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摘 要:为了实现对激光惯性约束聚变中物理过程的诊断,建立了X射线显微成像系统.对该系统所采

用的超环面镜成像特性、系统的光学设计、像差分析、公差分析和装调方法进行了研究.首先,以等离子

体诊断的要求为依据确定了部分光学系统参数,设计了由U型排布的两个超环面镜和一个用于谱选择

的平面镜构成的显微成像系统.根据消像散聚焦初步确定三个反射镜的结构参数,并利用光学设计软件

进行了优化.接着,分析了X射线显微镜的球差、彗差、视场倾斜和像散.通过分析系统参数变化对成像

质量的影响,根据系统精度要求确定了合理的公差.最后,针对离线超环面镜离轴掠入射装调问题,设计

了一种辅助光学系统,并为在线高精度系统装调设计了一种双向双目交汇瞄准系统.实验结果表明:显

微成像系统在物方视场500μm处的分辨率优于5μm,基本满足激光等离子体X射线成像的大视场和

高分辨等要求.
关键词:光学系统设计;显微成像;掠入射;超环面;X射线
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DesignofX-rayMicroscopeEmployingToroidMirrorsWorking
atGrazing-incidence

CUIYing1,2,3,HEJun-hua1,WUBing-jing1,YANYa-dong1,XURui-hua1
(1Xi'anInstituteofOpticsandPrecisionMechanics,ChineseAcademyofSciences,Xi’an,710119,China)

(2UniversityofChineseAcademyofSciences,Beijing,100049,China)
(3CollegeofEquipmentManagementandSupport,EngineeringUniversityofPAP,Shaanxi,Xi'an,710086,China)

Abstract:Inordertodiagnosethephysicalprocessoflaserinertialconfinementfusion,a X-ray
microscopewasestablished.Theimagingcharacteristicsofthetoroidalmirrorsusedinthesystem,
opticaldesignandparameteroptimization,aberrationsandtoleranceanalysisofthesystemandalignment
werestudied.Firstly,basedontherequirementsofplasmadiagnosis,someopticalsystemparameters
weredetermined,andthethemicroscopeforimagingtheX-raythroughthebasicstructureoftwo
tandemtoroidalmirrorsinu-shapedarrangementandoneplanarmirrorforspectrumselectionwas
designed.Thestructuralparametersofthethreemirrorswerepreliminarilydeterminedaccordingtothe
anastigmaticfocusing.Thentheopticaldesignsoftwarewasusedformodelingandoptimization.The
sphericalaberration,comaaberration,fieldobliquityandastigmatismofX-raymicroscopewerealso
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analyzed.Byanalyzingtheinfluenceofsystemparameterschangeontheimagequalityandtheaccuracy
requirementofthesystem,reasonabletolerancewasestablished.Finally,Anauxiliaryaimingsystem
wasdesignedtosolvetheoff-axisproblemofgrazingincidencemountingofthetoroidmirrorswhen
adjustedoffline,alsoabidirectionalbinocularintersectiononlineaimingsystemwasdesignedtosolvethe
problemofassemblingandaimingaccuracyofthesystem.Experimentresultsshowthattheresolutionof
themicroscopeislessthan5μmat500μmfieldofview,whichbasicallymeetstherequirementsoflarge
fieldofviewandhighresolutioninlaserplasmahardX-rayimaging.
Keywords:Opticaldesign;Microscope;Grazingincidence;Torus;Xrays
OCISCodes:110.0180;110.2960;110.7440;080.2740;080.4225

