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Chapter 1

Intr oduction

The SHADOW programwasstartedin 1981. Although completelygeneral it hasbeenoptimized
for calculationsinvolving synchrotronradiationand x-ray optics. SHADOW calculationsare di-
vided into two parts, SOURCEand TRACE, accompaniedy a hostof pre- and post-processor
utilities.

The SOURCEportionof the programgenerates setof raysthatsamplethe sourcedistribution (the
brightnesgunction),typically a synchrotrorbendingmagneir anundulator The basicparameters
arethe sourceshapeandsize,depthanddivergence. Additionally, informationon photonenenpy;,
phasepolarizationandoptical pathcanbe generatedThe sourceis thusa collectionof up to 5000
raysdescribedy their startingposition,direction,enegy, phaseandpolarization.TheUser’s Guide
for the Soucedescribeshe necessarynputin detail.

The secondpart, TRACE, setsup the optical systemand executesthe ray-tracingof the source
throughthe system.The optical systemassuchis a collectionof separateptical elementsgacha
virtual object. The elementsare specifiedindependenthandray-tracedseparately Informationis
passedetweenconsecutie elementdy files written at intermediatgvirtual) imageplanes.Each
opticalelemenineedsa basicsetof information:

Geometry: The geometryincludesthe distancebeforeandafterthe elementthe incidenceangle
andtheorientation.

Surface Thefigure of theelementandary modificationsto theideal 3-D shape.

Elementtype Theelementypeis achoicebetweeramirror, lens,grating,crystal,capillary com-
poundmirror, Fresnelzoneplate,slit or filter.

Optical properties Theusercanthenaddoptical propertiego accountor reflectvity losses.

Misalignments misalignmentanbetestedon the system.



2 CHAPTER1. INTRODUCTION

Thismanualssumethattheuserhassuccessfullygeneratedd SHADOW sourcdile (BEGIN.DAT)
and knows the basicsof using the differentinput modes. More information can be found in
the Users Guide for the Sourceandin the SHADOW Primer Additionally, commentson this
documentand other suggestion®r questionsaboutthe programcan be electronicallymailedto:
shadev@xraylith.wisc.edu.

An Optical System

At this point, anopticalsystemwill beaddedo thesource A sampldayoutis shavn in Figurel.1.

The optical system(OS) is broken down into individual optical elements(OE’s), eachelement
specifiedseparatelyn the program. The conceptof a continuationplane(CP) is usedto link the
elementstogether The continuationplaneis an imaginary point in spacebetweenconsecutie

elementsvherethe outputof oneelementbecomegheinput of the next element.

TRACE createseveralfiles for eachopticalelement:

START.0X containstheinput parametersor the elementX. Createdby TRACE in eitherPrompt
or Menumode.

END.OX containsthe parametergor elementX after the elementhasbeenTRACEd. Different
from START.0X. May also containcalculatedmirror parameterscalculatedrotation angle
for gratings crystals.

MIRR.0X containgheinformationfor eachrayimmediatelyafterit is interceptedvith theelement
surface. Binary format readableand plottableby PLOTXY, PREPLQO, HISTO1, TRANS-
LATE. In mirror referencdrame.

STAR.0X containstheinformationfor eachray at the continuationplaneof thatelement.Binary
format.

OPTAX.0X containghelocationof theelementandcontinuatiorplanein thelaboratoryreference
frame.

SCREEN.O0XO0Y containsinformationfor eachray at ary specifiedpositionalongan elementX.
Binary format. Optional. Canbe simpleview port, slit/obstructionor filter.

As anexample let’'s saythesystemshavn in Figurel.1 hasthefirst mirror at L0mfrom the source,
the secondmirror at 12m from the source,the final imageat 20m. Figure 1.2 shavs how the
distanceghat SHADOW usesaddcumulatiely. So, optical elementone hasa sourcedistanceof
10mandanimagedistanceof 1m, optical elementtwo hasa sourcedistanceof 1m andanimage
distanceof 8m (alongtheopticalaxis). Theintermediateplanemayhave novalueoptically, howvever
it is herethat SHADOW passesheray informationfrom oneelementto the next. Optical element
two usesthe imagefile of optical elementone (STAR.01) asits source.If therehappendo be an
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Continuation Continuation
plane OE 1 plane OE 2

source distance image distancg
OE1 OE 1 iy

image distance

A OE 2
%, source distance
*OE 2

Object: Source OE1 OE 2
Namelist START.00 START.01 START.02
(starting)
Namelist END.OO0 END.O1 END.02
(ending)
data BEGIN.DAT MIRR.01 STAR.O1 MIRR.02 STAR.02
(binary)

Figurel.l: Sampldayoutwith sourceandopticalsystem.

intermediatémagebetweentwo elementsthe continuatiorplanecanbe placedcoincidentwith the
image,it doesnot needto be halfway betweernthe elements.

In generalthe systemof units usedin SHADOW arecompletelyarbitrary It is up to the userto
entervaluesconsistentlyin boththe sourceandoptical system.Whereit is requiredthatthe value
bein specificunits, SHADOW will askfor thevaluein degreescentimetersetc.

Data Formats

Thebinary datafiles carryinformationabouteachray thatis tracedthroughthe system.For an 18
columnfile, thevaluesareshavn in tablel.1, 12 and 13 columnfiles arethe same only truncated
attheappropriatecolumn. Thedatafiles containthe positionof eachrayin columnsl, 2, and3, the
directionin 4, 5, and6, the parallelpolarizationvectorin 7,8,9,column10is aflag for whetherthe
ray is goodor lost, column11 holdsthe photonenegy or wavelengthof theray in the form of the
wavenumbercolumnl12is theindex for theray. Theadditionalcolumnshold the optical path(13),
the paralleland perpendiculaphase(14,15)andthe perpendiculapolarizationvector(16,17,18).
Two or threecolumnscanbe extractedusingPREPLQ,, all the columnscanbe written in ASCII
usingTRANSLATE.
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4 CHAPTER1. INTRODUCTION

Laboratory reference frame

20m >
12m >
. |
\
. \ \
N
O /
S=10m Im Im 8m

Figurel.2: Sampldayoutwith distances.

X Y Z Spatialcoordinate
X’ Y’ VA Direction
Asx Asy Asz EM vector(s-)

FF q kk  Flag,wavenumberray index
opd Fs Fp  opticalpathlength,phases
Apx Apy Apz EM vector(p-)

Tablel.1: Informationstoredin binaryfiles.
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The restof the User’'s Guide

The breakdavn of this manualis meantto corvey several independensectionsavailable when
defininganelement.For example thefigure of anelements independensf whetherit is a mirror,
alens,agratingor a crystal. Thefollowing chapterswill coverthe TRACE sggmentbrokendown
into thekinds of informationneededandobjectsavailable:

o Geometryof element

Surfacesavailable

Objectsavailable

Opticalpropertiesspecification

Misalignmentgo system

Extrainformationavailable.
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Chapter 2

Optical Layout

Thischaptercoversthephysicallayoutof asystemandits elementdy definingthereferencdrames
andshawing theuserhow to enterthe correctparameters.

SHADOW definesan optical systemto be madeup of a setof independenbptical elements.The
outputof one elementbecomesghe input of the next element. As the elementsare definedoneat
atime they areaddedto the endof the system.Elementscanalsobeinsertedor deletedfrom the
sequenceisingthe MENU mode.SHADOW tracesall theraysthroughoneelementatatime, e.g.
all datais calculatedandfiles written for elementonebeforethe programlooksat elementwo.

2.1 ReferenceFrames

SHADOW usestwo referencerames. Thefirst is fixed, andis the laboratoryreferencdrame. It
providesaglobalervironmentto describehe propogatiorof thebeam.Thesecondeferencdrame
is local andcanbe perceved asrotatingwith the orientationof eachindividual element. Most of
theinformationSHADOW provideswill bein the secondeferencdrame. We definea coordinate
systemat the sourceasshawvn in Figure2.1with X andZ definingthe crosssectionspaceandY
definingthe depthandultimately the directionof travel. The opticalaxis or centralray exits from
the origin of this referencdramewith zeroangle. It intersectghe elementat the elementcenter
with the specifiedhominalincidenceangle. Thelocal referencdrameatthe elemenhasthecentral
rayin theY-Z plane thetangento thesurfacein the X-Y planeandthenormalto thesurfaceatthe
origin definedasZ.

The orientation of eat elementis relative to the previous element. Figure 2.2 shavs how the
coordinatesystemgotatefor a singleelementwith differentorientations.
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Sour ce ( BEG N. DAT)
cP

( STAR. XX)

Figure2.1: Referencdramesin SHADOW
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2.2. INPUT FORGEOMETRY OF ELEMENT 9

2.2 Input for Geometry of Element

SHADOW startsby defining the physicallocationand position of the optical elementrelative to

the previous element.Several questionsareasled aboutthe geometryof the system.The program
needsthe distancebefore and after the element,the incidenceangle of the centralray, andthe
relative orientationof the element.For eachinput, we explain what SHADOW requiresandshov

the correspondinPROMPT andMENU sessions.
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10 CHAPTERZ2. OPTICAL LAYOUT

Orientation angle = 0 Y

X X

Orientation angle = 180

Z
X
V4 Y Y
X X
Z
7 Y

Figure2.2: Orientationangledemonstration
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2.2. INPUT FORGEOMETRY OF ELEMENT 11

2.2.1 IncidenceAngle:

PROMPT:

[ )

Let’s define the optical or central axis of the system

for this particular optical elenent.

