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ABSTRACT 

FuN.."" X-ray lIIowuml misti",," demand thin, IIzlx, ODd tloKly packed opcicI which lend 1Ixmx1_ 10 sqmarlllion 
of III< 1nn"lar mrnn aad, ill tum, I modulll apprwcb 10 \he mirror dcsip. The modulu IpPrOIoCb 00 X...ay fli&ht 
Mirror AaKmbly (fMA) deslan allowt euelleat .w.bilky of the mirror tedrIIolocY to "'PI"'" • \o'lIiety of ",iNion 
lira aDd tcio.« ohj""'ves. Tbll paper de$CIibol f MA desi&nf ""q IIWDp<ICI at- mlrror oegmentS for ____ I X-n.y 
astn:>;>byI;':' ~ ,tudjed by NASA -' explore> the driYiq requil em."1:!i ODd 1Ubsequcn\ verit\cIliaa tESts 
IleCCSSIJY '" qualify. flllfDPCd J,lul1Ilirrof modWt for opate.n;pr. A riaaou' tatiDt pngrun ia out1inaI oUowina 
Techolol!)' ~ Moehle. 10 ruth teChnical radirtell for lI'IissKIn implml.m.lou while re'hM:~ mission "OIl 
ODd Ic:bedule risk. 

The;cquircmcnt to po:rl'orm X-noy toJlia& ill. hcrlzontal boIoJa Is pU!ku1uly bo.trderoome on 1be mimIr lCClmDIOC, 
noctSsill:tiq Jl'OU over-coustninl orlM \hill JIuI mlrrot JeP>ClU _leadina; 10 dw C\Iff'OIlI deslp ",ill, lilI bonded 
I!IOIlT.t!I!a Ioeallmt 10 tbc mocluk I1n.lCture. All Mcnwe mimlr and """"'Io delip u cxploced whld! !He 1t.iIletr>at1" 
«WO'ain1:>. The kinemllk "'''''N'', COIlccpl bas ai&c iflCorU aotYuaqu inchldlD& P"'""iol (or hip ...... 1., 
rqolllt:iOIl, limplilicd mimlr Inugntioo. ItId relaxed lhmDaL """,imnenll. Howe.e<, II pramII tignifkanl dulkQFt 
iacL..tiD& low VI'1:ntioII modea. Imperfeo;tioru; in kinemati<: IlIOlIftlin& ItId !ho ___ (If. vertieal X-ray Imina: taciLily. 

K.,..o .. oIwnped. &Jus mirrors, module, flWU- Mirror Auembty, fMA, X.by Optla..J<lnemt4ic """"" 

1. INTRODUCTION 

AdvEIcemenll in X-ray oplia fabricllioa 1cduKI1ogieo an: RqUIml III eDIble I'utun: discovaia by ..,.ce-~ X-ny 
~. WhiIc both ligbtwciaM a>cI hi&h relolution minor fabtklItioI> 1eWIo1ogieo ais\, DO mature II!CImoIol)' 
tIIIft1t/y 8Chicvcs boIb '" once. for e:qq>le, the Cbandn. In/m)r hu • .hi&b raoIlllioI1 (O.j aR:-K<; HPD) but iI 
n:lltinly holY)' (O.~ cm11k& bNcd l1li \he 1.0 keY rifcctivt ..... ) while \he Suzalw IIIlrror hu. low molutioa (1]0 
arc""*, HPO) but is vel}' Ii&hl-i&hl (l7.J clD'lka@ 1.0 keY) 11 J. Howe-..er, leclmolol)' curranly in ckwlopmem. by 
the NeXi Genm1ion X·by Optks (NGXO) t ..... _ NASA GSFC ainu to Idti~ both l\iitIansul. raohxioa (10 ore· 
s« HPD or beaa") a>cIll&bfweisht (- LS "",11\"'@lI.Okey) miJron •• _ o;:(IIIIistent with tuc"", NASA miosiOll 
budpa. Thil slumpocL cJ.w mirror teclmoIo&Y i. scalable to I v.riety of X-ny m.iJ.!ioo II,," lind scitnce objccli_ """ 
btl Ueady been ~ to IChieYc 1 S ..-wee HPD perfonnancel ill I Iiill opertwe X-ny test of multiple (:0-

tlipld mirror she]I< ill • Teo:hnoloS)' 1)e ... lopu>ent Modu.le 121. 0... to tho rccerlI. ""'Sh*, by the NOXO IWII. delailed 
~ of tho moduJes Iha ouppor1 the .lumped slUI Je&ID<'III is I"t<]uircd to ~ !be tcchooLOI)' fur mis.sion 
implcmallatian. We seek to mitiple the cOlt and lCbedu.le riIkI 0( impIemtntina this to:bnoII>gy throup f"i&orouJ and 
ftPH:cd ~ mil. testiDJ orTcchnoLOI.)' ~t Modules widlln=uln& niJl"lt fidelity. 

1.1 9umptdGI_"lrrCll"Ted.iCIkQt~ 

Tho mimlr technoLOIY assunoed for tIM: bIOdlll. cIeli&n< ptIIeQl(>II ill this ..-per, currently in deYdopmmt at NASA 
GSK, corv.iJu, (If 0.4 mm thid; cJ.w $heels at.nped 0 ..... po\isllal COIIvn mllKftb 13~ The mirror MJ!IIWS thus 
formtd an: f;Ut to size (200 mill mal 1..,&th oad Ylriablc uimutMJ span)' cowd with • thin layer (If ndiu.aI. and 
Ietllp<!nrlly IIIINIIU:d. 10 • S1nIC!Ire alIowini for ri&ld body muipWatloa. Pain of miJron .., Ibm tli&ncd 10 • oommon 
"-" UllD& Ji&id body lIWIipu)1Iion, !bell pemwuelllly boIIded into the module Jtr\OCtUl"e, -.I fiDaLly rclcued from !be 
tulljlii *y mOUJll. Oocc the module ;s fII.1)y populattd willi lOinu segmeru. 1be bKk ofthc modlllt Is closed .... wiIh. 
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proIe:ti." pone] mel the aued>Iy it lUted. Ma;ty m<>duJa an: !hen co-aIigned ;"10 • common FMA .uucnn 10 
complClO IlII Fli&tltMirrw A.ocmbly fill shown ill FiI_ l and 2. 