0 Introduction
InordertoachieveInertialConfinementFusion(ICF),high-powerlaserbeamsorparticlebeamsare

usedtoirradiatefusionfuels,whicharecompressedtohightemperatures(above5000℃)withhigh
density(600g/cm3).X-raymicroscopywhichimagetheX-raysemanatingfromalaser-producedplasma
providesaneffectivewaytodiagnosethespatialcharacteristicsoflaserplasma,whichplaysanimportant
roleinthestudy oflaserradiation uniformity[1],implosion compression symmetry[2] andfluid
instability[3-4].SincetherefractiveindexofanymaterialstoX-rayislowerthan1,andX-rayisstrongly
absorbedbymaterials,refractionimagingcommonlyusedinthevisiblelightbandcannotbeused.Whena
glancingangletoasurfaceissmall,theX-rayistotallyreflectedbythesurface,thegrazingincidence
systemisgenerallyusedaccordingtothefullexternalreflection.Thestructuralformsofthegrazing
incidencereflectionX-raymicroscopesystemusedforICFexperimentalresearchpredominantlycomein
twosorts:OneistheKirkpatrick-Baze(KB)structurefirstlycreatedbyKirkpatrickandBazein1948(two
orthogonalcylindricalorsphericalgrazing-incidence mirrorsreflectingtheX-ray),AKBand KBA
structurebasedonKBstructure(twoparallelsphericalmirrorsareappliedtothemeridianandsagittal
surfaces)[5-7].Theotheroneistherotationalaxisymmetricgrazing-incidencereflectionsystemdevelopedby
Wolterin1952(confocalcombinationofspheroidandhyperboloidisusedtorealizetheidealimagingthat
decreasingthesphericalaberrationandcoma)[8].

Theon-axisaberrationofagrazing-incidencespheric-basedKirkpatrick-Baezcompoundmicroscope
maybepreciselycorrected.However,forfinitefields,theoff-axisperformancedegradestoorapidlyfor
high-spatial-resolutionimagingofeventhesmallestobjectsofinterest[9-10].TheWolterconfigurationisa
coaxialconfocalopticalsystem,whichcanbeusedasoneofthehighresolutionimagingtoeliminate
sphericalaberrationofthepointontheaxialanditcaneffectivelyreduceoff-axialaberrationsuchascoma
aberration.However,duetoitsclosedannulardesign,forhighenergyX-rayimaging,itisdifficultto
achievetherequiredsmoothnessandsurfacetolerance [11-12],whichwillcauseseriousX-rayscattering,
resultinginthedeclineofresolution.InordertogethighresolutioninlargerfieldofviewinX-rayregion,
providingbasisforICFdiagnosis,thesystemadoptstwotoroidmirrorswhicharenearlyparalleltoimage
thetargetforthecompactnessrequirementsofthestructureofimagingsystem,andtheimageaberration
canbedecreasedtoacceptablelevel.Anauxiliaryaimingsystemandthebidirectionalbinocularintersection
onlineaimingsystemensuretheprecisionofthemirrors’alignment.

1 Designofthemicroscope
TheprincipleofthisimagingsystemcombinesthecharacteristicsoftheKBmirrorsandtheWolter

microscope.Inordertobecompactandcorrectaberrations,toroid mirrorsareusedinsteadoftwo
orthogonalcylindricalmirrorsinthesystem.Thetoroidshapesalsopresentsomeadvantagesofbrightness
comparedtoKBcylindricalmirrorsbecauseonlyasingletoroid mirrorcanbeusedtoachievetwo-
dimensionalfocusingimaging.Toroidsurfaceshavethesameimagingqualitiesasquadricsurfaces(i.e.
ellipticalandparabolic)andareeasiertopolish.
1.1 Toroidmirrorandfocusingcharacteristic

AsshowninFig.1,Atoroidisasurfaceofrevolutiongeneratedbyrevolvingacircle,whoseradiusis
r,abouttheaxisZwhichiscoplanarwiththecircleandadistanceRfromthecenterofthecircle.
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Fig.1 Schematicdiagramoftoroidmirror

  ThetoroidsurfaceequationinCartesiancoordinatescanbewrittenas[13]

f x,y,z( )= x2+y2-R( )
2+z2-r2 (1)

whereRisthemajorradius,andristheminorradius.Toroidmirrorisapartoftheconcavesurface,and
thebasearccanbedefinedas

