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Chapter 1

Intr oduction

TheSHADOW programwasstartedin 1981. Althoughcompletelygeneral,it hasbeenoptimized
for calculationsinvolving synchrotronradiationandx-ray optics. SHADOW calculationsaredi-
vided into two parts,SOURCEand TRACE, accompaniedby a host of pre- and post-processor
utilities.
TheSOURCEportionof theprogramgeneratesasetof raysthatsamplethesourcedistribution (the
brightnessfunction),typically asynchrotronbendingmagnetor anundulator. Thebasicparameters
arethesourceshapeandsize,depthanddivergence.Additionally, informationon photonenergy,
phase,polarizationandopticalpathcanbegenerated.Thesourceis thusa collectionof up to 5000
raysdescribedby theirstartingposition,direction,energy, phaseandpolarization.TheUser’sGuide
for theSourcedescribesthenecessaryinput in detail.
The secondpart, TRACE, setsup the optical systemand executesthe ray-tracingof the source
throughthesystem.Theopticalsystemassuchis a collectionof separateopticalelements,eacha
virtual object. Theelementsarespecifiedindependentlyandray-tracedseparately. Informationis
passedbetweenconsecutive elementsby files written at intermediate(virtual) imageplanes.Each
opticalelementneedsa basicsetof information:

Geometry: Thegeometryincludesthedistancebeforeandafter theelement,the incidenceangle
andtheorientation.

Surface Thefigureof theelementandany modificationsto theideal3-D shape.

Element type Theelementtypeis achoicebetweenamirror, lens,grating,crystal,capillary, com-
poundmirror, Fresnelzoneplate,slit or filter.

Optical properties Theusercanthenaddopticalpropertiesto accountfor reflectivity losses.

Misalignments misalignmentscanbetestedon thesystem.
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2 CHAPTER1. INTRODUCTION

ThismanualassumesthattheuserhassuccessfullygeneratedaSHADOW sourcefile (BEGIN.DAT)
and knows the basicsof using the different input modes. More information can be found in
the User’s Guide for the Sourceand in the SHADOW Primer. Additionally, commentson this
documentandothersuggestionsor questionsaboutthe programcanbe electronicallymailed to:
shadow@xraylith.wisc.edu.

An Optical System

At thispoint,anopticalsystemwill beaddedto thesource.A samplelayoutis shown in Figure1.1.
The optical system(OS) is broken down into individual optical elements(OE’s), eachelement
specifiedseparatelyin the program. The conceptof a continuationplane(CP) is usedto link the
elementstogether. The continuationplane is an imaginarypoint in spacebetweenconsecutive
elementswheretheoutputof oneelementbecomestheinput of thenext element.
TRACEcreatesseveralfiles for eachopticalelement:

START.0X containstheinput parametersfor theelementX. Createdby TRACE in eitherPrompt
or Menumode.

END.0X containsthe parametersfor elementX after the elementhasbeenTRACEd. Different
from START.0X. May alsocontaincalculatedmirror parameters,calculatedrotationangle
for gratings,crystals.

MIRR.0X containstheinformationfor eachrayimmediatelyafterit is interceptedwith theelement
surface. Binary format readableandplottableby PLOTXY, PREPLOT, HISTO1, TRANS-
LATE. In mirror referenceframe.

STAR.0X containsthe informationfor eachray at thecontinuationplaneof thatelement.Binary
format.

OPTAX.0X containsthelocationof theelementandcontinuationplanein thelaboratoryreference
frame.

SCREEN.0X0Y containsinformationfor eachray at any specifiedpositionalongan elementX.
Binary format.Optional.Canbesimpleview port,slit/obstructionor filter.

As anexample,let’s saythesystemshown in Figure1.1hasthefirst mirror at10mfrom thesource,
the secondmirror at 12m from the source,the final imageat 20m. Figure 1.2 shows how the
distancesthatSHADOW usesaddcumulatively. So,opticalelementonehasa sourcedistanceof
10mandan imagedistanceof 1m, opticalelementtwo hasa sourcedistanceof 1m andan image
distanceof 8m(alongtheopticalaxis).Theintermediateplanemayhavenovalueoptically, however
it is herethatSHADOW passestheray informationfrom oneelementto thenext. Opticalelement
two usesthe imagefile of optical elementone(STAR.01) asits source.If therehappensto bean

SHADOW UserGuide– TRACE Version2.0
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source distance
OE 1

image distance
OE 1

source distance
OE 2

image distance 
OE 2

Continuation
plane OE 1

Continuation 
plane OE 2

Object:

Namelist
(starting)

Namelist
(ending)

data
(binary)

Source

START.00

END.00

BEGIN.DAT

OE 1

START.01

END.01

MIRR.01 STAR.01

OE 2

START.02

END.02

MIRR.02 STAR.02

Figure1.1: Samplelayoutwith sourceandopticalsystem.

intermediateimagebetweentwo elements,thecontinuationplanecanbeplacedcoincidentwith the
image,it doesnotneedto behalfway betweentheelements.
In general,the systemof units usedin SHADOW arecompletelyarbitrary. It is up to theuserto
entervaluesconsistentlyin boththesourceandopticalsystem.Whereit is requiredthat thevalue
bein specificunits,SHADOW will askfor thevaluein degrees,centimeters,etc.