By this | nmean a "virtual" line that runs throughout

the optical system Along this line are |ocated the
"continuation" planes, where the OS is subdivided in the
individual CE. This line does not have to coincide with the
true optical axis, as it is used mainly for bookeeping the
data, but it helps greatly in the data analysis if this
identity is preserved as everything in the programis referred to it.
Once established, you still have conplete freedom of

"moving" around the mrrors.

In the case of a grating, you will have several choices. The
program may override your specifications for the central axis
and | ocate the source and inage at the "best" position.

You will be pronpted later for this option.

It is recormended to use CM as units. This is not critical

for nobst cases, but it is in the case of diffraction el enents.
Optical Elenent definition:

I nci dence Angle ? 88

MENU:

( )
MAI N MENU Optical Elenent 1
Files to wite out ALL
Source pl ane di stance 0. 0000000000000E+00
I mage pl ane distance 0. 0000000000000E+00
I nci dence angle 88. 000000000000E+00
Refl ection angle 0. 0000000000000E+00
Mrror Orientation Angle 0. 0000000000000E+00
Source file BEG N
Type of elenment (+) REFLECTOR
Figure (+) PLANE
Diffraction (+) M RROR
Crystal (+) NO
M rror novenent (+) NO
Ri ppl e Surface (+) NO
Exit Slit (+) NO
Source Movenent (+) NO

CGoto CE (+)

. J
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CHAPTERZ2. OPTICAL LAYOUT

Incoming
ray

Oi

Normal

Bi = Incidence angle

Figure2.3: Incidenceangle

Theincidenceangleis theangleat which the centralray of the beamhits the opticalelementmea-
sureddown from the normalto the surfaceof the opticalelement.SHADOW expectsarealnumber
enteredin units of dggrees It is independenbf the orientationangleof the element. Figure 2.3
shawvs how theincidenceangleis measured.

Example: Theincidenceanglecanbevariedto modeldifferentopticalsystemdrom grazingangle
systemgo normalincidencesystems. For example,a 2 degreegrazing angle would be input to

SHADOW as88 deggrees

Notice thatthe userhascompletefreedomof specifyingincidenceangleseven < 0 or larger than
90 degreesaslong asthe userunderstandblow to interprettheresults.

SHADOW UserGuide— TRACE
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2.2. INPUT FORGEOMETRY OF ELEMENT 13
2.2.2 SourceDistance:
PROMPT:
Optical Elenent definition:
I nci dence Angle ? 88
Source Di stance ? 2000
MENU:
MAI' N MENU Optical Elenent 1
Files to wite out ALL
Sour ce pl ane di stance 2000. 0000000000E+00
I mage pl ane distance 0. 0000000000000E+00
I ncidence angle 88. 000000000000E+00
Refl ection angle 0. 0000000000000E+00
Mrror Orientation Angle 0. 0000000000000E+00
Source file BEA N
Type of elenment (+) REFLECTOR
Figure (+) PLANE
Diffraction (+) M RROR
Crystal (+) NO
M rror novenent (+) NO
Ri ppl e Surface (+) NO
Exit Slit (+) NO
Sour ce Movenent (+) NO
Coto COE (+)

SHADOW UserGuide— TRACE
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continuation plane
1st element

\

\/ Source distance

‘ 2nd element

Source distance 1st element

Figure2.4: Sourcedistancegeometry

The sourcedistance,or sourceplanedistance,is the distancealongthe Y axis from the source
continuationplaneor previous continuationplaneto the currentoptical elementin the system. It
is not necessaryor this distanceto be the true objectdistanceof an optical elementandis useful
for specifyingsomespecialcases(Seefigure 2.4.) The distancecaneven be nggative andtherays
will thenbe tracedbackwards. SHADOW expectsa realnumberin units consistenwith the units
of lengthusedin therestof thedefinition of the elementandthoseusedin the source.

Example:
Theusercansetthis variableto accuratelynodelhis optical system.
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2.2. INPUT FORGEOMETRY OF ELEMENT 15
2.2.3 ReflectionAngle:
PROMPT:
Optical Elenment definition:
I nci dence Angle ? 88
Source Di stance ? 2000
Refl ecti on Angl e? 88
MENU:
MAI N MENU Optical Elenent 1
Files to wite out ALL
Source pl ane di stance 2000. 0000000000E+00
I mage pl ane distance 0. 0000000000000E+00
I nci dence angle 88. 000000000000E+00
Refl ection angle 88. 000000000000E+00
Mrror Orientation Angle 0. 0000000000000E+00
Source file BEG N
Type of elenment (+) REFLECTOR
Figure (+) PLANE
Diffraction (+) M RROR
Crystal (+) NO
M rror novenent (+) NO
Ri ppl e Surface (+) NO
Exit Slit (+) NO
Source Movenent (+) NO
Goto CE (+)
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16 CHAPTERZ2. OPTICAL LAYOUT

Incoming
ray

Br = Reflection angle

Figure2.5: Reflectionangle

The“reflectionangle”is socalledby corvention;it is theanglethatthereflectedor refractedcentral
ray makeswith the normalto the surfaceof the opticalelement.For mostpurposest is setequalto
theincidenceangleshovn in figure 2.5 but in mary casest is not neccesarilyso (e.g. asymmetric
diffractiongratings).Thereflectionangleshouldbe enteredcasa realnumberin unitsof degrees.in
the caseof a gratingor a crystal, SHADOW may calculatethe reflectionangleto satisfyequations
at specificenegies. For moreinformation,seethe sectionson gratingsandcrystals.

Example:
Thereflectionangleshouldbe equalto theincidenceanglein mostcases.
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2.2. INPUT FORGEOMETRY OF ELEMENT 17
2.2.4 Image Distance:
PROMPT:
Optical Elenment definition:
I nci dence Angle ? 88
Source Di stance ? 2000
Refl ecti on Angl e? 88
I mage Di stance ? 500
MENU:
MAI N MENU Optical Elenent 1
Files to wite out ALL
Source pl ane di stance 2000. 0000000000E+00
I mage pl ane distance 2000. 0000000000E+00
I nci dence angle 88. 000000000000E+00
Refl ection angle 88. 000000000000E+00
Mrror Orientation Angle 0. 0000000000000E+00
Source file BEG N
Type of elenment (+) REFLECTOR
Figure (+) PLANE
Diffraction (+) M RROR
Crystal (+) NO
M rror novenent (+) NO
Ri ppl e Surface (+) NO
Exit Slit (+) NO
Source Movenent (+) NO
Goto CE (+)

SHADOW UserGuide— TRACE
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18 CHAPTERZ2. OPTICAL LAYOUT

Y

Image distance

Y \/\ 2nd element

Image distance
1st element

Figure2.6: Imagedistancegeometry

Theimagedistance pr imageplanedistancejs the distancealongthe Y axisfrom the the optical
elementto its continuationplane. The continuationplanethen senes asthe sourcefor the next
optical element. This distancemay or may not be wherethe imageis locatedand can even be
negative or zero. In generalit is locatedsomevherebetweerthe two elements.Figure 2.6 shawvs
theimagedistancdor two differentelements.

SHADOW expectsarealnumberin unitsof lengthconsistentvith previously definedelementsand
thesource.

Example:

The imageplaneis locatedsomeavhere betweentwo consecutie optical elements. Its primary
functionis to sere asa corvenientplaceto passthe resultsof oneoptical elementnto the next. If
plotted,it shawvs informationaboutthe beamat that pointincludingthe crosssectionandthe phase
spaceplots. Thusit is corvienientto locateit atafocusor somespecialpoint. It canbethelocation
of anactualimage,but in mary caseswill not.

SHADOW UserGuide— TRACE Version2.0



2.2. INPUT FORGEOMETRY OF ELEMENT 19
2.2.5 Orientation Angle
PROMPT:
Mrror orientation angle. Angles are neasured CCW in deg,
referring to the mirror nornmal. Alpha=0 is the mrror
sitting at the origin, facing up. Alpha = 90 is the
mrror standing at your right and facing |eft when you
| ook al ong the beam STANDI NG ON THE PREVI OUS M RROR and so on.
Oientation Angle [ Alpha ] ? 0
MENU:
MAI N MENU Optical Elenent 1
Files to wite out ALL
Source pl ane di stance 2000. 0000000000E+00
I mage pl ane distance 2000. 0000000000E+00
I nci dence angle 88. 000000000000E+00
Refl ection angle 88. 000000000000E+00
Mrror Orientation Angle 0. 0000000000000E+00
Source file BEG N
Type of elenment (+) REFLECTOR
Figure (+) PLANE
Diffraction (+) M RROR
Crystal (+) NO
M rror novenment (+) NO
Ri ppl e Surface (+) NO
Exit Slit (+) NO
Source Movenent (+) NO
Goto CE (+)

SHADOW UserGuide— TRACE
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20 CHAPTERZ2. OPTICAL LAYOUT

Theorientationangleis usedto definetherelativeorientationof two elementslt is measuredrom
the pole or normalof anelemento the pole of the previous element.Rotationsaremadeaboutthe
Y -axiscountefclock-wisefrom a zeropositioncorrespondingo the normalof the previousoptical
element.The rotationis shavn in figure 2.7. If definingthefirst elementthe zeropositionis the
mirror “facingup” with the elementpole coincidentwith the positive Z-axis. A corvienientway of
rememberingherule is to imagine“sitting” onthe previous elementandlooking down the central
ray to thenext OE. If thenormalis seenfacingupward,thena = 0. If it is facingto theleft, thena
=90degreesandsoon.