S=
rx2

1+ 1-(1+kx)r2x2[ ] 1
/2+

p

i=1
Aix2(i+1) (2)

wherekxistheconicconstant,andAiispolynomialasphericcoefficients.Usuallythemeridianradiusof
curvatureRistypicallyquitelarge(105mmforourmirror)incomparisonwithsagittalradiusofcurvature
r,soatoroidmirrorbecomesafeasibleapproximationtotheidealellipsoidalfigure.Itsadvantageisthata
singlemirrorcanbeusedtoachievetwo-dimensionalfocusingimaginginsteadofKBstructure.Itisofa
simplestructureandcanconstituteamulti-channelsystem.Inaddition,toroidmirrorscouldbemore
easilypolishedthanquadraticsurfaces.

Itcanbeseenthatthetoroidmirroralsohasanaxisofrotationalsymmetry,butitdoesnotcoincide
withtheaxisoftheopticalsystem.Toroidmirrorisafeasibleapproximationtotheidealellipsoidalmirror
whenthemeridianradiusofcurvatureRistypicallyquitelargeincomparisonwithalltheotherdimensions
ofthemicroscope.Becausethetoroidmirrorhasdifferentradiusofcurvatureinmeridianplaneandsagittal
plane,itcanbeconsideredseparatelywhenfocusing.Thefocusedimagingonthemeridianplaneis
essentiallythesameastheimagingcharacteristicsofasphericalmirror,whichhasbeenanalyzedinmany
literatures[14-15].

Thebestwaytofocusthebeam withasingleelementistheuseofatoroidmirrorwithunity
magnification(Rowlandconfiguration),whichcancelstheastigmatismandthecoma.However,whena
bigmagnificationisrequired,comaaberrationisunavoidable.Therefore,twotoroidmirrorsareusedto
improvethecomacausedbythesingletoroidmirrorwhichdoesnotsatisfytheAbbesinusoidalcondition,
soastoimprovetheimagingqualityoftheoff-axispoint.
1.2 Initialparametersofopticalstructure

Asanimagingopticalsystem,theaimoftheproposedconfigurationistoprovideahighresolution
imageoftheX-raysourcewiththefollowingprimaryconcerns.

Thefocallengthanddiameterofthemirrorsdeterminenotonlythesizeofthesystem,butalsothe
resolutionoftheopticalsystem.BecausetheenergyICFishigh,theenvironmentsurroundingthemicro
ballofDeuterium(D)andTritium(T)nucleiismorecomplex.It’sbettertoplacetheimagingsystemin
aplacefarfromthetarget,avoidingthedamageofhighenergybeamsanddebris.Therefore,theobject
distanceofthemicroscopeisbettermorethan500mm.Atthesametime,consideringthelimitationofthe
spaceforinstallingthemicroscope,assumingthemagnification15×.

Whendesignthegrazingincidenceoptics,theglancinganglemustfirstlybedecidedatthecenter
pointsofthemirrors.Thecriticalangleofreflectiondependsonthesurfacematerialandwavelengthofthe
X-ray.AsthewavelengthofX-raysbecomesshorterandshorter,thecriticalangleofreflectionis
extremelysmall.Howeverthemirrorsshouldhavesufficientreflectivityatalargegrazingangle.Andthe
designofthegrazingangleshouldtakeintoaccountthefloatoftheincidentanglebecauseoftheoff-center
edgeofthemirrors.Thegrazingincidentangleissettoθ=0.5°,achievedbyusingthemultilayer.

Thefieldofviewofthemicroscopeisdeterminedbythesizeoftheimplosioncompressionregion,
whichisonlyseveralmicrons,theidealFieldofView(FOV)restrictedto1mmwillbesufficient.