Data Formats

Thebinarydatafiles carry informationabouteachray that is tracedthroughthesystem.For an18
columnfile, thevaluesareshown in table1.1,12 and13 columnfiles arethesame,only truncated
at theappropriatecolumn.Thedatafilescontainthepositionof eachray in columns1, 2, and3, the
directionin 4, 5, and6, theparallelpolarizationvectorin 7,8,9,column10 is aflag for whetherthe
ray is goodor lost, column11 holdsthephotonenergy or wavelengthof theray in theform of the
wavenumber, column12 is theindex for theray. Theadditionalcolumnshold theopticalpath(13),
theparallelandperpendicularphase(14,15)andtheperpendicularpolarizationvector(16,17,18).
Two or threecolumnscanbeextractedusingPREPLOT, all thecolumnscanbewritten in ASCII
usingTRANSLATE.
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4 CHAPTER1. INTRODUCTION

10 m

12 m

20 m

Laboratory reference frame

10 m 1 m 1 m 8 mS =

Figure1.2: Samplelayoutwith distances.

X Y Z Spatialcoordinate
X’ Y’ Z’ Direction
Asx Asy Asz EM vector(s-)
FF q kk Flag,wavenumber, ray index
opd Fs Fp opticalpathlength,phases
Apx Apy Apz EM vector(p-)

Table1.1: Informationstoredin binaryfiles.
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The restof the User’sGuide

The breakdown of this manualis meantto convey several independentsectionsavailable when
defininganelement.For example,thefigureof anelementis independentof whetherit is a mirror,
a lens,a gratingor a crystal. Thefollowing chapterswill cover theTRACE segmentbrokendown
into thekindsof informationneededandobjectsavailable:

� Geometryof element

� Surfacesavailable

� Objectsavailable

� Opticalpropertiesspecification

� Misalignmentsto system

� Extrainformationavailable.
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Chapter 2

Optical Layout

Thischaptercoversthephysicallayoutof asystemandits elementsby definingthereferenceframes
andshowing theuserhow to enterthecorrectparameters.
SHADOW definesanopticalsystemto bemadeup of a setof independentopticalelements.The
outputof oneelementbecomesthe input of thenext element.As theelementsaredefinedoneat
a time they areaddedto theendof thesystem.Elementscanalsobe insertedor deletedfrom the
sequenceusingtheMENU mode.SHADOW tracesall theraysthroughoneelementat a time,e.g.
all datais calculatedandfiles written for elementonebeforetheprogramlooksat elementtwo.

2.1 ReferenceFrames

SHADOW usestwo referenceframes.Thefirst is fixed,andis the laboratoryreferenceframe. It
providesaglobalenvironmentto describethepropogationof thebeam.Thesecondreferenceframe
is local andcanbe perceived asrotatingwith theorientationof eachindividual element.Most of
theinformationSHADOW provideswill bein thesecondreferenceframe.We definea coordinate
systemat the sourceasshown in Figure2.1 with X andZ definingthecrosssectionspaceandY
definingthedepthandultimately thedirectionof travel. Theopticalaxisor centralray exits from
the origin of this referenceframewith zeroangle. It intersectsthe elementat the elementcenter
with thespecifiednominalincidenceangle.Thelocal referenceframeat theelementhasthecentral
ray in theY-Z plane,thetangentto thesurfacein theX-Y planeandthenormalto thesurfaceat the
origin definedasZ.
The orientation of each elementis relative to the previous element. Figure 2.2 shows how the
coordinatesystemsrotatefor asingleelementwith differentorientations.

7



8 CHAPTER2. OPTICAL LAYOUT

Xs
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Ys

Source 
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Zm

Xm Ym
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(MIRR.XX)

(BEGIN.DAT)

(STAR.XX)

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

2.2 Input for Geometryof Element

SHADOW startsby definingthe physicallocationandpositionof the optical elementrelative to
thepreviouselement.Severalquestionsareaskedaboutthegeometryof thesystem.Theprogram
needsthe distancebeforeand after the element,the incidenceangleof the central ray, and the
relative orientationof theelement.For eachinput, we explain whatSHADOW requiresandshow
thecorrespondingPROMPTandMENU sessions.

SHADOW UserGuide– TRACE Version2.0



10 CHAPTER2. OPTICAL LAYOUT
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Figure2.2: Orientationangledemonstration
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2.2. INPUT FORGEOMETRY OF ELEMENT 11

2.2.1 IncidenceAngle:

PROMPT:

MENU:

Let’s define the optical or central axis of the system
for this particular optical element.
By this I mean a "virtual" line that runs throughout
the optical system. Along this line are located the
"continuation" planes, where the OS is subdivided in the
individual OE. 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 program is referred to it.
	Once established, you still have complete freedom of
"moving" around the mirrors.
In the case of a grating, you will have several choices.
The
program may override your specifications for the central
axis
and locate the source and image at the "best" position.
You will be prompted later for this option.
It is recommended to use CM as units. This is not critical
for
 most cases, but it is in the case of diffraction elements.
 Optical Element definition:
 Incidence Angle ? 88

MAIN MENU                                   Optical Element  1

Files to write out                    ALL
Source plane distance                 0.0000000000000E+00
Image  plane distance                 0.0000000000000E+00
Incidence  angle                      88.000000000000E+00
Reflection angle                      0.0000000000000E+00
Mirror Orientation Angle              0.0000000000000E+00
Source file                           BEGIN

Type of element (+)                   REFLECTOR
Figure (+)                            PLANE
Diffraction (+)                       MIRROR
Crystal (+)                           NO
Mirror movement (+)                   NO
Ripple Surface (+)                    NO
Exit Slit (+)                         NO
Source Movement (+)                   NO
    Goto OE (+)

SHADOW UserGuide– TRACE Version2.0



12 CHAPTER2. OPTICAL LAYOUT

θi
θi

Incoming 
�
ray Normal

�

= Incidence angle

Figure2.3: Incidenceangle

Theincidenceangleis theangleat which thecentralray of thebeamhits theopticalelement,mea-
sureddown from thenormalto thesurfaceof theopticalelement.SHADOW expectsa realnumber
enteredin units of degrees. It is independentof the orientationangleof the element.Figure2.3
shows how theincidenceangleis measured.