F\oJ'll. Top view '" l'MA ..-itb lhreo ..... of.,du," 1I~ .... .....,1o ......... ~ (loll) ODd ... Olploded view 01 ... 
IDdMdoW rnlrro:o" IIIOduIo (ri&hl) 

1.2 Fllrtf Mlrrar ,,_.tIIt 0vwvI .... 

Tho FMA combinc!l . .... of modulcl colloctiveJy COIIWII.iII& tbooMnds of minw Jepr>lOlu no a rommon -.. wiill 
I common focus (thou", lOme mWioII.s IWdicd 1iII." ",uUiple foc.i). SiaJUflcaru I'MA desi&r> 110<1 ana/ylit WI! 
pctforrnod IS pwI oflhe Itt_iooal X-Iby Obt«vawy (lXO) mission IIUdy [-4]. ~_, Ih~ de.i", IpJII"OKh of 
comb:nillg rinp of tIIOdulq !DIO • c:.tx.l Fiber It<!iMorced PolyP> ... (CFlU') IInIoCtIIn: it ocalAbla iO • variety of mission 
Iiza nc:Judin& Flq;lbip Miss.OJIlI such. lXO, Minims ofOpportunil)', IDd Explorer Miniou. The efIeain ..... . 
1IpOC~ encrl'lS 0( In FMA dcoi&r> WI be IdjllJled by o:hm&itta the .umber and <iWnetet of DIOduIe rings. F ...... I 
iIlullflW 1II PMA witb 60 module. ltfMI&Od. ill three rinp while F~ 2 uru.tnlel • 24 D>Odu.Ic FMA ",ilb two 
~ pDIIIiWed rinp. ~ FMA dosi&IU ",in, tho NGXO slIlmpecI JI.' mimlr l1Ccl!nolol)' "'OR INdItd I! part 
of. tmId X"'r miNion.rudy diruled by NASA HQ ]3]. Foar mission CODCeJ:U which woWd ~ liaJUficant 
ponion. oftbe lXO K'en<:G pb -..: studied in detaiL. the GSFC Mi.1on Desip Uib (MOL). Key,......ccn foe" 
the I'MA desips wocillod. wiUI e:Id. mis.ion ~ Mown in TabLe I. NO!< Ifw 1M Wide fidd [ .... IIIT (WR) mission 
buelL"\ed • poIisIwd full !hell mirror IIedmology, ho .. eve, an ,1_ FMA dosi", \I$in& the NOXO .lumped &lui 
!tclinclo&y is Ihown Itmia. 
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2. MODULE REQUJ REM ENTS 
Wbil. clIall""lin& autiII& !be FMA &om ~ dan l1(li teqIrire a)' new IedInoIosica. The roa.s of the NGXO 
tecbnDloO dcvelopmn! d fon lin in ... ...uc modIlles supp<:lfIiII& IuIrI<Iredo of sllllnJ)Cd aJuJ milTor ....... ato "'hich 
!lave:he IdjGiltd <>plical jXlNnb."". while obo...mvin& the ripn of the l1W1"" aDd the on-otbit .... vinxuntn.u 



'II'ithc", lipificam paf"'It"ance ~ Now !hal the NO XO teID't it JII!U Idlicvin& 1M optical pedcnuutc 
requi:em£otJ, additional effort it I>tCded 10 <kfine !be lpace-Ilighl "'qlliR ....... dtsigo ODd analy>;e Ttthr>ology 
DewDpment ModuleJ 10 !but reqWremenls, ODd develop and impianentl tal pLID verifyiq ibc ..quiremll!lb are mtt. 

OtoDe:aIiml ""Iuirlln\CIIII are SlUhmIriZlld ill Table 2 and ead> RqIIireP>tlll it "OOIlSed in. deI:Lll ill !he folloorina 
aecOOu.. III nw)' elM, !be rtqJiranelllS m1lSl t.. mad for miJIiolllP<"'iflc modWoo delipJ. The requimlll'ms lilted 
hero-Io not Woall.ltlve, rIIhor they ate viewed .. !be Alquiremenu which drive technoI.osY deveiopmenlllld module 
" ,ip. 
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2.1 opJmI ""or,,*-RecPr-u 
The ~ performance ~ oflht fMA ate cItpeJ>denI CIII.!III! ~itlliine oIijeai .... oflht mlbloca Etfective 
_Ill. 5j)eCi& X-ny mllflY levels ore panicuIart)' Iffecud. Howe_ • ......., ",ncrtc rup.&iml>e1lU .. 1bt.....,.,,1o I~,l 
tal> II< developod. /o1i anlUJar re:ooIuDoa of 10 IlWiK HPD it sufficient 1O.uaiD!be Iciemi6c abjiic:liveo ofibe ~ 
mis.sk1lJ Iilled in Table I . AuumiD& 5 ___ of em:or it ~ fur ~ and co-.lipmetll ofmGdu1cs llilbill 
1I:M: rnA, lhennoJ diaortion. Mel 0Iba- \elacopt lewl eff«:tt, die modl1ioollDllJl od!i~ I reolulion of 1.6 __ • 
While tile effective....,. ""IWremeat it mimon dependeft. !be effectiw ... prr lmit ...... em be Ienm.li=d; 17 
e~@ lkl: V it in liIIC wiIb RqIIImilmb atbe notional miss ...... 