ThestructureofX-raymicroscopeisshowninFig.2.Thesystemconsistsofthreemirrors,twoof
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themaretoroidmirrorswiththesameradiusofcurvature,andthethirdoneisaplanemirror.Thefirst
twomirrorsM1andM2arearrangedinau-shapewithanangletoconvergetheX-raysbothonthe
meridianplaneandsagittalplane.
  Sincethethird mirrorisplane whoonly
deflectstheopticalaxisanddoesnotfocusthe
light,only the firsttwo toroid mirrors are
consideredinthecalculationoftheinitialstructural
parameters.AsshowninFig.3,AO1O2A'isthe
pseudo-axisoftheopticalsystem.Thegracing
incidentangleofthefirstmirrorM1isθ1=0.5°
andtheincidentangleofthesecondmirrorM2is
θ2=0.5°,accordingtothegeometricalrelationof
reflectionimaging,aformulaaboutanglescanbe
obtainedasfollows Fig.2 SchematicdiagramofX-rayimagingsystem

∠A+∠A'=4×0.5°=2° (3)

Fig.3 Reflectiveimagingdiagramofdoubletoroidmirrors
  AndthemagnificationcanbeapproximatelydefinedasM=∠A/∠A'=15,combinedwiththeEq.
(3),wegot∠A=1.875°,∠A'=0.125°.AssumingthatthedistancefromtheobjectAtothecenterofthe
firsttoroidmirrorO1isp1=AO1=740mm,andthedistancebetweenthetwomirrorsisd=O1O2=120
mm,thenaccordingtothetrianglecosinerelation,itcanbecalculatedthatthedistancefromthecenterof
thesecondmirrorO2totheimageA'isq2=A'O2=11938mm.Theobjectdistancep2ofthesecond
mirrorandtheimagedistanceq1ofthefirstmirrorsatisfythefollowingequation

p2=q1-d (4)
ThetotalmagnificationMofthemicroscopeandtwotoroidmirrors’respectivemagnificationM1and

M2meetthefollowingrequirements

M=M1M2=
q1
p1

q2
p2
=

q1
740
11938
q1-d

=15 (5)

Thenthefollowingquantitycanbefiguredout:q1=-1589mm,M1=2.14,M2=6.985.
Inthecaseofgrazingincidence,theopticalaxisofthethinbeamdoesnotcoincidewiththenormal

lineofthemirrorontheincidentpoint,andthelightisnolongeraconcentricbeamafterreflectionbythe
opticalsystem,whichisfocusedinthemeridianandsagittaldirectionrespectively,anditsrelationship
satisfiestheYoung'sformula

n'cos2i'

qm
-
ncos2i
pm

=
n'cosi'-ncosi

R
(6)

n'

qs
-
n
ps
=
n'cosi'-ncosi

r
(7)

wherepmandqmaretheobjectdistanceandimagedistanceinthemeridianplanerespectively;psandqsare
inthesagittalplane;iistheincidentangleandi'istheexitangle;nandn'aretherefractiveindexof
objectspaceandimagespace.Ristheradiusofmeridiancurvatureofthetoroidmirrorandristheradius
ofsagittalcurvature.Thenthegrazingincidentangleθ=π/2-i,i'=i,n'=-n,pm=ps=p.According
toEq.(8)andEq.(9),themeridianfocallengthfmandsagittalfocallengthfsofatoroidmirrorcanbe
obtained.

1
fs
=
1
p
+
1
qs
=
2sinθ
r

(8)

1
fm
=
1
p
+
1
qm
=
2

Rsinθ
(9)
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Duringtheopticaldesignofthemicroscope,associatedwiththeinitialstructuralparameters(p,M,θ,
d),auniquesetoftoroidmirrors’parameterscouldbeestablished.Inordertomaketheobjectbeimaged
onthesamepositionbothonmeridianplaneandsagittalplane,thefocusofbothdirectionshouldbeequal:

f1m=f1s=f1=1385mm (10)
whichissubstitutedintoEq.(8)andEq.(9),thenwegetthemeridianradiusofthefirstmirrorR1and
sagittalradiusr1respectively.

