1

LY 0 RN S IAEE 6] A PSRl of

wanelemdth e shsteedibg evavdiis cho sedking gdewathin thet resenatar thbe at the

unders{rood t hat var]j ous difi cafILons Irhraga/ bbe/%adopt ed

O R RS-t PR PR HRE SIS I 1S e1EC tHO%nt i on or
scope of the following clains. CLAIMS 1. An inproved
pul se tube cool er including a pressure wave generator,

2. A peleé e godlet imorceerdeprsrwith elgintl, edgeaie the infegerconltipbierad 1.
t hrough a regenerator to one end of a pul se tube, the
opposite end of the pulse tube connected to a first

3. A pilie @fibeddbdldieihtaaberdatdebgith thdn Coghaeinh@y ire@natos elRGE €kmed
operating tenperature and containing a working gas for

integpablyrviith thg ingrtagce Bibe @ agingleaint¢grddddli-e, wherein the
i nprovenent conprises: a resonator tube having a first
end connected to the opposite, second end of the
4. A ipoBe tubeaeoten e acrodddnay withy caimod phsteirethedegih df éredintelaed tube
. s seali .closed, the resonator tube having a
mSu@%%@ﬁﬁyéﬂ%é%ﬁﬁ?@¥é@%ﬁﬂéqual to an odd, integer nultiple
of a 1A

5. A pulse tube cooler in accordance with claim 3 wherein the integral tube is spaced
outwardly from and coiled around the connection of the regenerator to the pulse tube at a

cold region of a cooler that is at least a second stage of a multi-stage cooler.

6. A pulse tube cooler in accordance with claim 5 wherein the coil has turns that are

thermally bonded together to improve heat conduction through the coil.

7. A pulse tube cooler in accordance with claim 2 wherein the inertance tube and the

resonator tube are spaced outwardly from and coiled around the connection of the



wavel ength of a standing wave in the working gas
within the resonator tube at the operating frequency,
wao esopeegtur e and pressure of the resonator tubeCT/BS2006/021169
pul se tube cooler in accordance with claim , wherein
the integer multiplier is £ 3. A pulse tube cooler in
accordance with claim 2 wherein the resonator tube is
regerferatoretd thaypwge aibeyt acold reédien bhecodacthat ivlheleas asesomightaze of a
integral tube. 4. A pulse tube cooler in accordance
multiz§i387 %P m 3 wherein the |ength of the integral tube
is substantially 1 of said wavel ength. 5. A pul se tube
cool er in accordance with claim3 wherein the integra
8. Atpulse tube spelerdn actondande wiflr dainafdwbeiciretheascdluhat tubres that are
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stage of a nmulti-stage cooler. 6. A pulse tube cooler
in accordance with claim5 wherein the coil has turns
that are thermally bonded together to inprove heat
conduction through the coil. 7. A pulse tube cooler in
accordance with claim2 wherein the inertance tube and
the resonator tube are spaced outwardly from and

coil ed around the connection of theregenerator to the
pul se tube at a cold region of a cooler that is at

| east a second stage of a multi-stage cooler. 8. A
pul se tube cooler in accordance with claim?7 wherein
the coil has turns that are thermally bonded together
to i nprove heat conduction through the coil