2.2 MwJ.oIaoIL_R.,'"*lt. 

The o:odulao ~ , ipi6eanl: meohanical Iood ... eQvironmerllJ durina JI'>IIDd 1laQiUina, ~ IawodI, 
and "'"1IcIt1ooll 1tStiiI&. For the take of desip, aoaI)'sit, and lesti"" !be loads are pmnlIy divided iMo ..-al 
~e~ II). Far each caICJOfY. ' ce...nJ description o(!he 1<*1 it giVftI, Ilona wid! cmer&lized val .... r.. ... ill 
Iftl.irtinary delis»- '" every CIII, tbe IoIds musl be ",filled 011 • lIIissioo> specillo; wis. 

Qo.w:i-1lllil: doesip load$, I)'picaIty exprested ;., fao:too of a;n.vitItioulacco lenlioB, ~I !be ,!Ilk. low freq .... oq, 
and lnIItieni \...u eXJ'C' iccIce Ii)'!be modllle.. Initially, q .... i .. 1IiIk doesip loads CIIII be taken from ibe IauDch whicle 
\IMT" JIIid! or from JlfC"iout..,;pious usina ibe ___ launch ""hide . o..ce I I""lim..,. design and Finu Elemnl 
Mookl (FEM) of !be IpKKBfI is auted, • Coupled 1..-ls Analysis (CU), whlclt tlnllllliltS all phuoI of Iamdr. and 
ICCOLCIta far !be dyDamk:l or !be llunch vehicle and lpICeaaft combined, II perfbnned and hish fidelity qua&i-cwic 



loads n developed. cu. "'. pei """ltd fof IXO .wmifl& III Allal ~~ 1 IalmdI Yebicle mel modlllc ..:celmtiolll for 
caclIlaIIDCh pbae were rccoveted [9], Muimum ..:ccleratiou of 6,14 , ",if,l and ].69 ,Iarc:ral occur dvrina 1J\e 
mumwu *lela! ICcclcnlion and tmIS011ie e~1I respectively, These loads are ntafly identicfJ 10 tho: deslp loads 
specified in (he AtIM V User'l ,uide due 10 Ihe "iff load paIh from the module 10 the Iaw.;h ~hiele interfJce and 
resultill& low dyNmic .mplificotion, For prelimiJUll)' dui", or. gc:nc:ril: III()d<Jle, (he Iauocb vehi<:k desi&;D lo.dJ .... 
m~lri~lied by • Jj Model UncerWn.ly F..:tor (MUF) rnulting ill dai&n loads of 9 I oxiaI and 3 , IIlCnJ wbkh 
envclope delip IoIdI for both Atl&$ V and. Falcoa. 9, Ihc likely Iawtcb vdlic:1n fur future X-ray miAiont. T'IIeIe "*1s 
'" .:so libly \D t:lvc1ope ~ &f'IUIId handlin, or ~ '-k. 

A~ loIodt, typically expreuod in dB over I 2' _ 10,000 Hz frequency ....., or limply II • Overall Sound !'rasure 
Level (OASPl ), repreacnl the IoIIds CIIISOd by sound preSlW'C ","ves impin&inl on Ibo: ap&UCIIft durini launch. The", 
IMlis can be teken dinoctly from the: lalltlclt ~hido uoer' l ",ide. Arou.nic loadl or 139.6 dB OASPL envolope the likely 
launch vehicl",. 

Random ..mr.;.,.. loCo, typicfJly cip cd in 1'114 0"I'Cr • 20 - 20,000 Hz &.quoney -&C, te.. d Ibo: Io.dI 
trM>smimd IhruuJb 11M ~ 10 die moduk c:auted by.coustic "-1J on <JIba"pano 0(1bo: lpII'»:,att. ACIOUItic ...... 
pnn.rily afIioct liJbtwei&f\t ItruCtl.reS with IIIF __ tueh ., tolar IITayI and ~ 1IrUCtIim. The mo<t.Iln, due 10 
their ~ Iocatioa within !be: lpac«nft and FMIr. SV\ICttnI [6] wov.ld priroarily eJq)l!ricncc IICO\IJtic w.dI oec.ond
haDd as rtructurc borne rlll'MlOIII ...a:.r.ion IcadI. The ItInCIom vibratioo Jpeetnm1 i, bijhly dcpc11dem 00 ibc ~ 
dcsig.1; dlmfore the: NASA osrc 0Men1 e.wirollmental Verim.auOll Stt/tdard (GEVS) Worbnambip Rando", 
Vjbn!ion environment un be IUOd for ~Iimln.at)' module dolian II/Id testinj. 

I'yroIedIaIc tIIock bdI, typlcaUy expmsc>d in ,'I of_~ 0Yef. 100 - 10,000 Hl. frequmr:y m!&", ,.,.111 ill 
1bc IoIIds QUSCd by ~ ever¢J durinc lauIdIlIId oo-orbiI dcp\oymaJlJ. Tbne ...... are IIkm &om !be lawdro 
Ydtlc1e user'1 mana! or spoc.I1katioGIli'om te\ecttd teI_ deW:oes ODd. ~ by die load p«th bet ....... !be obocIc 
iDiliatioa point and moctWe, Cun=t rcisJiOD deI\&nI place tho mirror modIlIn n_1bc Ia!md! vchi<:le interl:.::<o which 
rnuhl ill miftin"l abock II\CIIUlli..... Shock In111ll1llqion lhrou&b • strucIIIrII is difflcuh 10 model due to the blab 
fi'equmc;'" involVlld, d>enfo!e .ttcnulliOD IIm:>u&h die ItnICttIN is finI simply QlimaIed kted on the n\lJttbet of boltcd 
joinu mel length of inIerv ... IIII JtNCtUrCS then later delmnined 8CCW8tely by 1pK«:nI\ level tc5ling. A maximum 
aboc:k to.d of 3000, at !be IpKeCnfllO IallllCh vehicle Interface CIIvclopcs Ihc likely launeb vehicles aod ~on 
I)"ICI!II. uaumin, • low sboc:k clamp-bmd style ~ I)'Stcm II 1DCd. 