Example: For examplea ToroidalGratingMonochromatofTGM) beamlinehasits elementsn the
following positions;mirror 1 facesthe floor, the gratingfacesthe ceiling, andthe refocusmirror

againfacesthe floor. The correctorientationanglesfor eachelementwould be 180°, 18C°, and
180 thefirst mirror is 180degreesdrom the zeroposition,thesecondelementalthoughseemingly
in the zeroposition,is 180degreesfrom the positionof thelastmirror, likewise, thethird mirror is

180degreesfrom the secondelement.Thelayoutis shavn in figure 2.8 aswell asanotherexample
of orientations.

2.3 Optaxis and SystemLayout

Setup,l/O files, OPTAX

SHADOW UserGuide— TRACE Version2.0



2.3. OPTAXIS AND SYSTEMLAYOUT 21

+Z X
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’ +7
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.
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(a) (b)
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R a =270
a =180 +z
+X o’
’ .
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+
R +7 Re X
’
’
(€) (d)

Figure2.7: Exampleof four differentorientations.
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a =180 o =180

a =180

a =270

Figure2.8: Orientationangleexamples.
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Chapter 3

Surface Typesavailable

Thischaptewill coverthesuriaceshapeswvailablein SHADOW, andvariousmodificationghatcan
be madeto them. Thesemodificationsinclude creatingcylindrical mirrors andcorvex or concae
surfaces puttingphysicallimits onthemirror sizeandshapeandaddingerrorsurfacesandsurface
roughness.

To computea geometricakeflection, SHADOW startswith the vectorfor eachray at the previous
imageplane(or source).Theequationrepresentinghe mirror surfaceis calculateceitherwith user
specifiedparametersr with input focal conditions.Theinterceptpoint of eachray andthe element
surfaceis found andthe normal at eachpoint calculated. From this information, we canfind the
incidenceangleandcalculatetheoutgoingdirection. If theinterceptbetweertheray andthesurface
is acomple solution,therayis consideredo bea“hardloss” andall valuesbesideglag andindex
aresetto zero.

3.1 ElementShapes

There are nine basic elementfigures available within SHADOW: spherical,elliptical, toroidal,
parabolical,plane, codling slit, hyperbolical,conical and polynomial. The different parameters
neededvill beexplainedin detailin thefollowing sections.

SHADOW hastwo waysof definingthe exactfigure. Oneis calculatednternally (internal)andthe
otheris userspecified(external). In the internalmode,SHADOW computeghe mirror parameters
for bestimagingfrom pointto point. In the default casethefocii arelocatedatthe CP, but the user
canoverridethis by specifyingothervaluesasillustratedbelov. The secondway, external,is user
specifiedthe usercanentertheradiusof a sphericamirror for example.

23
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3.1.1 Mirr or Surface

PROMPT:
e )
Lets define the mirror. | may conpute its paranmeters, like the
radius or the axes. This will not affect the rest of the calcu
lations; all the geonetrical paraneters nay be nodified later.
O, you may wish to specify the mrror paraneters yourself.
What kind of surface are we dealing with ?
spheri cal =1
el liptical =2
t or oi dal =3
par abol oi d =4
pl ane =5
Codling slit = 6
hyperbolical =7
cone =8
pol ynomi al =9
Mrror surface [ 1-9] ? 2
\ J
MENU:
( )
MAI' N MENU Optical Elenent 1
Files to wite out ALL
Sour ce pl ane di stance 2000. 0000000000E+00
I mege pl ane distance 500. 00000000000E+00
I ncidence angle 88. 000000000000E+00
Refl ection angle 88. 000000000000E+00
Mrror Orientation Angle 0. 0000000000000E+00
Source file BEA N
Type of elenment (+) REFLECTOR
Figure (+) ELLI PTI CAL
Diffraction (+) M RROR
Crystal (+) NO
M rror novenent (+) NO
Ri ppl e Surface (+) NO
Exit Slit (+) NO
Sour ce Movenent (+) NO
Coto COE (+)
_ J
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3.1. ELEMENT SHAPES 25

SHADOW allows for a variety of basicfigures. The standardoptions are spherical,elliptical,
toroidal, parabolical,plane, codling slit, hyperbolical,conical and polynomial. Thesecanthen
be combinedwith cylindrical effects, finite dimensionsgrating surfacesetc, to definea specific
element.

Oneof thefollowing surfacesmustbechosen:

e spherical: asectionof a sphere.Theradiusof the spherecanbeuserspecifiedor calculated
by SHADOW usingthe Rowlandcircle condition.

e elliptical: the surface of revolution describedby an ellipse with parametercomputedby
SHADOW if desired,otherwisewith userspecifiedmajor axis, minor axis andangle in
dagrees,of the major axis from the x axis measurecounterclockwise. Since SHADOW
doesnt know wherethepoleis locatedalongtheellipsoid(thereareinfinite possiblepositions
of theellipsoid)we usetheangled to specifyit. Seefigure3.1for helpdeterminingheangle
neededThe majoraxismustbe greaterthanthe minor axis.

p = source distance
q = image distance
d=angle

\ 6
p z q

Figure3.1: UserspecifiecElliptical surface

¢ toroidal: oneof thefollowing sectionsof atoroid:

Lower/Outer Concae/Concae
Lower/Inner Concae/Corvex
Upper/inner Corvex/Concae
Upper/Outer Corvex/Corvex

SHADOW UserGuide— TRACE Version2.0
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CHAPTER3. SURFACE TYPESAVAILABLE

with UpperandLower denotingthe majorradius,InnerandOuterdenotingthe minor radius
(seefigure 3.2). If the userwishesto specify the mirror parametersthe major radiusand
minor radiusarerequired.

Upper/Outer

Upper/Inner
Rmaj

Lower/Inner

Lower/Outer

Figure3.2: Optionsfor toroidalsurface

parabolical: thesurfacegeneratedy rotatinga paraboleof theform az? + bz + ¢ aboutthe
Z axis. The usermustspecifywhetherthe mirror hasits focusat the image(focussingcase)
or atthesource(collimatingcase) If theuseris specifyingthemirror parametersSHADOW
needy where:y? = 2pz.

plane: whatonewould expect,aflat surface.

codling slit: a slit madeby the combinationof a slit jaw anda planemirror actingasthe
opposingslit jaw, shavn in figure 3.3. The effective width of the slit is twice the distance
betweerthe slit jaw andthe mirror. It doesnot focusthe rayshbut merelyactsasa slit and
changeghe directionof the beam. As with ary slit specificationthe usermustprovide slit

width andlength.

hyperbolical: the surfaceof revolution of a hyperbola.To specifythe parametersthe user
needsthe major axis, minor axis and angle of the major axis from the x-axis measured
counterclockwise.
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plane mirror = - RUBE
1 o o **
: - 0‘. “‘ ¢“‘
R | - o" "‘ o’
S ,’0 “’ ‘t‘
’Q " “ "‘ I f_f .
RS e_ectlve
width
width

slit jaw

Figure3.3: Codlingslit

e conical: the surfacerepresentinghe interior or exterior surface of a cone. The usermay
specifythehalf aperturan degreesf desired.

e polynomial: auserdefinedsurface.Typically notoneof theabove casesEitherapolynomial
or asplinesurfacecanbeused;the coeficientsarereadfrom afile.

Example:

3.2 Options for standard figures

This sectionwill describewaysto modify the perfectthreedimensionalkurfacedescribedabove.
Often, we needto usecylindrical optics(asthoseformedby bendinga flat surface)and/orconvex
surfaces.We needaway to specifythesecases.
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3.2.1 Cylindrical Mirr or

PROMPT:

[ )

Mrror surface [ 1-9] 2?2 1

Do you want to specify the mirror paranmeters ?0
Is the mirror Cylindrical ? 1

Angl e of cylinder axis fromx axis [ 0] ?0

MENU:

CE specifications Optical Elenent 1
Mrror paraneters (+) | NTERNAL

Surface curvature CONCAVE

Cylindri cal YES

orient. [ CCWfromX axis ] 0. 0000000000000E+00
Reflectivity (+) OFF

Limts check (+) NO
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Cylinder axis

Figure3.4: Cylindrical element

Thedefault for thecylindrical optionis “OFF’ — SHADOW useghefull figurefor thecalculations.
If desiredacylindrical elemenitanbe usedto focusin only onedirection.

SHADOW formsthe elementin the following way. Theintersectiorof thefill surfaceanda speci-
fied plane(by defaultthe X-Z plane)is found. Thetwo dimensionakurve thatformsthatintersec-
tion is extrudedperpendiculato the planeto form a cylindrical objectwith a crosssectionof the
two dimensionakurve. For example,if the userchoosesSPHERICAL’, theresultingelementis

similarto acan,shavn in Figure3.4.