R1=
2f1t

sinθ=
2×1385mm
sin0.5° =317422mm (11)

r1=2f1ssinθ=2×1385mm×sin0.5°=24.17mm (12)
  Inthesameway,wegettheradiusofthemeridianplanR2andradiusofsagittalplaner2ofthesecond
mirror.

f2t=f2s=f2=1495mm (13)

R2=
2f2t

sinθ=
2×1495mm
sin0.5° =342633mm (14)

r2=2f2ssinθ=2×1495mm×sin0.5°=26.09mm (15)
Thisisnottheonlysolutionforthemicroscopestructure.Asetoftoroidmirrorswithappropriate

radiusofcurvaturecanbecalculatedwithdifferentgrazingangles,objectdistances,magnificationand
spacingofmirrors.
1.3 Optimization

Theopticalsystemcanbeoptimizedafterthedeterminationoftheinitialstructure.Sincetheoptical
systemofthegrazingincidencestructureisnotcoaxial,andthechiefopticalaxisrotatesatthebreakpoint
duringmodeling,thegrazingincidencereflectionbelongstothelargeoff-axisoftheopticalelement,and
thetoroidmirrorbelongstoasphericalmirror,sothedefaultevaluationfunctionandconstraintconditions
cannotbeusedfortheoptimizationbyZEMAX.

Themirrorlengthl1ofthefirsttoroidmirrorisanadjustablequantitywhoselengthisdeterminedby
theexpectedspatialresolutionandthegeometriclightgatheringangle.Tosomeextent,increasingl1can
improvethelightcollectionefficiencyofthesystem,butitwilldamagetheoff-axisimagequality.The
secondtoroidmirrorlengthl2canbeadaptedaccordingtothefirstmirrorlengthl1,sothatall(orpart)of
theincidentlightisreceivedandreflected.Apropershorteningofl2canactasanapertureandfurther
improveoff-axisaberration.

Theradiusofmeridiancurvature,radiusofsagittalcurvatureofthetwotoroidmirrors,thedistance
betweentoroid mirrors,andobjectdistance,imagedistanceareallvariables.Theoptimalevaluation
functionmeasurestheimagingqualityofthesystembyminimizingthespotradiusoftheimageplane.The
on-axisperformanceismodestlydegradedanduniformlyaberrationsdistributedoverachosenobjectfield.
TheSpotdiagramoftheoptimizedsystemisshowninFig.4.

Obviously,thespotsizeissufficientlybiggerthantheRayleighlimitandthemicroscopebelongsto
thelargeaberrationsystem.Spotdiagramisstillafeasiblemethodtoevaluatetheimagingqualityoflarge
aberrationsystem,whichcanshowtheconcentrationanddispersiondegreeofpointsourceontheimage
plane.Accordingtothedesignparameters,ZEMAXisusedtosimulatetheperformanceofthe
microscope,andthespotdiagramsofdifferentfieldofviewarecalculated.AsshowninFig.4,the
maximumRMSdiameterofthespotineachfieldofviewis52μm,whichmeetstherequirementsof
systemresolutionintheimagefieldofview.Theresultsshowthatasthefieldoftheobjectisincreased,
thespotontheimagesurfaceisgraduallyincreasing.
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Fig.4 Spotdiagramonimageplane

2 Analysis
2.1 Aberrations

Thebiggestadvantageofthereflectiveimagingsystemiswithnochromaticaberration.Compared
withaxisymmetricopticalsystems(withoutconsideringhighorderaberrations),Theaberrationscannot
beanalyzedbythesoftwareZEMAXexactly,theprimaryaberrationofoff-axisreflectionopticalsystemis
stillsphericalaberration,comaastigmatism,etc.However,comaincludeslinearcomaandconstantcoma,
whileastigmatismcontainsquadratic,linearandconstantterms.Thepseudoaxisisregardedastheoptical
axis,actually,incidentraysarealloffaxis.
2.1.1 Sphericalaberration

Forasingletoroidmirror,sincetheradiusofmeridiancurvatureismuchlargerthantheradiusof
sagittalcurvature,thesphericalaberrationismainlysensitivetothemeridiansurface.Theaperture
longitudinalaberrationis

Δsperical=-
3αq2(θR-q)

θ3R2 (16)

whereαistheaberrantangleofthereflectionraytothecenterofthemirror.