2..3 Tt.-111111 rod V.uum ~r-u 

The modu .... cxpc:a*'""'- 1hco:maI loW., .00 IIImm tbcnul distoI"tions, dwiq pWDd handlln&. --.e. 
InDJportI!ioa, W;nch, and OIHJJbit opention. Thermal req~irca""'l1 r:a\ be broIdly divided Do openboDaI 
tcmpcnlUR RqllimDcllII and tuniYlllallpaatun ~mlI, Vacuwn requimDcatI .. also add:essed below. 

Ourift& perfonJ:llUl<c tHIin, on the IJ"OUfId and on-<lrlrit ..,lencc data coUeclion, li&ht temperature comrol of the module 
mUll: be ,,"im'jrwd 10 entUR the uaular resohltioo runalnl within. re~. PJrticm.rly ~ teq.wt_ 
IQUII: be lmccI upon Ilumpod &lui mirror module. duo to 1hc reiatMly hijb 6.3 PflG>I"C Coefficiml of Tbcrmal 
~ion (CTE) 0( die &tau, Sttu<1mal Tbtn:nal 0pIkaI Peri;rnnmcc (STOP) ..alytiJ of II>imlr modules IhowIIIIaI 
.. _. or only 0.1 - C O¥CI"' .IIlirmI" qmcm or belWc:ca !be ..cpne:m aod SInII:lIR ... lipim-ly de&T1de 1be 
pcrbmanc:e (9]. Somr..tlat 1_1Irillp!! illbc bulk tempeI"IlI.Ire dwIp requiremtnl moe the CTE of the glaI c.n be 
"'ell mlldrotd by ~ mau::ri.!s. A bulk tcmpaaNr"e dwIp of OSC CIIII be IOIcnICd ad is ~ -eII;cYlble 
tlrou&h healer COIItrol. 



Ourir .. ~ and on-arbit !he moduI .. ..., also oxpooed IG hi&b VKIIWD. MaurialI, pan;cw.1y aclhe&iveJ mDst be 
teletwtlDd teSI<d IG IIave low wt-pu;'" IG prcven! boIh fipe distortioll aDd mirror ODIIllm'''''; ... 

WbotJ !he X.ft)' lIIIIdaJa ..... "'" opc:r1Iliq, luch U ill stora&e. Q\Iisina IG final orbic, or <biDe miJIion Nfe hold 
_11&. ...... jp"Wa" nIIJC of modulo IeIDpCntW"eI II permined. The modDJ ... mIlA ollly !AUVi. ... tbete ~ 
witbo;ul.....u.epuble pcnnan..,1 deformaH>n. HOwevel",!hose '""Iuiremen~ CUI drive rpaucnfI and m;nioo clellan by 
neceu;tatin& lIdditkmJ rcdundaocy, limilinj spacecnft orientation with relJlDCl \0 the lun, and rcquirin"pe<:iaIltOf1&" 
f.cUti ... Tho rurnval lernpel1lture I1I<]Uirel1l<1l11 .... mitiaUy determined by the lempetal= lim111 of the mllerialllllCd 
IG build tho lIIIIduk: Ind later Iwed on \II;It'lII- or particular <OD<cm il creep of Idbefives II elevated tcmpenlUra. 

Bas« 04 the CblIrIdn mw!on, • preJimlJlary l1I<]oiremeal of 10' - 30" C is bNeliftod tbough. nlquinImcru bued 011 
IffiinJ, will be ~ed once !he final adhesives ",""", been .Ieeted. 

.u V.II'\cIJtkInTllllllngPr • .,.. 

TIle 5CO"'"&1il1Od JQOCIuJe requirerqc:aI:t detcribed. "-·ia midi. be verified 1broup IeItin& ill. order 10 radI TRL S IIICI 
prq>&:1! lOr miWon Ip<CifiI: modulo desip Ind ;",.,I......maim. The plI it miliptc the 0DSt aDd. doedWes risb of 
lmplcDallina this X.ft)' mirror IeCbnoJocy tbrou&b ri&a ...... aDd. rq>WOcI iatepion ODd 1C!ti", of Tec:1tJIoIoc 
o.",,:opmem Module!.. Table 2 mwnentelllle ICtt _iaIcd with ....::b requltemtm as well as the lIencnJized test 
]e""h. AD X..,..y pcriOl"1lWlCe test II pcrfonned beftn ... d after cadi rnvlronmll1t&1 test in order ta verity per1om:\1Dce 
Iw n<>t WlltCeptabl~ degIded. A pnillmiDary tUl flow II &1IoWD in Figure 3. 