By default, the cylinder axisis coincidentwith the elementX -axis (zeio degreesrotation corre-
spondingto tangentialfocussing. SHADOW allows the userto chooseary angleof rotationfor

the planeusedin theintersection.The anglebetweerthe cylinder axisandthe X -axisis specified
counterclock-wise(CCW), in degrees.

Example:

Cylindrical mirrorsareusedin situationswherefocusingis desiredin onedirectiononly. They are
alsousefulin combinationwith othermirrorswhenthethreedimensionafigureis very complex or
impossible.A typical caseis thatof the Kirkpatrick-Baezoptics,wheretwo glancing,cylindrical
mirrorsareusedto focusin bothdirections.
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3.2.2 Convex/Concave Option

PROMPT:

[ )

Is the mirror convex [ YYN] ? 0

MENU:

CE specifications Optical Elenent 1
Mrror paraneters (+) | NTERNAL

Surface curvature CONCAVE

Cylindri cal NO

orient. [ CCWfromX axis ] n/a 0. 0000000000000E+00
Reflectivity (+) OFF

Limts check (+) NO
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Concave Convex

Figure3.5: Concae andcorvex elementsuriaces

SHADOW is askingwhetheryou wanta convex or concae reflectingsurface. The“NO” answer
in PROMPT is the defaultin MENU mode— CONCAVE (figure 3.5). For instancea normallens
maybecornvex on onesideandconcae ontheother
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3.2.3 Mirr or Dimensions
PROMPT:

[ N

Mrror Dimensions finite [ YYN] 2?1
M rror shape. Options:
rectangul ar : 1
full elliptical 2
"hole" elliptical : 3
Shape: [ 1, 2, 3] ?1
2
2

Mrror hal f-width x(+)
Mrror half-width x(-)
Mrror half-length y(+
Mrror half-length y(-

MENU:
M rror Shape Optical Elenent 1
Shape sel ected RECTANGLE d

M rror dimensions al ong axis:
use ABSOLUTE val ues.

rectangle / ellipse

X(+) Half Wdth / Int My Ax 2. 500000000000
X(-) | Ext Maj AX 2. 500000000000
Y(+) / Int Mn Ax 4. 750000000000
Y(-) / Ext Mn AX 4. 750000000000

Use RECTANGLE ELLI PSE HOLE (Return)

. J

SHADOW UserGuide— TRACE Version2.0



3.2. OPTIONSFORSTANDARD FIGURES 33

If mirror dimensionsoption “not finite” is chosen,the mirror dimensionsare consideredarge

enoughas not to limit the transmissiorof the rays (providing thereis a real solutionto the in-

terceptof the ray andthe elementfigure). If you chooseinstead‘finite mirror dimensions”rays
thatfall outsidethe limits will be consideredost; while they will betracedthroughtherestof the
systemtheir flag will be setto (elementnumber)*(-11000).A furtherlosswill resetthis flag so
theray will carrythe label of the mostrecentloss A “hard loss” — i.e., animaginaryintercept—

will of coursenot betracedfurther Noticethatthe useof this flag allows the tracing of scattered
light throughthe system.In MENU modethis is calledLIMITS CHECK in the sub-menwnder
FIGURE. To choosefinite dimensionsenterON for LIMITS CHECK and enterits sub-menuo

specifythe shapeanddimensions.Allowable shapesare RECTANGLE, ELLIPSE andELLIPSE
W/HOLE. Sizesarespecifiedn thelengthunitsusedsofar.

Example:
In anoptical systemyignettingoccurswhenthe beamoverfills the mirror (or lens). It is important
to verify thatthisdoesnotoccurin systemsvhereparametermaychangdi.e., diffractiongratings).
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3.2.4 Distorted Surface

PROMPT:
( )
Distorted surface [ YYN] ? 1
Si nusoi dal ripple (0)
Gaussi an rippl e (1)
Ext ernal spline (2)
Type of distortion ? 0
Wavel ength al ong the X-axis ?
. 025
and the Y-axis ?
30
Anplitude along the X-axis ?
. 001
and the Y-axis ?
.01
Phase for X-axis. 0 neans a naximumat the origin. Then ?
0
and for Y-axis ?
\ J
MENU:
( )
Surface Quality Optical Elenent 1
Type of defect SI NE
Fi | e- nane n/ a NONE SPECI FI ED
Ri ppl e Wavel. X 0. 2500000000000E- 01
Y 30. 00000000000
Ampli. X 0. 1000000000000E- 02
Y 0. 1000000000000E- 01
Phase X 0.0
Y 0.0
Use SI NE GAUSSI AN SPLI NE (Return)
_ J
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The"distorted surface”optionin SHADOW will addanerrorsurfaceto thealreadyspecifiedshape.
EssentiallySHADOW will solve theequation:

Z(‘Tay) = Zo(.'ll',y) + A("I"ay)

whereZ, is theideal surface,A is the error definedasthe local differencebetweerthe idealand
real surface. The distortion canbe a sinusoidalripple, a gaussianerror or an externally defined,
completelygeneralspline surface. Notice that all theseerrorsare treatedin a deterministicand
geometricaloptics framavork. The sinusoidalripple requiresthe input of the ripple wavelength
along X, the wavelengthalongY’, the amplitudein both X andY’, the phaseof the sinewave on
the X -axis,andthephaseontheY -axis. Thegaussianoptionrequiresheinput of afile containing
the parametersf the gaussiarfunctions. The externalsplinerequiresaninputfile createdwith the
utility PRESURRCE. Thefile containsa bi-cubic splinerepresentinghe error surface,obtained
by afit to a userspecifiederrorsuriace. The usercreatesa surfacemesharrayin the form of:

Ng, Ny
Y(1),...,Y(N,)
X(1), Z(1,1),..., Z(1N,)

.X(Nm), Z(Ng,1),..., Z(Ng Ny)

whereN, andN, arethesizeof the suracemesh.PRESURRCE readsthefile andcomputeghe
appropriateoutputfor SHADOW. For moreinformationon thefile, consultthe User’s Guideonthe
Utilities.

Example:

Distortionscan occur as a result of machining,heatloading, contaminationetc. If the surface
errorscan be mapped,SHADOW can addthe informationto the ideal surface giving the usera
morerealisticpictureof theimage.
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3.2.5 SurfaceRoughness

PROMPT:
Do you want to include surface roughness [Y N} ? Y
File to read ? PSINFO
Roughness RMS in Y direction (along the mrror) [Angstroms] ? 10
Roughness RMS in X direction (transversal direction) [Angstrons] ? 10
MENU:
r Scattering Optical Elenent 1 \
Sur f ace Roughness r/o YES
File w power spec. dens. fn. PSI NFO
Roughness RMS in Y (Angstromns) 10.0
Roughness RMS in X (Angstromns) 10.0
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Surfaceroughnesss definedasirregularitiesin the optical surfacewhich producedispersion(scat-
tering) of the incidentradiationratherthanreflection. This is treatedasa stodastic procesghan
deterministic In thisframewvork we considetthehigh-frequeng componenof theerrorfunction A.
We canimaginethe surfaceasthe sumof mary smallrandom(in pitch, amplitudeandorientation)
diffraction gratings. The ray striking at location {x,yo } will have a probability P, of beingelas-
tically reflectedandP; of beingscatteredP; beingpropotionalto the amplitudeof theroughness.
SHADOW useghe RMS roughnesn X andY andafile containingthe normalizedoower spectral
densityfunction (PSD)to simulatethe surfacescattering.Theinputfile canbe generatedvith the
jntpscalcutility to createa numberof differentdistributionsor thefile canbe createdby the userin
the correctformat. The distributions availablein jntpscalcare a gaussiarpower spectruma PSD
from a profile with normalstatisticsanda gaussiarcorrelationfunction,a PSDfrom a profile with
normalstatisticsand an exponentialcorrelationfunction,anda PSDalongY from a datafile and
gaussiaralong X. Theinput file to SHADOW is written with a FORTRAN programand hasthe
following format:

NumberPointsin_X

X _Starting Point

X_StepSize

NumberPointsin_Y

Y _Starting Point

Y _StepSize

((Pawer_SpectralDensity Function(i,j),i=1,NX) j=1,NY )

Thesurfaceroughnesss locatedunderthe “Modified Surface” menuin MENU mode.

SHADOW determineghe probability of a ray being scatteredr specularlyreflected. For those
raysbeingscatteredthe PSDis usedasa probability distribution functionto find the ruling of the
“grating” createcby the surfaceroughness.