Fig.5 Longitudinalsphericalaberrationofsingleortwotoroidmirrors
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  AsshowninFig.5,fortwotoroidmirrors,withthecorrectchoiceofparameters,thespherical
aberrationcanbecorrectedwhen

Δ1(α)+Δ2(-α)=0 (17)
withthegrazingincidenceanglesameandmirrors1and2facing.

2.1.2 Comaaberration
DuetothedifferentmagnificationMofeachpointontheimageplane,off-axisfocusingisdegraded,

especiallywhentheobjectdeviatesfromitsprincipalaxis,andwhenthegrazingincidenceangleissmall.
Thecomainfluencecannotbeignored.Foratoroidmirror,thechangeofthescalingratioofthebeam
acrossthelengthofthemirroris

Δcoma=(M+1)
l
4p

(18)

Ascanbeseenfromthecomaaberrationformulasabove,theaberrationsofthetoroidmirrorfocusing
imagedependsonthelengthlofthemirrorilluminatedbythebeam,thegrazingincidenceangleθ,the
distancepfromthemirrortothesource,andthemagnificationM.Thecomaaberrationcanbereduced
withsmallmirrorsizeorlargeobjectdistance.

Thefirstmirrorintroducescoma,whichiscompletelycompensatedbythesecondone,sothecomais
mutuallycompensatedwithtwosuccessivemirrorsconfiguration.
2.1.3 Fieldobliquity

AsshowninFig.6,theanglebetweenthetwomirrorsisη,thentheanglebetweentheincidentlight
andthereflectivelightis2η,andtheanglebetweenthemisunchangedregardlessofhowtheincidentangle
changes.Thisistheintrinsiccharacteristicofthedoublemirrorsystem.So,twotoroidmirrorscancorrect
thefieldobliquitybecauseitsatisfytheAbbesinecondition.

Fig.6 Thecharacterofthetwotoroidmirrors

2.1.4 Astigmatism
Theonlyconditionforovercomingastigmatismintheuseofasingletoroidmirrorisr/R=sin2θ,

whichiscompletelysatisfiedforthepointontheaxis,butwiththeincreaseofthefieldofview,theoff-
axispointwillcausethechangeofthegrazingincidentangle,sothatthesagittalandmeridianimage
distancesarenotequal,andtheastigmatismwillappearagain.

Theopticalstructureisnon-axialsymmetrical,sooff-axisaberrationexists.Whenoff-axisaberration
hasthesameorderofmagnitudeassphericalaberration,onlycorrectingsphericalaberrationofpointson
theaxiscannotguaranteethebestperformanceofthesysteminthewholefieldofview.
2.2 Errorsanalysisandtolerance

Intheactualassemblyprocess,therewillbeerrorsintheparametersofeachmirrorsandtheir
positionsinthesystem,whichwillreducetheimagingqualityofthesystem.Therefore,machiningand
assemblytolerancesshouldbedeterminedbytheallowablequalityreductionlimit.

Todeterminetheeffectofeachmisalignmentontheimagequality,spotdiagramintheimageplane
werecalculatedforvariousmisalignmentconditions.Therearemainlyfourmisalignmentparameters:the
grazingincidentangle,theanglebetweenthetwotoroidmirrors,thedistancebetweenthetoroidmirrors,
thedistancefromtheobjecttothefirsttoroidmirror.
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Fig.7 Theinfluenceofparametersontheperformanceofmicroscope

  ItcanbeseenfromtheFig.7thattheoptimalresolutionpositionisnotatthecenterwherethechief
rayintersectstheimageplane,butisabout0.2mmoffsettothecenteroftheimageinthepositive
directionofthefieldofview.Suchimagingcharacteristicsarerelatedtotheasymmetricstructurecausedby
grazingincidence.Spatialresolutionismoresensitivetothechangeofthegrazingangle,andthelargerthe
grazingangleis,thehighertheimagingqualitywillbe.