Example: Theincidenceanglecanbevariedto modeldifferentopticalsystemsfrom grazingangle
systemsto normal incidencesystems.For example,a 2 degreegrazinganglewould be input to
SHADOW as88 degrees.
Notice that theuserhascompletefreedomof specifyingincidenceangleseven � 0 or larger than
90 degrees,aslongastheuserunderstandshow to interprettheresults.

SHADOW UserGuide– TRACE Version2.0



2.2. INPUT FORGEOMETRY OF ELEMENT 13

2.2.2 SourceDistance:

PROMPT:

MENU:

Optical Element definition:
Incidence Angle ? 88
Source Distance ? 2000

MAIN MENU                                   Optical Element  1

Files to write out                    ALL
Source plane distance                 2000.0000000000E+00
Image  plane distance                 0.0000000000000E+00
Incidence  angle                      88.000000000000E+00
Reflection angle                      0.0000000000000E+00
Mirror Orientation Angle              0.0000000000000E+00
Source file                           BEGIN

Type of element (+)                   REFLECTOR
Figure (+)                            PLANE
Diffraction (+)                       MIRROR
Crystal (+)                           NO
Mirror movement (+)                   NO
Ripple Surface (+)                    NO
Exit Slit (+)                         NO
Source Movement (+)                   NO
    Goto OE (+)

SHADOW UserGuide– TRACE Version2.0



14 CHAPTER2. OPTICAL LAYOUT

Source distance 1st element
�

Source distance
�
2nd element

Y

Z

X
X

Y
�

Z

continuation plane�
     1st element

Figure2.4: Sourcedistancegeometry

The sourcedistance,or sourceplanedistance,is the distancealong the 	 axis from the source
continuationplaneor previous continuationplaneto the currentoptical elementin the system.It
is not necessaryfor this distanceto be the trueobjectdistanceof an opticalelementandis useful
for specifyingsomespecialcases.(Seefigure2.4.) Thedistancecanevenbenegative andtherays
will thenbetracedbackwards.SHADOW expectsa realnumberin unitsconsistentwith theunits
of lengthusedin therestof thedefinitionof theelementandthoseusedin thesource.

Example:
Theusercansetthis variableto accuratelymodelhis opticalsystem.
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2.2. INPUT FORGEOMETRY OF ELEMENT 15

2.2.3 ReflectionAngle:

PROMPT:

MENU:

Optical Element definition:
Incidence Angle ? 88
Source Distance ? 2000
Reflection Angle? 88

MAIN MENU                                   Optical Element  1

Files to write out                    ALL
Source plane distance                 2000.0000000000E+00
Image  plane distance                 0.0000000000000E+00
Incidence  angle                      88.000000000000E+00
Reflection angle                      88.000000000000E+00
Mirror Orientation Angle              0.0000000000000E+00
Source file                           BEGIN

Type of element (+)                   REFLECTOR
Figure (+)                            PLANE
Diffraction (+)                       MIRROR
Crystal (+)                           NO
Mirror movement (+)                   NO
Ripple Surface (+)                    NO
Exit Slit (+)                         NO
Source Movement (+)                   NO
    Goto OE (+)
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16 CHAPTER2. OPTICAL LAYOUT

Incoming 
�
ray Normal

�

θr

θr = Reflection angle

Figure2.5: Reflectionangle

The“reflectionangle”is socalledby convention;it is theanglethatthereflectedor refractedcentral
raymakeswith thenormalto thesurfaceof theopticalelement.For mostpurposesit is setequalto
theincidenceangleshown in figure2.5but in many casesit is not neccesarilyso(e.g. asymmetric
diffractiongratings).Thereflectionangleshouldbeenteredasa realnumberin unitsof degrees.In
thecaseof a gratingor a crystal,SHADOW maycalculatethereflectionangleto satisfyequations
atspecificenergies.For moreinformation,seethesectionson gratingsandcrystals.

Example:
Thereflectionangleshouldbeequalto theincidenceanglein mostcases.

SHADOW UserGuide– TRACE Version2.0



2.2. INPUT FORGEOMETRY OF ELEMENT 17

2.2.4 ImageDistance:

PROMPT:

MENU:

Optical Element definition:
Incidence Angle ? 88
Source Distance ? 2000
Reflection Angle? 88
Image Distance  ? 500

MAIN MENU                                   Optical Element  1

Files to write out                    ALL
Source plane distance                 2000.0000000000E+00
Image  plane distance                 2000.0000000000E+00
Incidence  angle                      88.000000000000E+00
Reflection angle                      88.000000000000E+00
Mirror Orientation Angle              0.0000000000000E+00
Source file                           BEGIN

Type of element (+)                   REFLECTOR
Figure (+)                            PLANE
Diffraction (+)                       MIRROR
Crystal (+)                           NO
Mirror movement (+)                   NO
Ripple Surface (+)                    NO
Exit Slit (+)                         NO
Source Movement (+)                   NO
    Goto OE (+)

SHADOW UserGuide– TRACE Version2.0



18 CHAPTER2. OPTICAL LAYOUT
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1st element
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2nd element
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Y

Y

Z

Z

Figure2.6: Imagedistancegeometry

The imagedistance,or imageplanedistance,is thedistancealongthe 	 axis from the theoptical
elementto its continuationplane. The continuationplanethenserves as the sourcefor the next
optical element. This distancemay or may not be wherethe imageis locatedand can even be
negative or zero. In generalit is locatedsomewherebetweenthe two elements.Figure2.6 shows
theimagedistancefor two differentelements.
SHADOW expectsarealnumberin unitsof lengthconsistentwith previouslydefinedelementsand
thesource.