Example:

If we createa PSDusingjntpscalcfor agaussiampower spectrumandapplyit to anelliptical mirror
we canseehow theimageof the point sourcedegrades.The parametersisedin jntpscalcare 100
pointsin eachY andX, startandendvaluesof 0 and 1000respectiely, sigmaof 100cm~! and
a centerat (0,0). We have defineda point sourcewith a uniform divergenceof + 0.5 mradin the
horizontaland+ 0.05mradin thevertical. It hasasingleenegy of 8035eV. Themirror is elliptical
with the sourceat 30 metersjmageat 10 metersandincidenceangleof 88.5degrees.Theresulting
plotis shawnin figure 3.6.
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/tmp-mnt/mnt/shadow/test/rough/star.01
E T T ‘ T T T T T T ‘ T T B
4000 [ -
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2000 E
1000 - 3
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T ‘ T T T T T TTTT]TTTTI[TTTTI]TITT
L 4 L 4| 28—Mar—94 14:56
04— o 1 | H Length .10000
[ 1T 1 |H Center 0.
i 11 ] |V Length 1.0000
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Figure3.6: Imageafterapplyingsurfaceroughnesso elliptical mirror
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Chapter 4

Object Types

Independentrom the surfacefigure, is the type of objectthatis interactingwith the light. The
differentobjects: mirror, lens,grating,crystal,compoundmirrors, capillaries,Fresnelzoneplates,
andscreensreall specifiedslightly differently

39
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4.1 Mirr or
PROMPT:
( )
Optical Elenment definition:
I nci dence Angle ? 88
Source Di stance ? 2000
Refl ection Angle? 88
I mage Di stance ? 500
Reflector [ O] or refractor [ 1] ? 0
_ J
MENU:
a )
MAI N MENU Optical Elenent 1
Files to wite out ALL
Source pl ane di stance 2000. 0000000000E+00
I mage pl ane distance 500. 00000000000E+00
I nci dence angle 88. 000000000000E+00
Refl ection angle 88. 000000000000E+00
Mrror Orientation Angle 0. 0000000000000E+00
Source file BEG N
Type of elenment (+) REFLECTOR
Figure (+) PLANE
Diffraction (+) M RROR
Crystal (+) NO
M rror novenent (+) NO
Ri ppl e Surface (+) NO
Exit Slit (+) NO
Source Movenent (+) NO
Goto CE (+)
\_ J
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7y

'

v_out

Figure4.1: Mirror reflection

A mirror is specifiedby choosingareflectingopticalsurface,i.e.,onewhere
(‘_/;)ut_%n).ﬁzo

asshavn in figure4.1. All otherinformationaboutthe mirror is includedin the surfacesectionand
the opticalpropertiessection.

Note: Othertypesof elementswill alsobebasednreflectors.GratingsBraggcrystals,
compoundnirrorsandcapillariesall needthereflectoroption.

Example: A point sourceis reflectedat grazingincidenceoff a planemirror. The systemplot is
shawvn in figure 4.2.
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30

20 - -

10

\ \ \ \
0 100 200 500

Figure4.2: Sideview of areflectingoptical system.
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4.2 Lens
PROMPT:
a )

Optical Elenment definition:

I nci dence Angle ? 0

Source Di stance ? 1000

Refl ecti on Angl e? 180

I mage Distance ? 1

Reflector [ O] or refractor [ 1] ? 1

_ J
MENU:
( )
MAI N MENU Optical Elenent 1
Files to wite out ALL
Source pl ane di stance 1000. 0000000000E+00
I mage pl ane distance 1. 0000000000000E+00
I nci dence angle 0. 0000000000000E+00
Refl ection angle 18000000000000E+00
Mrror Orientation Angle 0. 0000000000000E+00
Source file BEG N
Type of elenment (+) REFRACTOR
Figure (+) SPHERI CAL
Diffraction (+) M RROR
Crystal (+) NO
M rror novenent (+) NO
Ri ppl e Surface (+) NO
Exit Slit (+) NO
Source Movenent (+) NO
Goto CE (+)
\_ J
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Element Source Image Inc. Refl. Refr Index Refr. Index Spherical Concae/

Distance Distance Angle Angle Object Image Radius  Corvex
1 1000 1 0 180 1.0 15 1000 Cornvex
2 4 1000 0 180 15 1.0 1500 Concae

Table4.1: Systemparameteror Lensexample

If arefractoris chosentherefractive index in bothimageandobjectspacemustbe provided. The
SHADOW corvention definesan elementas a single instanceof light/surface interaction. (The
capillary is an exception). Thereforechoosinga refractve surface only specifiesone changein

medium.For standardenssituationsjt will take two elementgo definethelens.No approximation
(thin lens,etc.) is made—theraysaretracedexactly.

Example: A samplelensis createdandtraced. The systeminformationandplot areshavn in the
tableandfigurebelow.
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Medium 2

Medium 1 Medium 1

r2

v
A

Figure4.3: Lensdescription
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Figure4.4: Sideview of arefractingoptical system.
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4.3 Gratings

PROMPT:

~

Are we dealing with a Grating ? 1
Type of ruling.

0 ruling density constant on the X-Y plane

1 for ruling density constant onto the nmirror surface.
2 for an hol ographic grating.

3 for an oriental -fan type

4 reserved

5 pol ynom al line density

Then: 2

Hol ogr am Recor di ng Paraneters.

The angles are positive if the source is on the side of the Y-axis.
"EnS" means Entrance Slit Side Source

"Rotation" refers to rotation around Z

Distances [ cml ] and angles [ degrees ] refer to hol ogram
EnS di stance: 919.3

EnS i nci dence angle: 10.36

EnS rotation angle: O

ExS di stance: 619

ExS incidence angle: -12.81

ExS rotation angle: 0O

Recordi ng Wavel ength [ Angs ] ? 4879. 86

Type of recording sources. We have the choices:

Bot h SPHERI CAL 0
Source PLANE, i mage SPHERI CAL 1
Source SPHERI CAL, image PLANE 2
Source PLANE, i mge PLANE 3

Source type [ 0-3 ]. Then ? O

The SPHERI CAL source can al so be specified to be CYLINDRICAL, with axis
per pendi cul ar to recording pl ane.

Use:

None Cylindrical 0
Source Cylindrical, imge Spherical 1
Sour ce Spheri cal, i mage Cylindrical 2
Bot h Cylindrical 3
\_Oylindrical [ 0-3] 20
MENU:
rDefine grating Optical Elenent 1
Ruling type (+) HOLOG
G ooves Pol e di stance n/a 0. 0000000000000E+00
azimuth n/a 0.0000000000000E+00
Coma correction factor n/a 0. 0000000000000E+00
Li nes/CM (at origin) n/a 12000. 00000000
Pol ynomi al |ine density coeff:
|'i near n/a 0. 0000000000000E+00
quadratic n/a 0. 0000000000000E+00
third power n/a 0. 0000000000000E+00
fourth power n/a 0. 0000000000000E+00
Si gned/ Absol ut e n/a ABSOLUTE
Aut o tuning YES
Diffraction order -1.000000000000
Ener gy/ wavel engt h EV
at Angs. n/a 5000. 000000000
at eVv. 59. 00000000000
Ll\/bunt type (+) TGM

J
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Theanalysisof diffractiongratingsis oneof the centralapplicatonof SHADOW. Optically speak-
ing, a diffraction grating can be considerecas a particularcaseof roughness- deterministicand
(hopefully)exactly predictableln SHADOW, gratingsaremodeledby superposingruling pattern
to a (possibly)shapedsurface. In general,the diffraction from the gratingdependson the local

line spacingandtheir orientation.Let fbethevectortangantto the surfaceandorthogonalto the
grooves.Hencethenew rayis provided by the Braggcondition:

- - 27 -
bout,|| = Pin,| + Mm@ 35

where 5
- - ™
| qsout |—| qsm |— 7

andq_S'out’H is thecomponenbf thewavevectorin thesurfacetangeniplane. Theruling canbe oneof

thefollowing types:constanbnthebasalplane constanionthesurface holographicallyrecorded,
an “oriental fan” type, or a polynomialspacing The ruling densityis specifiedin lines/cm,the
diffractionorderis givenfollowing the Europearcorventionof negative ordersinside. Additionally,

SHADOW can*“autotune”the gratingto a specifiedenegy or wavelength. The userchooseghe
enegy andthe type of gratingmount. SHADOW thenrotatesor rotatesandtranslateghe grating
sothedesiredenegy illuminatestheimageplane.

Thefollowing informationneeddo be providedfor thevariouscases:

e Constantuling types— ruling densityin lines/cmattheorigin.

e Holographicgratings: distance(cm), incidenceangleandrotationangleof the entranceslit
side sourceand exit slit side source(degrees),recordingwavelength(Angstroms),type of
recordingsource- sphericalor planeandif spherical sphericalor cylindrical, real or virtual
sources.

¢ Orientalfantype:thelocationof theruling focusonthemirror planeby theanglefrom theY
axisin deggrees measureaounterclockwise (CCW), the distancefrom the gratingcenterin
cm, thecomacorrectionfactorandtheline densityatthe gratingcenter

e Polynomialline spacing:coeficientsof the polynomial- &y, &, &, ag anday,
R(y) = ao + a1y + agy® + azy® + asy*

whereg is theruling densityat the origin, andwhetherthe polynomialis signedor absolute.
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PROMPT:
rSources REAL/ VI RTUAL: \
EnS real, ExS real 0
EnS real, ExS virtual: 1
EnS virtual, ExS real: 2
EnS virtual, ExS virtual 3
Then ? 0

We follow the European convention. NEGATIVE orders are inside.
Diffraction Order ? -1

Enter 1 if you want nme to position the grating at the correct

wavel ength, 0 to | eave everything as it is.

Auto Tuning of Grating [ YYN] ? 1

You nust then supply the wavel ength (or photon energy)

whi ch you want the grating tuned.

Energy, ineV, [ 0] or wavelength, in Angs., [ 1] ? 0

Phot on Energy ? 59

SHADOW r ecogni zes several types of Gating nounts and/or nonochronators.
We have several choices, depending on what kind of nount you

are using. They are :

TGM SEYA nmount (constant included angl e)

In this case the source/image distances are not changed from

the one already specified and the grating is rotated to match

the diffraction conditions.