Besidestheparametersanalyzedabove,otherparameterschangeindependently,andweevaluatethe
rangeofeachtolerance,thecentralfieldresolutionshouldbelessthan2μmunderthetolerance.Then,we
adjustedthetolerancesothat80%ofthemicroscoperesolutionremainedbelow5μminthewholefield.
Thiscalculationwasobtainedbyrandomlyselectingtheopticallocationof60000previouslycalculated
tolerancesofdifferentconfigurations.ThefinaltolerancesforpositioningaresummarizedinTable1.

Table1 Positioningtolerancesofeachmirrors
M1 M2 M3

TranslationalongtheX-axis 200μm 200μm 500μm
TranslationalongtheY-axis 50μm 50μm 50μm
TranslationalongtheZ-axis 200μm 200μm 1000μm
RotationaroundtheX-axis 0.01° 0.01° 0.01°
RotationaroundtheY-axis 0.01° 0.01° 0.01°
RotationaroundtheZ-axis 0.1° 0.1° 0.1°

  Theimageresolutionishighlysensitivetothemirrorfigure.Slopeerrorsistheerrorbetweenthe
ruggedreflectingsurfaceandtheidealsmoothsurface.ThecoatingmaterialofthemirrorisPt,andthe
RMSsurfaceroughnessofthemirrorswasassumedtobe0.5nm.

3 Alignment
Themicroscopysystemisagrazingincidentimagingsystemwhichisnon-axisymmetric.Theaccuracy

ofgrazingangleisofgreatinfluenceonimagingquality.Itisdifficulttoachievehighaccuracybythe
commonmethodusedintherotationalaxisymmetricstructureundertheconditionoflimitedspace.
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3.1 Off-linemirrorsmounted
Sincethemirrorsofmicroscope(includingM1~M3)istobeinstalledinthechamberoflaserfusion,

thespaceofthechamberisquitelimited,andthesystemrequiresahighlysmallgrazingincidentangle,so
theinstallationandadjustmentofthe mirrorsaretypicaldifficult.Off-lineadjustmentismainlyto
preciselyalignthreemirrors.Thefinealignmentoftheopticalsystem wascarriedoutbyespecially
adjustingtheglancingangletomirrorM1andM2respectively.

Fig.8 Auxiliaryadjustmentsystem

  AsshowninFig.8,Theadjustmentofthetoroidmirrorresorttoanauxiliarylaserimaging,an
opticallenswithalargenumericalapertureisadoptedtobeequivalenttotheconjugaterelationship
betweentheobjectandimageofthetoroidmirror,theerroranddepthoffieldoftheequivalentlensare
designedconsideringthepositioningaccuracyrequirementsoftheX-raymicroscope.Theopticalstructure
oftheauxiliaryadjustmentsystemisshowninFig8.BS1andBS2arethebeamsplitters.TheHe-Nelaser
irradiatesthetargetandformsacross-wireimageattheimageplanethroughtheauxiliarylens.TheBS1
andamirrordeflectsanotherbeamoflighttothemainopticalaxis,sothatthetargetisfocusedthrough
thetoroidmirror.Thentheangleofthetoroidmirrorisadjusted,whenthetwoimagesformedbythetwo
pathsoflightcoincide,thegrazingangleisadjusted.Therelativepositionsofthemirrorsareadjustedby
themanipulatorwhichcanbeusedtoadjustallthedegreesoffreedomofthemirrorsaccordingtothe
alignmenttolerances.
3.2 On-lineopticalalignment

Off-linemountingensuresthattheinternalopticalelementsofthemicroscopebeinstalledinplace,
andthenonlinealignmentisrequiredtorealizethatthemicroscopeaimatthecenteroftheobject.The
microscopicsystemisdifferentfromordinaryopticalinstrumentsinthatitsobjectandimagearenotinthe
samehorizontalplane.Inaddition,themicroscopyisinstalledinthechamberoflaserfusionwhosespaceis
limited,causingalotofdifficultiesinsettingandadjusting.Thebinocularintersectionaiminglasersis
designedtorealizetheopticalsystemaimingthroughthespatialintersectionoftwolaserbeams.Forthe
spaceofthetargetchamberislimited,theopeningangleofthetwolaserbeamscannotbetoolarge.