OptiCli AlI.rm~ f-o X· .. r Perforll\lllCl! ..... Vltr.\Ion Test f-o X-ray Perfor"*"'R 

l 'd ". 'd 
l _ 'd f-o x....v ,.,.",....._ ..... SI\o(~ Tnt f-o Ikrf' hi. fa "'._ 

'd 'd 
"!hetmal .... cwm X..ray~.rn 

2.5 HaLIarUII X-A~T.-lng 

One requinmmt levied ... modulc:I by u .... !Xilitlcs is dill the Jiill ~ X-ray Yerilic:al:;on testinl must be 
pcrfom>cd wilb the opIicaI WI borizonw. The exiJtiq ICSI facilities COIISi. of. lOO~ -100& ~ lUbe 
with m X.ft)' IOIlIU at -= end, Ind the opIicIltId dttoct« II the other. Tho telf..weip disIortion of the IIIinur module 
SIn:lrt:Ire mel the \hlJI IJIuI tetmen\l ..-ithin II • ~ desip driver. fi&Un" il!us1rar.es the .... ular .......tutiOll 
degnJariOll cawed by ..,If.weigltt dlstortiOll of. lItliy populud module when held wilb the opIicalaxis borizonw. The 
data iJ bued on III optorroec:hMiaJl simulation of. kill'''natieally supportod mod\Ile \Uing Finne Elemenl AnalyIil 
(FEA) and !"II)' tnicinj . The nomioaJ elaslk modlllus afthe Kavar material used (ar Ibe.structure is 138 OP •. In order 
IG rt<i.ee !he Rlf·~WtI diseortian suclt !hat it doa no( dominate the module HPO WO\llti ""]Uire • 1000 fold incruse in _m ltiffilm. II fill)' be possible 10 lianifklllltly increue tile stiffJlo:" Ihrou&h improved stNctlft delip or 
additiil1l ar. .·neptiq test 1tnI<nIre, bo.tI rurtbet 11:&1)'1;' is !IMded. 



Mirror Distortion 11'$ , Struc:tu r. Modulus 

" ........... , , , 

" 
1- , 

1'.: iii I ': ! 
" I 'I " , ' "[ ,., , , , 

·1 ;;" '. >I ' , 1';1 , , : .... 

" " , .. ": . , , 

'\. ' 
, 

, 

. 0-, , 
" 

, 
I ,I, ~ I , ' - ~ , •• 11 ' , , , , , , 

• 

• 

I" 
I-
I. 

• 

--
,-

"'SP.4.. o...vity ~ 01_ <anoepeuoI AXSlO InIrmr IIICIOMo oriIIIlhc opIi<aI Dis bori»xual, ~ X-ny tcstiq. 

Even wilh .. infJDiuly rip! IIIIXIuIo auucture Ibo HPD ;. .till li11IiIed ID - 3 arc ..... d"" 10 d>e deformotiaa ot d>e thin 
Jlw oegmmu.. In order to achXve otoOCptable horizawIl pwfonnancc, .... IDOWlliDa \ocsDoru between d>e IUirror filii 
module .... n:qui:red wblcb ~ \be mm.r, _illt!n,g I1IlI-mJ:mI KCWVY ODd ability oftbe fIIinor-0-
module boods. E lillly, tl>e hOlUmuJ testin& ~ driw.1be ~ clIo.lkngiDa IISJ*1 grIlLe tec:JmoIosy (I I, 
r ..... , moW! Ibo <ltfoo ib6d l bape of. mim>r sqmem boIldcd at lix lotatiom ODd d>e ..-nsitMty of borizomal minur 
pel b ....... to the """,00 or bondlocwjml Tbo: pouibiliry buildinJ a vatiaII X .... y !at ficiliry .. bj,;h ",Ii~ thctc 
in ..... ODd 100 opeDI Ill' d>e pouibility 10 ldnenaatio:ally InOUIIt d>e minur segment is dixuued in 1hc nut MCtiorI. 

HPO (arc-sec) ¥s. Number of Bond 
locations 
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F9n4.. Defonncd IbIIpc or.1»riznntal .......,. with oil< """"-'k -me "-'iou (Id\,. _1lCd)""" na- ...... or. rlP<D7 

_ OhICd minot pair with 4, 6, ODd. ~ """'ticw (ripI). 



3. KINeMATIC MOUNTING OF MIRROR 9:GMENTS 
Wbeft ,,"iln~ I pred.1on op\Ql _~ • 6 Or.,. of freedom (DOf') ki:nemalk P>OUPl ;,; pnenlIy I"fem;d 
beeauM it minimizell!tirror dittorQoo dI.ot 10 ~ by ~lievillf; screu. • the -1IIlIia& Iowions. Siftoo the mirror 
is only «JaJtrIined ill ""' .. " DOf, ~ to pm<onl fi&jd body _inn, dis~ of the 1I"OO1OQtina; rtN<:lln OIIly 
<:alIS¢ oIi"""",nt o;baqes and !lOt mirror lig:ure~. for X-ray IIlirmr kgiDODIIlDOIIIIUId .... ttlOdule, kiDcmatic: 
llIOIIIIIill& pI"D'iideI lipiflclm advant&p$ over tbo cun-em ov .. ~ I1lOIIIIt, pou<lliolly le.di11& to hi&l>er 
pe:rfom\lJI~ reduced ~mpkltily, limplified. analytiJ. and .... l .. ed tbmnaI rcquiremcnu. However, kinemJtic: lI\IlWIIinl 
alto ~ new cholleqcs ruclI IS ru.emalic meo;hani..,. <lni"" launch-Ioclrin&. and the oeed for vertical X-ray testi,.. 
8elo", boIh tho: ad"""'laiea and challmgH of kinCllllliClUy mOWllinj ,Iumpe<l &WI mirror .qp>mtll Into mocIulet...., 
uplo:od. in ~ll, llOIlK with CQllcepu for implcmentltion and pnllminlry resulu from prOIOtypc ",.tin" FiJure 3 
illumues the diffm:ntel between I kiMtnatic IIIIl OVCII'..:onwaini o:r>OUDt 
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• 

• 

• • 
"","5. Ova'~ minor wi\ll 6 fDOIIOtina: _ <OIIJIAini<l& 6 OOf oocII (left) ODd tioematicolly """_ IIIIm>t 

with -1D\lIIIIIiIl& katiOlll-.inlDa 1 DOf each. 