ERG GRASSHOPPER (const ant inci dence angl e)

pl ane is positioned on the Rowland circle at the appropriate diffraction angle.
CONSTANT | NClI DENCE ANGLE and i nege pl ane at the

position already specified. Only the diffraction angle is nodified.
CONSTANT DI FFRACTI ON ANGLE. The i nci dence angl e

is nodified to match the diffraction conditions. The planes are not noved.
for a CONSTANT BLAZE rmount (Hunter type)

TGM SEYA 0

ERG 1

Con Inc Ang 2

Con Dif Ang 3

Hunt er 4
Mount type ? O
MENU:
Defi ne hol ogram Optical Elenent 1

"left" distance (cm
i nci dence angl e
azimuth from+Y [ CCW
"right" distance (cm
i nci dence angl e
azimuth from+Y [ CCW
SP = spherical, PL = plane
Pattern type
V = virtual, R = real
Source type
SP = spherical, CL = cylinder
Cylindrical source
Recor di ng wavel ength (Angs.)

o

919. 3000000000
10. 360000000000
0. 0000000000000E+00
619. 0000000000
-12. 81000000000
0. 0000000000000E+00

SPSP
R'R

SPSP
4879. 860000000

J
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Example: The exampleentersthe parametersf the Six meterTGM gratingfor mediumenegies.
Theruling onthegratingis holographicandis specifiedberecreatinghe hologramfor SHADOW.
We have usedtwo spherical real sources.The gratingis beingtunedto 59 eV usingan constant
includedanglemount(TGM/SEYA).
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4.4 Crystals
PROMPT:
a )

Are we dealing with a crystal [ YYN] ? 1

File containing crystal paraneters ?

Sl . PAR

Is it a nbsaic crystal [ YYN] ? 0

Is the crystal asymretric [ YYN] ? 1

Enter the angle formed by the crystal planes with the crystal surface. Usea
positive value if the plane normal lies along the +Y direction (focusing),
negative otherw se.

Planes angle [ deg ] ? 7

Are we working in Johansson geonetry [Y/N] ? O

Automatic Tuning of Crystal [ YYN] ?1

You must then supply the wavel ength (or photon energy) at

whi ch you want the crystal tuned.

Energy, in eV, [ 0] or wavelength, in Angs., [ 1] ? 0

Phot on Energy ? 7750

\ J
MENU:
( )
Crystal Specifications Optical Elenent 1
File with crystal paraneters Sl . PAR
Refl ectivity node OFF
Auto setting YES
Units in use EV
Set photon energy 7750. 000000000
wavel engt h n/a 5000. 000000000
Asymetric cut YES
Johansson Geonetry NO
Mbsai ¢ cryst al NO
Pl anes angle [ deg ] 7.000000000000
Johansson Radi us n/a 0. 0000000000000E+00
Angl e spread FWHM [ deg ] n/a 0. 0000000000000E+00
Thi ckness [ cm] n/a 0. 0000000000000E+00
Seed for nobsaic [ > 1075 ] n/a 1626261131
_ J

0T BATa ISP
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SHADOW: perfectcrystals(i.e. Silicon, Diamond)andmosaiccrystals,wherethe crystalblock is
madeby anagglutinationof smallmicrocrystalgi.e. graphite beryllium). Perfectcrystalsmaybe
symmetriqthe Braggplanesareparallelto thecrystalsurfacein Braggmounting,andperpendicular
in Lauemounting)and asymmetricwhenthe crystal planesform an arbitrary anglealfa with the
crystalsurface. Mosaiccrystalscanonly be symmetricalin SHADOW. Ground-bentrystals(the
so-calledJohanssogeometryXor perfectcrystalsarealsoallowedin SHADOW.

For all crystalmodes,andinput file, createdby the utility BRAGG is needed. The file contains
the optical constantsnformationfor a given crystalin a specifiedenegy range. Seethe Utilities
manual(or the SHADOW Primer)for moreinformationon runningBRAGG. Otherinformationthe
usermay needto supplyis:

Asymmetric: anglebetweerthecutandthecrystalplanes(degrees).
Johansson: radiusof curvature(lengthunits).

Mosaic: the anglespread FWHM) in degreesthicknesscm) anda seedfor the randomnumber
generatar

SHADOW offers to tunethe crystalto a specificenegy or wavelengthif desired. The program
will calculatethe correctincidenceanglefor agivenenegy andoverrideuserinputsif theautotune
optionis chosen.

Example:
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4.5 Compound Mirr ors

PROMPT:

~

3 cl osest
2 -
1 -
4 farthest
Choi ce[ 1- 4] ?3
Size of the Facet?
x-length ?5
y-length ?5
Choose the baseline for facet

.

Conmpound mirrors ( or |lenses) are forned

by several snmaller mirrors ( facets) conbined together.

A Is this mrror faceted [Y N ?1

B: File with the pol ynom al describing the facet?facet. dat
W need to define which side of the surface

to use (see denp for further explanation).

MENU:

-

Faceted Mrror

Facets sel ection
File w facet descr.
Lattice type
Oientation
Intercept to use
In X-direction ------
Nurmber of facets
Facet width
phase (0-360)
Dead w dth (abs, for -X)
(abs, for +X)
In Y-direction ------
Nunmber of facets
Facet width (inY)
phase (0-360)
Dead w dth (abs, for -Y)
(abs, for +Y)

—

Optical El enent

r/o YES
facet. dat
RECTANGLE
Y- AXI S
FARTHEST

11
5. 000000000000
0.
0.
0.

11

5. 000000000000
0.
0
0

J
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Figure4.5: Smooth(traditional)mirror left, facetedcaseright.

A compoundnirror is constructeaf afiguredbaselinghatis coveredwith anarrayof smallmirrors
eachwith apossiblyindependenfigure (seeFig. 4.5). Thebaselinanustbea continuoudigure;if it
is not, it wouldfall into the caseof segmentedmirrors. Thebaselinesurfaceis definedin SHADOW
asa normalmirror would be,with it's normalalongthelocal Z axis. The projectionof this figure
ontothe X — Y planeis dividedinto anarrayof projectionsof the facets. The interceptwith the
baselinesurfaceis calculatedandusedto determinevhichfacetwill behit. Thealgorithmis similar
to the capillary case.Thenormalof thefacetis assumedo be alignedwith thelocal normalto the
baselinesurface,the orientationof the facetis definedby it's tangentand binormal vectorsasis
donein the standardccase. Theray is transformednto the facetreferencdrame. Theinterceptand
reflectionarecalculatedantheray returnedto the baselineeferencdrame.

Theinputrequiredis:

¢ afile containingthe polynomialdescribingthe facets. The file format, shavn in table4.2,
containghe degreeof the polynomialanda representatioof the coeficients.

¢ thesizeof thefacetg(lengthunits).

e whichinterceptof thefacetsurfaceto use(CLOSESTNEXT CLOSESTNEXT FARTHEST,
FARTHEST). A polynomial of a given degreewill usually createthat mary solutions. In
normalsurfaces SHADOW usuallyuseshefarthestintercept.
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firstline orderof polynomial 4
2...n 0yt ¢ =d abed
lastline endof file -1

Table4.2: File formatfor compoundmirrors

Planefacetexample Toroidalfacetexample

184806921.4254561
1.
728306.4834486540
2.

1.
9920435542.118486
27242.4748840000
27242.4748840000
186266415.9348293
2.

2.

27027.754884000
1.0

O OB

0 1 1
0 0O
-1

OO ONOONMNMNOONOEDNI
OO MNOONOOAM~MANDNMNOO
A WOMNMNMNMNNRPRPRPRPPOOOOO

1
[N

Table4.3: Inputfile for SHADOW for variousfacetshapes

Example: An x-ray lithographybeamlinedesignedo createa smooth,scannablémageusestwo
toroidal mirrors. Exampleinput files for SHADOW arein Table4.3. We placeplanarfacetsof
decreasingizeonthe mirrorsandwatchastheimageapproachegeal. (seeFigure4.6).
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s0F : s0F :
20 - 20 -
S M et ¥ e
0 b oA e 3 O - b N
~20F 1 -2of :
—40 [ _ —40 [ _
7\ ‘ L1 | ‘ L1 | ‘ L1 | ‘ L1 | ‘ \7 7\ ‘ L1 | ‘ L1 | ‘ L1 | ‘ L1 | ‘ \7

—40 —-20 O 20 40 —40 —20 O 20 40

(a) (b)

7\ ‘ T T ‘ 1T ‘ T T ‘ 1T \7 7\ ‘ T T ‘ 1T ‘ T T ‘ 1T \7
0 m 0 m
20 - 20 -

~20F 1 -2of :
— A0 [ H — A0 [ H
7\ ‘ L1 | ‘ L1 | ‘ L1 | ‘ L1 | ‘ \7 7\ ‘ L1 | ‘ L1 | ‘ L1 | ‘ L1 | ‘ \7
—40 —-20 O 20 40 —-40 -20 O 20 40
(c) (d)

Figure4.6: Finalimageof x-ray lithographybeamline.a.) 10mmx 20mmfacetsp.) 5mmx 10mm
facetsc.) 0.01lmmx 0.1lmmfacetsandd.) smoothmirrors.
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4.6 Capillaries and Kumakhov Lenses
PROMPT:

Kumakhov | ens are forned fromtube arrays

their packing pattern are Wgner-Seitz type cell.