Example:
The imageplane is locatedsomewherebetweentwo consecutive optical elements. Its primary
functionis to serve asa convenientplaceto passtheresultsof oneopticalelementinto thenext. If
plotted,it shows informationaboutthebeamat thatpoint includingthecrosssectionandthephase
spaceplots.Thusit is convienientto locateit ata focusor somespecialpoint. It canbethelocation
of anactualimage,but in many caseswill not.
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2.2. INPUT FORGEOMETRY OF ELEMENT 19

2.2.5 Orientation Angle

PROMPT:

MENU:

Mirror orientation angle. Angles are measured CCW, in deg,
referring to the mirror normal. Alpha=0 is the mirror
sitting at the origin, facing up. Alpha = 90 is the
mirror standing at your right and facing left when you
look along the beam STANDING ON THE PREVIOUS MIRROR and so on.
Orientation Angle [ Alpha ] ? 0

MAIN MENU                                   Optical Element  1

Files to write out                    ALL
Source plane distance                 2000.0000000000E+00
Image  plane distance                 2000.0000000000E+00
Incidence  angle                      88.000000000000E+00
Reflection angle                      88.000000000000E+00
Mirror Orientation Angle              0.0000000000000E+00
Source file                           BEGIN

Type of element (+)                   REFLECTOR
Figure (+)                            PLANE
Diffraction (+)                       MIRROR
Crystal (+)                           NO
Mirror movement (+)                   NO
Ripple Surface (+)                    NO
Exit Slit (+)                         NO
Source Movement (+)                   NO
    Goto OE (+)

SHADOW UserGuide– TRACE Version2.0



20 CHAPTER2. OPTICAL LAYOUT

Theorientationangleis usedto definetherelativeorientationof two elements.It is measuredfrom
thepoleor normalof anelementto thepoleof thepreviouselement.Rotationsaremadeaboutthe	 -axiscounter-clock-wisefrom azeropositioncorrespondingto thenormalof thepreviousoptical
element.Therotationis shown in figure 2.7. If definingthefirst element,thezeropositionis the
mirror “f acingup” with theelementpolecoincidentwith thepositive � -axis.A convienientwayof
rememberingtherule is to imagine“sitting” on thepreviouselementandlooking down thecentral
ray to thenext OE. If thenormalis seenfacingupward,then � = 0. If it is facingto theleft, then �
= 90 degrees,andsoon.

Example: For exampleaToroidalGratingMonochromator(TGM) beamlinehasits elementsin the
following positions;mirror 1 facesthe floor, the gratingfacesthe ceiling, andthe refocusmirror
againfacesthe floor. The correctorientationanglesfor eachelementwould be 180 , 180 , and
180 : thefirst mirror is 180degreesfrom thezeroposition,thesecondelement,althoughseemingly
in thezeroposition,is 180degreesfrom thepositionof thelastmirror, likewise,thethird mirror is
180degreesfrom thesecondelement.Thelayoutis shown in figure2.8aswell asanotherexample
of orientations.

2.3 Optaxis and SystemLayout

Setup,I/O files,OPTAX

SHADOW UserGuide– TRACE Version2.0



2.3. OPTAXIS AND SYSTEMLAYOUT 21

α = 0 α = 90

α = 180

α = 270

(a) (b)

(c) (d)

+x

+z +x

+z

+x

+z

+z

+x

Figure2.7: Exampleof four differentorientations.
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Figure2.8: Orientationangleexamples.
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Chapter 3

SurfaceTypesavailable

Thischapterwill coverthesurfaceshapesavailablein SHADOW, andvariousmodificationsthatcan
bemadeto them. Thesemodificationsincludecreatingcylindrical mirrorsandconvex or concave
surfaces,puttingphysicallimits onthemirror sizeandshape,andaddingerrorsurfaces,andsurface
roughness.
To computea geometricalreflection,SHADOW startswith thevectorfor eachray at theprevious
imageplane(or source).Theequationrepresentingthemirror surfaceis calculatedeitherwith user
specifiedparametersor with input focal conditions.Theinterceptpointof eachrayandtheelement
surfaceis found andthe normalat eachpoint calculated.From this information,we canfind the
incidenceangleandcalculatetheoutgoingdirection.If theinterceptbetweentherayandthesurface
is acomplex solution,theray is consideredto bea “hard loss”andall valuesbesidesflagandindex
aresetto zero.

3.1 ElementShapes

Thereare nine basic elementfiguresavailable within SHADOW: spherical,elliptical, toroidal,
parabolical,plane,codling slit, hyperbolical,conical and polynomial. The different parameters
neededwill beexplainedin detail in thefollowing sections.
SHADOW hastwo waysof definingtheexactfigure.Oneis calculatedinternally(internal)andthe
otheris userspecified(external). In theinternalmode,SHADOW computesthemirror parameters
for bestimagingfrom point to point. In thedefault casethefocii arelocatedat theCP, but theuser
canoverridethis by specifyingothervaluesasillustratedbelow. Thesecondway, external,is user
specified;theusercanentertheradiusof asphericalmirror for example.

23



24 CHAPTER3. SURFACETYPESAVAILABLE

3.1.1 Mirr or Surface

PROMPT:

MENU:

Lets define the mirror. I may compute its parameters, like the
radius or the axes. This will not affect the rest of the calcu
lations; all the geometrical parameters may be modified later.
Or, you may wish to specify the mirror parameters yourself.