1C.iner.latic mountin& of ~ misTon ~dLlCeS IIIOWllin& PfCC'Il"" requlremcnu and Ihlu may offer Ilpiftcant 
improvemeot in optieol performance and ....tuctioq in moch.le inlOlT'liOfl complexity. The -iDa of the tellllitiviry to 
moun! displacemclllt II the prillW)' Ad ...... uge of kinmulliCllly mounti"l mirror ocgmenl$ into modules. CWTmtly, 



MIhal .... iI used 10 ...... <OfIl1J1I.in 11M: mimr al multipA _ 1oaoti0fll by lillina the PI> btl"""" the precUe mirror 
~ ...m.ce IIOld lbe I'dlll""ly Imprec:iIe J!IOdu:. _ . !'hil ~pro..:I:I 11M pt<I\'etI <:KtmIIcly ehf.llenp, rince 
ItlO-rUtron ICCuney IOIld stabilil)' are required II -" bond poD in multiple DOfL Hydnullc effecla while IIpplym, 
11M: ocIIIosM, CW'I ~ efrccu oftcr odhaive applicstion, IOIld viIcoo:lastlc: m>ec> effects Ihrou&fx><a !he modulo lir.. 
cycle mIlS! III be <:arel\all)' tomroU.d. WIIile JUe«Ssful II Ibt - 10 IR:_ Iew:~ 1be o.C1'-COIIW1IiDcd moWlliq 
apprcad> II currenlly the limitiac r.ctor In Tedmology Oevclopn>ml Module pmnnnaru:o lin« minor ICpImti pair 
~ iI predicted 10 be -6 arc:otCC before JIIOI,qtjn ... lnd<ed 11M: n ...... ~ boIIdina PfO<CII bas b)ellll 
l'&'COFiud • the _ .ijnit\<uII I1Cclmological Ch·IDII' To r<ach Iho Ioq..(a'm pi of malChiq Chandra'. 
molution with ~i&/II optica, tile mimn may need 10 be kinematicoUy IIlOUIItcd, as !bey on: ... ChandrL 

Kincncjc mounu.., &lJo called r.aically clclcnnlnate mo .... Iince !he rMCtIon r.:.rn. II tho .....niJI& locIIiOfll can be 
detamiDed by the oquarionI '" ~ cq'IIUIbriWllillld are DOt dopI:oldcrol on Ille debmalion "'!he mimlr or 1IIOWlI. The 
detoc..tioM of the II1Od\IIe ..:I mltror are \bus ''''''''''nelll.lly decnuple<J, I'tIultioIc ill se..-l ~.... FirJt, 
de~ of!he moctul< ~ dua 10 noecb"ic>lllo.c1t.1IIcl! ulaunct! 10-1 .. do DOt amenle _In tIIo mirror. 
It was previously Iobown dill module defOJDllliant drt.... -90% nf lbe _"in \be mimn fur the_~ 
mlrro! ICpIIlIIl ~I. Seoond, tI!crmal~lutic dcfann.Iti<xJ of tho module docIllOI SCftC"IIe 1IJeS" and tIlus fi&u;re 
di.nortion, ill !he mlrron. T'hlI alIeYims tho need 10 .. precl..,ly en; I!\IldJcd marmlll, wtliclo in ll!iI cae on: DOt 
<lllterNiIe <b\nlble material" and ", __ !he IItrirJ&a!! rtqIlimncnl of O.l'C mnimwn II>ennaI padiml ~1 ...... 1he 
Ptimn and modtU:~. FlnrJIy, tho stnICtUrIl ~Iiq allowl dII! mc><IuIeII and 1Cam-s 10 be 1DaIyad'
tatlDi indrpmdcm/y, ~ limpli~ verification of.crualnl modes IOIld mecbaical nrCD&IiL 

U I~ChlllerQlllI!d SOIulbwfGr KI~1y Mounting Mlrr(l' SU,_It. 

KirIom#ic CIIGWlU, whiclJ c:omIJIiQ lOme ~ of frudom while allowin& million in 0Ihcn, are primJrily lOCbievW 
IlIing mhor m.m.tIc 0= I)'SIOIDI or IdnemaUc mcchmilm I)'IImlS (lOlJ. A1J.y kinematic rystcm ....... sarily 
impafi=cl. either will! resp<'Ct 1O,;pdly COlIllr"Illrting the irteuded DOf. Of i!llnwinlll'Uly free !DOrion 10 occur ill the 
_.StIUIed DOFL Fl¢lIiJre lyICeIiII, um.oIly <:allli!tin& "'beams wIUo:h ~ lliff;n the c:tJIIIIrained DOF.ltlll fluible 
ill Iht ~ DOF" muM JII"iU. halmce It"li"en ri&idilY, he mDlian, ~ mol volume. Since tho_ 
bemJ mout Illow both CCIIlIln.inlllid freedom ill VIrious DOFI 0.1....., ,,"lip npimiwkln iDUII be .... ployed to!.1u>ce 
\he e<>mpetiol rcquiremCllll of stitrilesl mol eo.nplilnce. f'ImoreI allO require lial>i1lcaD1 ~olume 1m tho complima: 
of. tam 6eo:reues e"P"l"""jllly wIIb Q Jenath.. For implalletJllliOl'l illlO • mim>r module, whore Ibe spICe heIw ..... 
mirTo<lo iii - 2 mm, In accepQble f\ex.lIf1: dcsIp ooI0ni0n hal not Y"' Ixa! found. 