A capillary would be the central tube of a kunakhov I ens.

I's this a Kumakhov systenfl

For multiple reflection calcul ati ons, you nay

want to store the intercepts of each bounce.

Store (X, Y,2Z) for each bounce? 0

Normal 'y, the tube radii are specified as r(z).

You may al so specify r(z)"2.

Specify as r(z)”2 ? (YIN) O

File with the paraneters?kumal. dat
MENU:

Kumakhov Lens Optical El enent

Kumekhov | ens sel ection r/o YES

Specify r(z)*2 (Y/N NO

File with parameters(r(z)) kunmal. dat

File with paraneters(r(z)”2) n/ a NONE SPECI FI ED

Save intercept and bounces NO
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For the majority of optics calculations,a single interceptof a ray with eachsurfaceis suficient.

However, for opticsconstructedf capillaries— single or arraysof thousands- the light mustbe

tracked throughmultiple bouncesrom beginningto end. We have addeda specialtype of optic to

SHADOW to handlecaseswvherethe light is traveling dovn a tube. The modelwas constructed
with the idea of having an array of tubes,but it hasbeenextensiely testedin single capillary

casesaswell. SHADOW calculatednternally the mannerin which the tubesare pacled together
usinga simple WignerSeitz cell algorithmwith the lattice points definedby userspecifiedbasis
vectors. This cell arrangemenis usedto decidewhich tubethe ray will enter The arrayof tubes
is specifiedby a family of polynomialsthat track the centerlineandthe changein radius. The

equationglescribingthetubesareasfollows:

(X — Cig(2))* + (Y — Cj9(2))* = (rof (2))* = R? (4.1)

2,’2

4

9:) = ~5 ~ 351
where(C;, C;) arethe centercoordinateof eachtube at the entranceplaneof the lens, g is the
initial tuberadius,S isthesourcedistanceandL is thetubelength. Thefunctiong(z) specifieshow
the centerlineof thetubeis changing,and f(z) specifieshow the radiusof eachtubeis changing.
Thetubeinformationis passedo SHADOW througha usercreatedile. Usingthe cell algorithm,
SHADOW determinesvhichtubetheraywill enter Eachrayis propagatedhroughthetubesaving
interceptinformation for eachbounce(if desired). Lossesto the spacesbetweenthe tubesare
consideredAdditionally, reflectivity calculationsarefully implementedor thelens. Seethesection
on addingoptical propertiefor moreinformation.
Asinput, SHADOW requiresafile containingthepolynomialdescribinghow thetubedirectionsare
changingandhow theradii of thetubesarechanging.Thereis alsothe optionto save theintercepts
of eachbouncemadeby eachray. Theinputfile shouldcontaintheinformationshavn in Table4.4.
g(z) representshe polynomialalongthetubecenterlinesf(z) is the polynomialthattells how the
radiusof eachtubeis changing.
Themulti-bouncemodelwasconstructedvith theideaof having anarrayof tubes but with appro-
priate sourcespecificationcanbe usedfor singlecapillariesaswell. In this case,it may be more
corvenientto specifythe radiusof thetubeasr?(z) insteadof r(z). g(z) is zerofor this case.At
thistime, specifiyingthe singletubein this mannedimits youto circularcrosssections SHADOW
asksif youaregoingto specifytheradii asr(z) orr2(z). In theseconccasetheinputfile lookslike
theexamplein Table4.5.

+1 (4.2)

Watchyour signson the polynomialcoeficients.
R*(z,y) —r*(2) =0
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Examplelnputfile Whatthe valuesrepresent

0.028 Two dimensionabasisvectors al
0. a2
0.014 b_1
0.024248711305%8 b2
200. tubelength(mm)

-0.03333333 polynomialcoefcientsfor g(z) ag
-0.0000833333333 whereg(z) = az + bz% + 1 b_g
0.033 initial tuberadius(mm)

-0.03333333 polynomialcoefcientsfor f(z) af

-0.0000833333333 wheref(z) = az + bz? + 1 b_f

4 squareof degreeof the polynomial < 4
3 solutionof polynomialto use

Table4.4: Inputfile for standarccapillary calculations.

Examplelnputfile Whatthevaluesrepresent

402.0 basisvectors al
0.0 basisvectors a2
201.0 basisvectors b1
348.142212321138 | basisvectors b_2
7650 tubelength(mm)

400 initial tuberadius

-160000. polynomialcoeficients 20
0.0 2!
0.0025 22
0.0 28
0.0 24
2 degreeof polynomial <4
3 solutionof polynomialto use

Table4.5: Inputfile for singlecapillary calculations.
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4.7 FresnelZone Plate

PROMPT:

[ )

Mrror surface [ 1-9] ? 5
Is the mirror Cylindrical ? 0
Is this optical elenment a Fresnel Zone Plate ? 1

For a Fresnel Zone Pl ate select the appropriate HOLOGRAPHI C case.
Type of ruling.

0 ruling density constant on the X-Y plane

1 for ruling density constant onto the nmirror surface.
2 for an hol ographic grating.

3 for an oriental -fan type

4 reserved

5 pol ynom al line density

Then: 2

Hol ogr am Recor di ng Paraneters.

The angles are positive if the source is on the side of the Y-axis.
"EnS" means Entrance Slit Side Source

"Rotation" refers to rotation around Z

Distances [ cml ] and angles [ degrees ] refer to hol ogram
EnS di stance: 10

EnS i nci dence angle: 0

EnS rotation angle: O

ExS di stance: 10

ExS inci dence angle: 180

ExS rotation angle: 0

Recordi ng Wavel ength [ Angs ] ? 5000

Type of recording sources. We have the choices:

Bot h SPHERI CAL 0
Source PLANE, i mage SPHERI CAL 1
Source SPHERI CAL, image PLANE 2
Source PLANE, i mge PLANE 3

Source type [ 0-3 ]. Then ? O
The SPHERI CAL source can al so be specified to be CYLINDRI CAL, with axis perpendi
cular to recording plane.

Use:

None Cylindrical 0
Source Cylindrical, imge Spherical 1
Sour ce Spheri cal, i mage Cylindrical 2
Both  Cylindrical 3

Cylindrical [ 0-3] ? O
Sources REAL/ VI RTUAL:

EnS real, ExS real 0O

EnS real, ExS virtual: 1
EnS virtual, ExS real: 2
EnS virtual, ExS virtual 3
Then ? 1
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MENU:
Refractive | ndex Optical Elenent 1
in object space 1.
in inage space 1.
Fresnel Zone Plate YES
Def i ne hol ogram Optical Elenent 1
"left" distance (cm 10.
i nci dence angl e 0.0
azimuth from+Y [ CCW 0.0
"right" distance (cnm 10.
i nci dence angl e 180.
azinmuth from +Y [ CCW 0.0
SP = spherical, PL = plane
Pattern type SPSP
V =virtual, R = real
Source type RV
SP = spherical, CL = cylinder
Cylindrical source SPSP
Recor di ng wavel ength (Angs.) 5000.
Version2.0
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Example:
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4.8 Screens

PROMPT:

~

Any screens in this OE[ YYN] ? 1
How many in this OE [ total ] ? 1
Screen N 1

Distance frommirror [ absolute ]

I's Screen Carrying an Aperture Sto
Qbstruction [ 1 ] or Aperture [ O

Kind of slit. Use:

0 for a rectangul ar
1 for an elliptical
2 for an "external"

Stop shape [ Or, 1 e 2ex] ?0
Di mension along X ? 1

zZ? .25
I nclude absorption [ YYN] ? 0

.

Is this screen before mirror [ YYN] ? n

2 250
p[Y/N]’>1
1720

slit
slit
slit.

MENU:

-

View Screen/Slit Data

Position rel. to mrror

Di stance (abs) frommrror
Aperturing

Open slit/ solid stop
Aperture shape

Slit width/ x-axis

Slit heigth/ z-axis

Absor ption

Thickness [ CM]

Opt. Const. File-nane

CGoto Screen/Slit (+)

.

Optical El enent

AFTER

250. 0000000000

YES

SLIT

RECTANGULAR

1. 000000000000

0. 2500000000000

NO
n/a 0. 0000000000000E+00
n/a NONE SPECI FI ED

1

Screenl

J
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Althoughrepresentedsa separat®bjecttype,a screermustbe attachedo anopticalelement- it
cannotstandalone.
A screerin SHADOW hasa combinationof threebasicfunctions:to sene as

e anextraimageplane/visv port.
e anapertureor obstructionto thebeam.
e anenenqy filter.

For all casesSHADOW needshe absolutedistancefrom the optical elementin consistentength
units and whetherthe screenis beforeor after the optical element. For a view port, thatis all

thatis needed.SHADOW will take a snapshobf the beamat the givenlocationandsave it to a
binary file (SCREEN.XXYY). In the secondcase,a slit or a stopis chosen the shapespecified
(RECTANGULAR or ELLIPTICAL) andthedimensionggivenin lengthunits. For the caseof an
eneqy filter, the thicknessof the materialmustbe givenin centimetersanda file with the optical
constantanustbe provided. Thefile is createdoy the utility PREREFLandrequiresthe userto

inputthematerialcompositiondensityandthe enegy rangeof interest.