What kind of surface are we dealing with ?
spherical    = 1
elliptical   = 2
toroidal     = 3
paraboloid   = 4
plane        = 5
Codling slit = 6
hyperbolical = 7
cone          = 8
polynomial   = 9

Mirror surface [ 1-9] ? 2

MAIN MENU                                   Optical Element  1

Files to write out                    ALL
Source plane distance                 2000.0000000000E+00
Image  plane distance                 500.00000000000E+00
Incidence  angle                      88.000000000000E+00
Reflection angle                      88.000000000000E+00
Mirror Orientation Angle              0.0000000000000E+00
Source file                           BEGIN

Type of element (+)                   REFLECTOR
Figure (+)                            ELLIPTICAL
Diffraction (+)                       MIRROR
Crystal (+)                           NO
Mirror movement (+)                   NO
Ripple Surface (+)                    NO
Exit Slit (+)                         NO
Source Movement (+)                   NO
    Goto OE (+)
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3.1. ELEMENT SHAPES 25

SHADOW allows for a variety of basicfigures. The standardoptionsare spherical,elliptical,
toroidal, parabolical,plane,codling slit, hyperbolical,conical and polynomial. Thesecan then
be combinedwith cylindrical effects, finite dimensions,gratingsurfacesetc, to definea specific
element.
Oneof thefollowing surfacesmustbechosen:

� spherical: a sectionof a sphere.Theradiusof thespherecanbeuserspecifiedor calculated
by SHADOW usingtheRowlandcirclecondition.

� elliptical: the surfaceof revolution describedby an ellipsewith parameterscomputedby
SHADOW if desired,otherwisewith user-specifiedmajor axis, minor axis, and angle, in
degrees,of the major axis from the x axis measuredcounter-clockwise. SinceSHADOW
doesn’t know wherethepoleis locatedalongtheellipsoid(thereareinfinite possiblepositions
of theellipsoid)weusetheangle� to specifyit. Seefigure3.1for helpdeterminingtheangle
needed.Themajoraxismustbegreaterthantheminor axis.

p q�z

x

��������������� �"!#�#$�%'&(���
)*�+!-,.%0/1� �2!#�#$�%'&3���
δ ��%'&4/15-�

δ

Figure3.1: UserspecifiedElliptical surface

� toroidal: oneof thefollowing sectionsof a toroid:

Lower/Outer Concave/Concave
Lower/Inner Concave/Convex
Upper/Inner Convex/Concave
Upper/Outer Convex/Convex
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with UpperandLowerdenotingthemajorradius,InnerandOuterdenotingtheminor radius
(seefigure 3.2). If the userwishesto specify the mirror parameters,the major radiusand
minor radiusarerequired.

Rmaj

Rmin

Upper/Outer

Upper/Inner

Lower/Inner

Lower/Outer

Figure3.2: Optionsfor toroidalsurface

� parabolical: thesurfacegeneratedby rotatingaparabolaof theform 687:9<;>=?7@;BA aboutthe
z axis. Theusermustspecifywhetherthemirror hasits focusat the image(focussingcase)
or at thesource(collimatingcase).If theuseris specifyingthemirror parameters,SHADOW
needsC where: D19FEHG?CI7 .

� plane: whatonewouldexpect,aflat surface.

� codling slit: a slit madeby the combinationof a slit jaw anda planemirror actingas the
opposingslit jaw, shown in figure 3.3. The effective width of the slit is twice the distance
betweentheslit jaw andthemirror. It doesnot focusthe raysbut merelyactsasa slit and
changesthedirectionof thebeam.As with any slit specification,theusermustprovide slit
width andlength.

� hyperbolical: thesurfaceof revolution of a hyperbola.To specifytheparameters,theuser
needsthe major axis, minor axis and angleof the major axis from the x-axis measured
counter-clockwise.
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slit jaw

plane mirror

width

effective
width

Figure3.3: Codlingslit

� conical: the surfacerepresentingthe interior or exterior surfaceof a cone. The usermay
specifythehalf aperturein degreesif desired.

� polynomial: auserdefinedsurface.Typically notoneof theabovecases.Eitherapolynomial
or asplinesurfacecanbeused;thecoefficientsarereadfrom afile.

Example:

3.2 Options for standard figures

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

PROMPT:

MENU:

Mirror surface [ 1-9] ? 1
Do you want to specify the mirror parameters ?0
Is the mirror Cylindrical ? 1
Angle of cylinder axis from x axis [ 0 ] ?0

OE specifications                           Optical Element  1

Mirror parameters (+)                 INTERNAL
Surface curvature                     CONCAVE
Cylindrical                           YES
 orient.  [ CCW from X axis ]         0.0000000000000E+00
Reflectivity (+)                      OFF
Limits check (+)                      NO
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Cylinder axis

X
Y
�

Z

X

Y
�

Z

 R

Figure3.4: Cylindrical element

Thedefault for thecylindrical optionis “OFF” – SHADOW usesthefull figurefor thecalculations.
If desired,acylindrical elementcanbeusedto focusin only onedirection.
SHADOW formstheelementin thefollowing way. Theintersectionof thefill surfaceanda speci-
fiedplane(by default the J - � plane)is found.Thetwo dimensionalcurve thatformsthatintersec-
tion is extrudedperpendicularto theplaneto form a cylindrical objectwith a crosssectionof the
two dimensionalcurve. For example,if theuserchooses“SPHERICAL”, the resultingelementis
similar to acan,shown in Figure3.4.
By default, the cylinder axis is coincidentwith the elementJ -axis (zero degreesrotation) corre-
spondingto tangentialfocussing. SHADOW allows the userto chooseany angleof rotation for
theplaneusedin theintersection.Theanglebetweenthecylinder axisandthe J -axis is specified
counter-clock-wise(CCW), in degrees.