In ~ kifIII'maIl, med>anilm 1)"10101 ~ ba¥a IIltCOliaJIltitrnw irJ tho ~ DOFa, ucellalt fteedom nr 
moIim ill me lIDCOIIIII'Ilned OOF .. IDd CIIl be IIIIIIIe Y1If)' compact. H __ , Il!iI GOI'DCS II 1he price of requitina: 
clwmees ill. !be lDKhonilm 10 allow he mOliOl'l and • lIffiiD& fon::e 10 ensure contlcl, mol Il!UI COIlIUlIiDl, is 
mainIIined. Clelnntes <:aD UlIII: ~ ..... pli~ or inpuI vibPdon Ioods (colJoqilially clll tho 'JMIe..pp' 
em.:t) due to kineric CIIlelJ)' c1evelopm, durin& &eo aJIltion them ...,1euU1, wheQ !he onochanism im.J*IS.. ThiI can. ltc 
mitJ&:a!ed by reducmc ~ c'-'nceJ .. mucb. • poIoIibklb:uu&h prec;';on I'abriI;Mian of \he n><><hMi1DlJi. Practically, ,1_ of oevaIilllictolu can. ~ achieved. will! precilloo IJ'ICh;nin&, Il!oua:b II oipificam COtl. T atma: mUll be 
per/'om>ed 10 deIenniDe tile oprimwn clearance which ""ilahly min;mi .... d)'lllllDk: ~ II all ~ble =1. 

In orCer 10 tllMft tho dean.;! ~l b ~ in tho kinemI1Ic "*"anUm, • -ma ~e II requind 10 hold the 
compollCntl in c:oroll<;t, OIl Ihe g:rouod. pvily reacIiIy ouppU .. thi:I ncIIina; faroe. CwTtInly, kmem&lic mocNnimu are 
"led. 10 IIlIPP"II tho mirror oq:m<OI duriq mc:lroi"l)' 10 vaify Ihe u.fIbricated fiJPll'lllld abo to suppon Ihe ICpleIII 
cbirJ& Ilipmmll!ld inteption inIo 1M module!llnli:lIn. F ....... 61ho .... tbc kinematic: 11!OUDlI currently UMCl. The 
klDnr.allt approach hAl proven to he !be 11m, limplttt, and I!lOSI reliabk method ror ~ allpinL mol 
inkpalinf; mirron. H""",~cr. tho modItle mIlS! <:'Imtllally opcn\e ill die miml-pavil)' tlOI-orbii ~L To IUpply 
tho --. r<mes ...ttidJ _ the mirfon, are "tid in their alipJed locationJ on....toil, small onapeII or 'P'in&I may be 
used The stralp of \be ncstin& fofQO mllSl be craded against doe conuct fiicbon it Q'ft1Cl In order 10 enstif1i Ibc 
meclwl~ ",U IrI<M!lsufficicDtly fm:ly In the _ined directionI. For !be 25 p1IftI ",immo, I vay Rnall ~Iin. 
ft)l'CO " """"ired to hold Ille mechen.m In COIlllCt, craq minimaltiction. ()ptonxclIanieIllllll)'llis has ...... 1l!II. 
' .0 millincwtooo ( ....... 11iicti0l'l foroc can be tolemcd "l'iIhout c .... ,in, IDOI"t tIwI 0.5 IJMOC of mirror distortioll. 



Anotler i_ ... ith in)plemtotiaa killCDllUc COlIS1I'I!nt 111M low« Vl'bntioa mocIeI oftbe mirror segment n:1ati"" to tlI~ 
over-<OOStrained design .... ilb fEA ptfdietinj fllndameotll ftequeDcles of 27 Hz VI. 1" ...spectively .. shown in FiJun: 
7. TIe low vil:nlion mod ... of the k!nematlcaUy l\IPPOI1ed mirror segrneOi lead to Iorie displacement. durin& JaWICh 
vib,.ion, wlubHqU<nl imPI'CI between ~t N&menll, dearly an unaecep!Jble litualion. Aside from lllelllf'tina 
10 Jti:feo the mirror tqJIWlt throu&Ir material or sin chang .... which have L'ar '*'hin& ccnseq ... ~ for tecluIO!OIY 
de.ehp""'"l, • toIIlIIIOII ooU>oo is 10 apply ICmpnry conRnoirIts drn., launcb which .... 101« n=leascd aftu tho 
dcuirnaruJ ~ arviroumml is....... This ¥Pi'*" is adIirvcd thn:Ju&h mcchIolsms called 1auoclI·1ocb. 1b& 
additioa of fIO'Q IiA&Le OOF eonstnIiDli ...." !be uiaI ecIp oI1be minor ,.. the tur.tammlal hqlleDC)' to iii! 

IC<:q>'lIbIo level 01130 Hz. A simple pV\OI)'J'f' I)'IICID which adell retrw:IIble Iau:rdl-Iocb to the fII4DmaR Ihtun 
Jbow:: in '-JiIIrI 6 bu ~ \lied to d.....:mllTlle ttWo etrect. aid also 10 verify lite optM:al a1ipDem retlIIm oI\cr tho 
bwH:~·1ocb .... removed. tbm:by limularia& lMlal'lipmatl, appoo.lon o( 1I1111f:lr-1ocb duriDg 1Iw>cb, Ihar raDCMlI 
of on-o!bll. 
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~ .... willi _.-. a:>ppcI (riIbI). 