In all casesabinaryfile, plottableby SHADOW utilities is created.

Note: It is recommendedo defineyour screendn the actualorderthey appeatin

the optical system. For example,if the elementhasa screenat the exit planeanda
screerthatrepresents slit or filter beforethe elementthe screenshouldbe defined
sothatscreernl is beforethe elementandscreer? is the onelocatedat the exit plane.
Otherwisestrangeresultsmaybe noticed.

Example: In the exampleof the six meterTGM, screensvereput in the systemfor future useas
filters or to demonstratehe locationof a valve or otheropeningto determinewhetheror not the
light would berestricted.They canalsosene asextra exit or entranceslits or pinholes.
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Optical Properties

SHADOW can(will, does)ray-tracea systemwithout ary regardto the enegy or intensityof the
rays. At theendof a systemyou canhave “good” raysthatin reality have no intensity SHADOW
is really keepingtrack of two aspectf the light - the geometricalsolution and the spectral(?)
solution.Up to now we have mainly consideredhe geometricabspect®f the elements.

At timestheintensityof thefinal imageis important.In this casethe interactionof thelight with a
specifiedmaterialcanbetakeninto consideration.
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PROMPT:
Refl ectivity of Surface. SHADOW may solve the Fresnel equations locally.
Avail abl e options:’”No reflectivity ... .. ... 0
Ful | pol arization dependence .......... 1
No " S 2
Reflectivity node [ 0,1,2] ? 1
Optical constants fromfile ( for nulti-line source ) .....
Optical constants from keyboard (single-line source ) .....
Define multil ayer fromfile ...
Optical Constant Source: [file=0,tt:=1], nultilayer [2] ? O
File with optical constants ?
GOLD. DAT
MENU:
Optical Constants Optical Elenent 1
Refl ectivity node POLARI ZED
Source of Reflectivity FI LE
Fil e name GOLD. DAT
M ayer thick. vary as cosine (+) n/a NO
Al fa n/a 0. 0000000000000E+00
Gamma n/a 0. 0000000000000E+00
Use FILE TT MLAYER (Ret urn)

Eachray is generatedvith appropriateA vectorssuchthat A2 = 1 at the source. By default,
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SHADOW will not modify this duringtracing;for the no reflectvity option,the programassumes
that100%of thelight is reflected.In situationswherethe optic is coatedwith a singlematerialor a
multilayerthe usermaywantthe attenuatiorof thelight calculated.

For both typesof mirror coatings,SHADOW hasthreereflectvity options; no reflectvity, full
polarizationdependenceao polarizationdependence.

No reflectvity “No reflectvity” in promptor OFFin MENU, assumed.00 % of the light is re-
flected. This optiontells SHADOW not to do reflectvity calculations(the exceptionis for
crystals.Seepagebl1 for moreinformation.).

Full Polarization dependence”“Full Polarizationdependencebr POLARIZED, doesthe reflec-
tivity calculationswith polarizationsplitinto its parallelandperpendiculacomponentsThis
makes the most sensewhen the user has selectedfull polarizationat the source(all 18
columns).

No Polarization dependence“No PolarizatiorDependencebdr SCALAR doesnotsplit the paral-
lel andperpendiculacomponentshut insteadsavesthe effective reflectity.

In eitherof thelasttwo options,onemustsupplysomeparametersetailingthematerialto beused.
Theparametersancomefrom ary of threeplaces:

¢ afile createdby the SHADOW utility PREREFL.Goodfor a continuousor multi-line enegy
sourcewherea and+y arenotconstanbvertheenegy rangeof interest.Requiregshe material
compositioranddensity Mustatleastcovertheenegy rangeof thesourcecancoveralarger
range(in this way the materialfile canbe usedin morethanoneoptical system).

e alpha(«) andgamma(y) from the keyboardfor a singleenegy sourceor «, v constanover
thedesiredenegy range.

e=1—a+ixy

o afile createdby the SHADOW utility PREMLAYER containingparametergor a multi-
layer The multilayercanbe constanbor graded.The multilayeris specifiedby the materials
of the substrateandthe alternatinglayers(eitherelementsor compoundsy@ensityandcom-
position. The thicknessof the individual layer pairsis alsoentered. More informationon
PREMLAYER is givenin theUsers Guideto the Utilities.

Example:
For agivensystemthefollowing informationwasrecordedn the EFFIC. XX file:
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O atotal of 5000 rays, of which 4744 forned the input set
O were out of the mirror N 1

The mirror collects 1. 0000 of the incom ng flux.

The average reflectivities are :

S- pol 0. 67986

P- pol 0.67513

Tot al 0.67749

The overall efficiency of the mirror is : 0.67749
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Misalignmentsto the system
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70 CHAPTERG6. MISALIGNMENTS TO THE SYSTEM

6.1 Source Movement

PROMPT:

rThe Optical Elenent and the the relative mirror are now fully \
defined. The mirror pole is now | ocated at the "center" of the
optical elenent. It is possible to override this situation and
"move" the mirror without affecting the rest of the system

It is also possible to nove the "source" w thout affecting the
rest of the system

The novenents are expressed in the DEFAULT Mrror Ref. Frane.
so that if you nove BOTH source and mirror the relative
novenent is the vector sum of the individual ones.

A word of caution: SOURCE novenents and M RROR novenents are
NOT equi val ent fromthe point of view of the whole system

Do you want to nove the Source [ YYN] ? 1

Source novenents in SOURCE REFERENCE FRAME.

CWrotations are (+) angles.

X-offset ? .25

Y-offset 2 0

Z-offset ?2 0

X-rotation ? 0

Y-rotation ? 0

Z-rotation ? 0

Source rotation around Z-axis. CCWis > 0 0

Source Distance from Pole ? 2000

Incidence Angle [ degrees ] ? 88

The foll owing OFFSETS are applied in the M RROR

reference frane.

Source offset in[ x] 20
BAEX:
\_ i J
MENU:
Source Movenents Optical Elenent 1
Sour ce noved r/o YES
Angl e of incidence 88. 00000000000
Di stance frommrror 2000. 000000000
Z-rotation 0.0
In MRROR reference frane:
of fset X 0.0
0.0
Z 0.0
I n SOURCE reference frane:
of fset X 0. 2500000000000
Y 0.0
4 0.0
rotation [ CCW] around X 0.0
Y 0.0
4 0.0

. J
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It maybedesirableo examinechangesn animageasthe sourceis movedwith respecto therest
of the system.Here"source” meanghe incomingbeameitherfrom the actualsource or from the
continuationplaneprior to ary OE. The movementof the sourceis specifiedoy offsetsin the X,Y,Z
coordinatesystemwith respecto eitherthesourceor the OE uponwhichthesources incident,and
by rotationsof the sourcearoundthe X,Y andZ axes. Therotationsarecounterclockwiséf looking
alongthe axistowardstheorigin. The sourcemavementis bestexecutedn MENU mode,sincethe
entireOE neednotberedefined. The promptproceduras includedfor the sale of completeness.

Example: An obvious, but usefulapplicationof the sourcemovementoptionis to determinethe
toleranceof an optical system(beamline)to positionchange®f the sourcebeam. An exampleof
the*“correct” andmovedfinal imageis shavn below.
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CHAPTERG6. MISALIGNMENTS TO THE SYSTEM

6.2 Mirr or Movement:

PROMPT:

-

the mrror nominal position;

CW ROTATI ONS are (+) angl es.
mrror.

--- Mrror rotations and position. ---
W define three angles, as rotations around the three axis.
These rotation are defined in the programas corrections to

position relative to the Default Mrror Reference Frame, where
all the calculations are perfornmed. Renenber that rotations
do NOT commute. | apply themin the same order of entry.

Do you want to nove the mrror itself [ YYN] ? 1
Rotation around X axis [ degrees ] ? .003

that is, they nodify the mrror

A translation can be also applied to the

Y ? .003
4 ?0
Mrror Ofset. In X? 0
Y?O0
Z?0
MENU:
Di spl acenent s Optical Elerment 1
M rror noved r/o YES
Mrror Ofset X 0.0
Y 0.0
Z 0.0
Mrror Rotat. X 0. 3000000000000E- 02
Y 0. 3000000000000E- 02
4 0.0

.

J
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In analyzinga systemijt is sometimesaisefulto studyhow the beamis affectedby moving oneor
moreOEswithoutredefiningthewhole system.Themirror movementis determinedy offsetsand
rotationsin the mirror referencdrame. Recallthatthe Z-axis pointsin the directionof the mirror
pole. Rotationsareperformedn the sameway asthe source:counterclockwiséf looking alongthe
axistwordsthe origin. Sourceandmirror movementsareNOT equivalentwith respecto thewhole
system.

Example: In arealsystemmirror misalignments unavoidableto somedegree.Supposéhatgiven
a maximumrotation error of 10 arc secondgabout0.003 deggrees)aboutthe X andY axeswe
wish to examinethe effects on imagequality and position. We may “misalign” someof the OEs
withoutchanginghegeneraketupby moving themirrorsin MENU modeasshavn in theexample.
The PROMPT modeis not ascornvenient,sinceeverything mustbe reenteredbut is includedfor
completeness.
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