Example:
Cylindrical mirrorsareusedin situationswherefocusingis desiredin onedirectiononly. They are
alsousefulin combinationwith othermirrorswhenthethreedimensionalfigureis verycomplex or
impossible.A typical caseis thatof theKirkpatrick-Baezoptics,wheretwo glancing,cylindrical
mirrorsareusedto focusin bothdirections.
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3.2.2 Convex/ConcaveOption

PROMPT:

MENU:

Is the mirror convex [ Y/N ] ? 0

OE specifications                           Optical Element  1

Mirror parameters (+)                 INTERNAL
Surface curvature                     CONCAVE
Cylindrical                           NO
 orient.  [ CCW from X axis ]     n/a 0.0000000000000E+00
Reflectivity (+)                      OFF
Limits check (+)                      NO
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Concave Convex

X

Y
�

Z

X

Y
�

Z

Figure3.5: Concave andconvex elementsurfaces

SHADOW is askingwhetheryou wanta convex or concave reflectingsurface. The“NO” answer
in PROMPT is thedefault in MENU mode– CONCAVE (figure3.5). For instance,a normallens
maybeconvex on onesideandconcave on theother.
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3.2.3 Mirr or Dimensions

PROMPT:

MENU:

Mirror Dimensions finite [ Y/N ] ?1
Mirror shape. Options:
        rectangular :    1
  full  elliptical  :    2
 "hole" elliptical  :    3
Shape: [ 1, 2, 3] ?1
Mirror half-width x(+) ? 2.5
Mirror half-width x(-) ? 2.5
Mirror half-length y(+) ? 4.75
Mirror half-length y(-) ? 4.75

Mirror Shape                                Optical Element  1

Shape selected                        RECTANGLE            d

Mirror dimensions along axis:
use ABSOLUTE values.

 rectangle   /  ellipse

X(+) Half Width / Int Maj Ax          2.500000000000
X(-)            / Ext Maj Ax          2.500000000000
Y(+)            / Int Min Ax          4.750000000000
Y(-)            / Ext Min Ax          4.750000000000

Use RECTANGLE ELLIPSE HOLE (Return) 
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If mirror dimensionsoption “not finite” is chosen,the mirror dimensionsare consideredlarge
enoughas not to limit the transmissionof the rays (providing thereis a real solution to the in-
terceptof the ray andthe elementfigure). If you chooseinstead“finite mirror dimensions”rays
that fall outsidethe limits will beconsideredlost; while they will be tracedthroughtherestof the
systemtheir flag will be set to (elementnumber)*(-11000).A further losswill resetthis flag so
the ray will carry the label of themostrecentloss. A “hard loss” – i.e., an imaginaryintercept–
will of coursenot be tracedfurther. Notice that theuseof this flag allows the tracingof scattered
light throughthe system.In MENU modethis is calledLIMITS CHECK in the sub-menuunder
FIGURE.To choosefinite dimensions,enterON for LIMITS CHECK andenterits sub-menuto
specifytheshapeanddimensions.AllowableshapesareRECTANGLE, ELLIPSE andELLIPSE
W/HOLE. Sizesarespecifiedin thelengthunitsusedsofar.

Example:
In anopticalsystem,vignettingoccurswhenthebeamoverfills themirror (or lens). It is important
to verify thatthisdoesnotoccurin systemswhereparametersmaychange(i.e.,diffractiongratings).

SHADOW UserGuide– TRACE Version2.0



34 CHAPTER3. SURFACETYPESAVAILABLE

3.2.4 Distorted Surface

PROMPT:

MENU:

Distorted surface [ Y/N ] ? 1
Sinusoidal ripple (0)
Gaussian ripple   (1)
External spline   (2)
Type of distortion ? 0
Wavelength along the X-axis ?
.025
             and the Y-axis ?
30
Amplitude along the X-axis ?
.001
            and the Y-axis ?
.01
Phase for X-axis. 0 means a maximum at the origin.  Then ?
0
and  for Y-axis ?
0

Surface Quality                             Optical Element  1

Type of defect                        SINE
File-name                         n/a NONE SPECIFIED
Ripple 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 SINE GAUSSIAN SPLINE (Return)
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The“distorted surface”optionin SHADOW will addanerrorsurfaceto thealreadyspecifiedshape.
Essentially, SHADOW will solve theequation:

�LKM7ONPDRQ�ES��TUKM73NPD0QO;WVXKM7ONPDRQ
where ��T is the idealsurface, V is theerrordefinedasthe local differencebetweenthe idealand
real surface. The distortioncanbe a sinusoidalripple, a gaussianerror or an externally defined,
completelygeneralsplinesurface. Notice that all theseerrorsare treatedin a deterministicand
geometricaloptics framework. The sinusoidalripple requiresthe input of the ripple wavelength
along J , thewavelengthalong 	 , theamplitudein both J and 	 , thephaseof thesinewave on
the J -axis,andthephaseonthe 	 -axis.Thegaussianoptionrequirestheinputof afile containing
theparametersof thegaussianfunctions.Theexternalsplinerequiresaninput file createdwith the
utility PRESURFACE. The file containsa bi-cubic splinerepresentingtheerror surface,obtained
by afit to auserspecifiederrorsurface.Theusercreatesasurfacemesharrayin theform of:

N Y , N Z	 (1), [\[\[ , 	 (N Z )J (1), � (1,1), [\[\[ , � (1,NZ )
...J (N Y ), � (N Y ,1), [\[\[ , � (N Y , N Z )

whereN Y andN Z arethesizeof thesurfacemesh.PRESURFACEreadsthefile andcomputesthe
appropriateoutputfor SHADOW. For moreinformationon thefile, consulttheUser’sGuideon the
Utilities.