The most ~ burl ... prtVUttiDs impl~menllliDn ofkinelllllic """'''';''' of llump«! sIau mirror "'IP"""U ilthc 
huriz.mtal X~ tal noqulrcmtm dat:ribcd in SectioIo l.S Il10,,,,. While .If·>veiabt tlgwc disIortico> of. tmcm.ticaUy 
IDOWItcd minur widllloc optical WI vertical iI only - I an:-s«, w;1b the opokaJ...us horbo"taJ 1!Ie error 1110 over 100 
IP»OC. A, dIo-. in Figure 4 tbe _I aron o_.-.Int of the oep>mt it driven by the horizoDr1l test 
requircmc:n.1. While amfidencc in the mirror figIn and .uanm- em be obWned in visible .. n~lenaW by • 
........ : lloa ornormal iDcidalCC intcrl"erometric mmolol)' m craz:in& incidero:e Hartnmtn metl"Olo&Y, true veri.nc:.oo.. 
of CII>-OI"biI performtDce may req.un: fulllp!':nln X .... y «OSlina; ill. !be ~levant >!>«In. Option. for vmiaI X-ray ttstma 
.." .&lre:sted ill the fullowi"l ~ 

3..3 Opa_llI' . Vric.l X-R-"I' TIIII F.::Illly 

Thr IIIOIIltnlaht·r-.d opt"'" b bo.I1Ldin& a vertical X-roy te11 fIciIity. &od\a perfofrn.-. p'''pective,...,ws be 10 
pJ.>e III X..,.y _ IICYefal hImdrtd IIlCtCrS 1Ulder"J:rwnd al lhe boaom of .. ......,1I&t<d tube.. The oplle, cwld be 
a.x.;a:1 in a ground_1!tw1 bulldln, and Ihe dotoctor could be Iot:aI!CCI al1be lOp of. _10 met ... "'"""' .. JbowtIln Fi,.... I. 
~ of sufficicnl dimnet« IIId cIepIb .... l"INtiDoly miUed md Jlccl-c11Cl1O _I ground _W, peU"Oleum, IIICI 
miDlnl "'"""""''' llkiD&u llttle ......... k 10 dillnd c"'tine < SIOOK. TIle _ lIJIiqlle reqyimnen\ would 10 eDIIn 

!be tube" YKIIUIIl tl&Jtt u!be cllddm,; ilimtalled. An exiati",&Ciliry, tba z.o GfaYlty ReHiO/"Ch FIICUiry at NASA 
Glem, hal • ISO III deep ~ tube 6 m in diarnoteT. Hoorto .... ,. new lKility dedjc ..... 10 X-ny testirJa is only 
likcly 10 recrivo ...mcknt fimdiQa onte a flil]h1 projoa i:o $IaIICd, ,.,..,. than duriD& ""h' • deVi:loprncrL 

II> orde:r 10 boouhap the kin~ 1II01IIttitl, tcdmoJosy 10 a TRL $Ill'6eieoI. for milSioD impiemeQ]J.tioa,.1I>I!do Ie. 
Ul*'five FAcility could be buill "lilirinl' ",II X .... y......,., in tba 0.$ keV -&e, which i:o coIlimatoc! by. pwaboJi<; 
mirror bef .... bea. rocu...d by the IDCIdWo:I u Il10,,,,, in. FI&= I. SI.dI. fatliity would be - llmetm loq. filliD& 
w:idIiII .. vml cxiItin& hiah-bay areas II OSFC. 

00t __ 100I 
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0Ih0r opriaru for Jftlimmry -inI of kium.tically mounted mizror "~ iaclut:le "'undiIIt: roekot miuiou. I\Ib
orbIal Reusable I..atmch Vehlelt (Rl V) 0_ !lid redllCed ~ alrwaII nljhU. !i<>weve:r, • ..,11 X-ray tKility 1liiy 
~ !be beat eombll\alioll of low COlI and fIIfdy ....... 



4. CONCl.USlONS 

AI It.c slUll'lped tIaM mirmr teo:bnolo&J beinj ~Iopod II NASA GSfC '*" tht ~ rcqWrnnenu for 
mipi>n impleQlallalion, incrcued. el'fG1 il being iIlveued "'......,. !be modll!e <Sqi", is mmpotible wIt/I ~fIi&Iu. 
J::Irivi>.II requ.iremmu III"" been idellliliai, acz>eric rcq~ircmcnu hued on .. vaaI WIly minions."" been dt",,1oped, 
II\d I vmfiCIClon test ilowlw been dnf\ed. The NGXO .... plaru 10 mitip» !he cost and Khod ..... risk ofmis';"" 
Irn-plwcriladon by fi&otouIly ud repealedly ~ and turiII& TklulolOi)' Oonlopnenl Modules. 

F'u.ndlmenllllimlu on the resohQon of the thl~ m.inu .. gn=u '" impoaed by Ihe req~1 for barimaul X·",y 
ICStlftl- WherI kiooeruIicaily ~ mhTor IOIfIIII:1IU. diSlolt 10 !be poiDt of 1III11I$1Ibi~ry. £YcIl wben Ibe Kgments 
or • .,..,.".~ distortion of. I\illy popuilled IIIOIhda II ~ lorJc, requiriD& stiITmirla; of tile ~ by 
• fKIoT of - 1000, 1M fcuibiliry ofwhic~ lias yef 10 be cIanoutralcd 

The T.eed II) over~ the mirror ~ ~t IoI!ditio:ul challtn,H re\ali"" 10 boDdillt;lbe mlmn inlO Ibo 
mod~ .-I <lesi&nini 1M moduJca for oplicaI porbmance. These iI.sun CIII be all ... iaIed Ihrough tht \1St oflc.iMml~ 
moucti,. mcdIniorn.I bc:twoen 1M module and mimIr ICgmenll. ProIocype kinematic _ have \>eon de ... 1opcd and 
IM«l de~ the Ibiliry 10 aven:onIt """'" JIICb P mochanilm eleln.lla:l, OII-«bit....w.a rorce., and rubced 
IIIiITor ItJuctl.n modes. finally, optioru: for vaticaI X-n.y _ing &Ci~ Deeded 10 _ kineawitally _Inincd 
IIIimn have boa> explored. 
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