Fig.9 Schematicdiagramofmicroscopeaimingsection
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  TheaimingstructureofobjectandimageplaneisshowninFig.9.Therearetwopairsoftinytelephoto
lenses.ThelensimagethetargetontheCCD,themicroscopecanbeadjustedbyjudgingthedirection
needstomovethroughthequadrantpositionofthecentercrossontheimageplane.Theobjectfieldof
viewis6mm×6mm.

ImagequalityevaluationofbinocularvisionaimingsystemisshowninFig.8.Figure11(a)isthespot
diagramofthesystemimageplane.Thesizeofthespotissimilartothediffractionairyspotdiameter,so
theresolutionoftheobjectplaneis20μm.Figure11(b)istheModulationTransferFunction(MTF),
TheMTFvaluesat50lp/mmaremorethan0.3inobjectfieldofview,whichsatisfiestheimaging
requirements.

Fig.10 Opticalstructureofbinocularvisionaimingsystem

Fig.11 Imagequalityevaluationofbinocularvisionaimingsystem

4 Experimentandresult
ThesourceisanX-raytubeopenMotargetwithmetalmaterialsastheanodeandfilamentasthe

cathode,anditsmaximumvoltageis50kVandcurrentis1mA.TheimagingdetectorisaPI1300×1340
X-rayCCDcamerawithpixelsizeof20μm.Figure12(a)isanimageofaNigrid,whoselinewidthis6
μmandtheperiodis20μm.Figure12(b)describesthelightintensitydistributionalongthehorizontal
direction,theabscissaisthefieldofviewintheobjectspaceandtheordinateisthenormalizedlight
intensity.Theeffectivefieldofviewcanreachedabout500μm.Theintensitydistributioncurveis
essentiallytoimagethemeshedgewithEdgeResponseFunction(ERF)indifferentfieldofview,sothe
(20% ~80%)peak-valleyvalueoftheERFiscorrespondtotheresolutionoftheimageplane,whichcan
beusedtocalculatetheresolutionoftheobjectplaneaccordingtothemagnificationM,thepixelscanbe
convertedintomicronswhichisdefinedastheresolutionofthemicroscope.AsshowninFig12(c),the
spatialresolutioninthecenteroftheobjectplaneisupto2μm,betterthan5μminthe500μmfieldof
view.Thebestresolutionachievedandtheobtainedfieldofviewwasworsethanthesimulationresults.We
considerthemostdominantfactoristhelimitationoftoroidsurfaceprocessingaccuracyandtheinfluence
ofgrazinganglescattering.
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Fig.12 BacklightimageofaNimeshgridandresolutionoftheimage

5 Conclusion
AccordingtothespatialresolutionrequirementsofICFopticaldiagnosisandthelimitationof

experimentalspace,theX-raymicroscopebasedonthetoroidmirrorsisdesignedandoptimized.The
imagingsimulationshowsthatthespatialresolutionoftheoptimizedsystemislessthan5μmintherange
of1mmfieldofview.Backlightexperimentsshowthattheresolutionofthesystemisabout5μmat
500μm.Theerrorsbetweenexperimentalresultsandsimulationresultsaremainlyduetotheinfluenceof
mirrorshapeaccuracyanddiffractioneffect.Themicroscopebasicallymeetstherequirementsoflargefield
ofviewandhighresolutioninlaserplasmaX-rayimaging.Thefollowingworkdirectionismulti-lightpath
structuredesigntogathermoreinformationatthesametime,andthedesignofthemultilayer,forthe
increaseofthegrazingincidenceanglewouldbeusefulforimage-forminginthehardX-rayregion.
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