Example:
Distortionscan occur as a result of machining,heat loading, contamination,etc. If the surface
errorscanbe mapped,SHADOW canadd the information to the ideal surfacegiving the usera
morerealisticpictureof theimage.
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3.2.5 SurfaceRoughness

PROMPT:

MENU:

Do you want to include surface roughness [Y/N} ? Y
File to read ?  PSINFO
Roughness RMS in Y direction (along the mirror) [Angstroms] ?  10
Roughness RMS in X direction (transversal direction) [Angstroms] ? 10

Scattering

Surface Roughness
File w/ power spec. dens. fn.
Roughness RMS in Y (Angstroms)
Roughness RMS in X (Angstroms)

Optical Element 1

r/o YES
    PSINFO
    10.0
    10.0
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Surfaceroughnessis definedasirregularitiesin theopticalsurfacewhichproducedispersion(scat-
tering) of the incidentradiationratherthanreflection. This is treatedasa stochasticprocessthan
deterministic. In thisframework weconsiderthehigh-frequency componentof theerrorfunction V .
Wecanimaginethesurfaceasthesumof many smallrandom(in pitch,amplitudeandorientation)
diffraction gratings.The ray striking at location ] x T ,yT�^ will have a probabilityPT of beingelas-
tically reflectedandP_ of beingscattered,P_ beingpropotionalto theamplitudeof theroughness.
SHADOW usestheRMSroughnessin X andY andafile containingthenormalizedpowerspectral
densityfunction(PSD)to simulatethesurfacescattering.Theinput file canbegeneratedwith the
jntpscalcutility to createanumberof differentdistributionsor thefile canbecreatedby theuserin
thecorrectformat. Thedistributionsavailablein jntpscalcarea gaussianpower spectrum,a PSD
from a profile with normalstatisticsanda gaussiancorrelationfunction,a PSDfrom a profile with
normalstatisticsandanexponentialcorrelationfunction,anda PSDalongY from a datafile and
gaussianalongX. The input file to SHADOW is written with a FORTRAN programandhasthe
following format:

NumberPointsin X
X StartingPoint
X StepSize
NumberPointsin Y
Y StartingPoint
Y StepSize
((Power SpectralDensity Function(i,j),i=1,NX) j=1,NY )

Thesurfaceroughnessis locatedunderthe“Modified Surface”menuin MENU mode.
SHADOW determinesthe probability of a ray beingscatteredor specularlyreflected. For those
raysbeingscattered,thePSDis usedasa probabilitydistribution function to find theruling of the
“grating” createdby thesurfaceroughness.

Example:
If wecreateaPSDusingjntpscalcfor agaussianpowerspectrumandapplyit to anelliptical mirror
we canseehow the imageof thepoint sourcedegrades.Theparametersusedin jntpscalcare100
pointsin eachY andX, startandendvaluesof 0 and1000respectively, sigmaof 100 cm̀2a and
a centerat (0,0). We have defineda point sourcewith a uniform divergenceof b 0.5 mradin the
horizontaland b 0.05mradin thevertical. It hasasingleenergy of 8035eV. Themirror is elliptical
with thesourceat30meters,imageat10metersandincidenceangleof 88.5degrees.Theresulting
plot is shown in figure3.6.
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Figure3.6: Imageafterapplyingsurfaceroughnessto elliptical mirror
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Object Types

Independentfrom the surfacefigure, is the type of object that is interactingwith the light. The
differentobjects:mirror, lens,grating,crystal,compoundmirrors,capillaries,Fresnelzoneplates,
andscreensareall specifiedslightly differently.

39
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4.1 Mirr or

PROMPT:

MENU:

Optical Element definition:
Incidence Angle ? 88
Source Distance ? 2000
Reflection Angle? 88
Image Distance  ? 500
Reflector [ 0 ] or refractor [ 1 ] ? 0

MAIN MENU                                   Optical Element  1

Files to write out                    ALL
Source plane distance                 2000.0000000000E+00
Image  plane distance                 500.00000000000E+00
Incidence  angle                      88.000000000000E+00
Reflection angle                      88.000000000000E+00
Mirror Orientation Angle              0.0000000000000E+00
Source file                           BEGIN

Type of element (+)                   REFLECTOR
Figure (+)                            PLANE
Diffraction (+)                       MIRROR
Crystal (+)                           NO
Mirror movement (+)                   NO
Ripple Surface (+)                    NO
Exit Slit (+)                         NO
Source Movement (+)                   NO
    Goto OE (+)
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Figure4.1: Mirror reflection

A mirror is specifiedby choosinga reflectingopticalsurface,i.e.,onewhere

K1efIgihkjml ef0npo Q � eqsrut
asshown in figure4.1. All otherinformationaboutthemirror is includedin thesurfacesectionand
theopticalpropertiessection.

Note:Othertypesof elementswill alsobebasedonreflectors.Gratings,Braggcrystals,
compoundmirrorsandcapillariesall needthereflectoroption.

Example: A point sourceis reflectedat grazingincidenceoff a planemirror. The systemplot is
shown in figure4.2.
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Figure4.2: Sideview of a reflectingopticalsystem.
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4.2 Lens

PROMPT:

MENU:

Optical Element definition:
Incidence Angle ? 0
Source Distance ? 1000
Reflection Angle? 180
Image Distance  ? 1
Reflector [ 0 ] or refractor [ 1 ] ? 1

MAIN MENU                                   Optical Element  1

Files to write out                    ALL
Source plane distance                 1000.0000000000E+00
Image  plane distance                 1.0000000000000E+00
Incidence  angle                      0.0000000000000E+00
Reflection angle                      18000000000000E+00
Mirror Orientation Angle              0.0000000000000E+00
Source file                           BEGIN

Type of element (+)                   REFRACTOR
Figure (+)                            SPHERICAL
Diffraction (+)                       MIRROR
Crystal (+)                           NO
Mirror movement (+)                   NO
Ripple Surface (+)                    NO
Exit Slit (+)                         NO
Source Movement (+)                   NO
    Goto OE (+)
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Element Source Image Inc. Refl. Refr. Index Refr. Index Spherical Concave/
Distance Distance Angle Angle Object Image Radius Convex

1 1000 1 0 180 1.0 1.5 1000 Convex
2 4 1000 0 180 1.5 1.0 1500 Concave

Table4.1: Systemparametersfor Lensexample

If a refractoris chosen,therefractive index in both imageandobjectspacemustbeprovided. The
SHADOW convention definesan elementas a single instanceof light/surface interaction. (The
capillary is an exception). Thereforechoosinga refractive surfaceonly specifiesone changein
medium.For standardlenssituations,it will take two elementsto definethelens.No approximation
(thin lens,etc.) is made– theraysaretracedexactly.

Example: A samplelensis createdandtraced.Thesysteminformationandplot areshown in the
tableandfigurebelow.

SHADOW UserGuide– TRACE Version2.0



4.2. LENS 45

v �"�2!M�w,yx v �"�2!M�w,yx

$

� d x

� d0z

v �"�2!M�w, z

Figure4.3: Lensdescription
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Figure4.4: Sideview of a refractingopticalsystem.

SHADOW UserGuide– TRACE Version2.0



4.3. GRATINGS 47

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 mirror surface.
2    for an holographic grating.
3    for an oriental-fan type
4    reserved
5    polynomial line density
Then: 2
Hologram Recording Parameters.
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 [ cm! ] and angles [ degrees ] refer to hologram.
EnS distance: 919.3
EnS incidence angle: 10.36
EnS rotation  angle: 0
ExS distance: 619
ExS incidence angle: -12.81
ExS rotation  angle: 0
Recording Wavelength [ Angs ] ? 4879.86
Type of recording sources. We have the choices: 
Both    SPHERICAL                    0
Source  PLANE,     image SPHERICAL   1
Source  SPHERICAL, image PLANE       2
Source  PLANE,     image PLANE       3
Source type [ 0-3 ]. Then ? 0
The SPHERICAL source can also be specified to be CYLINDRICAL, with axis 
perpendicular to recording plane.
Use: 
None   Cylindrical                    0
Source Cylindrical, image Spherical   1
Source Spherical,   image Cylindrical 2
Both   Cylindrical                    3
Cylindrical [ 0-3 ] ? 0

MENU:

Define grating                              Optical Element  1

Ruling type (+)                       HOLOG
Grooves Pole distance             n/a 0.0000000000000E+00
             azimuth              n/a 0.0000000000000E+00
Coma correction factor            n/a 0.0000000000000E+00
Lines/CM (at origin)              n/a 12000.00000000
Polynomial line density coeff:
    linear                        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
Signed/Absolute                   n/a ABSOLUTE
Auto tuning                           YES
Diffraction order                     -1.000000000000
Energy/wavelength                     EV
            at Angs.              n/a 5000.000000000
            at eV.                    59.00000000000
Mount type (+)                        TGM
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Theanalysisof diffractiongratingsis oneof thecentralapplicatonsof SHADOW. Optically speak-
ing, a diffraction gratingcanbe consideredasa particularcaseof roughness– deterministicand
(hopefully)exactlypredictable.In SHADOW, gratingsaremodeledby superposingaruling pattern
to a (possibly)shapedsurface. In general,the diffraction from the gratingdependson the local
line spacingandtheir orientation.Let e{ bethevectortangent to thesurfaceandorthogonal to the
grooves.Hencethenew ray is providedby theBraggcondition:

e| g}h~j-��� E e| npo8��� ;�� � G��� e{
where �

e| gihkj
�
E
�
e| n�o
�
E G���

and e| g}h~j-��� is thecomponentof thewavevectorin thesurfacetangentplane.Theruling canbeoneof
thefollowing types:constantonthebasalplane, constantonthesurface, holographicallyrecorded,
an “oriental fan” type, or a polynomialspacing. The ruling densityis specifiedin lines/cm,the
diffractionorderis givenfollowing theEuropeanconventionof negativeordersinside.Additionally,
SHADOW can“autotune”the gratingto a specifiedenergy or wavelength. The userchoosesthe
energy andthe typeof gratingmount. SHADOW thenrotatesor rotatesandtranslatesthegrating
sothedesiredenergy illuminatestheimageplane.
Thefollowing informationneedsto beprovidedfor thevariouscases:

� Constantruling types– ruling densityin lines/cmat theorigin.

� Holographicgratings:distance(cm), incidenceangleandrotationangleof theentranceslit
sidesourceandexit slit sidesource(degrees),recordingwavelength(Angstroms),type of
recordingsource– sphericalor planeandif spherical,sphericalor cylindrical, realor virtual
sources.

� Orientalfantype: thelocationof theruling focusonthemirror planeby theanglefrom theY
axis in degrees,measuredcounter-clockwise(CCW), thedistancefrom thegratingcenterin
cm, thecomacorrectionfactorandtheline densityat thegratingcenter.

� Polynomialline spacing:coefficientsof thepolynomial– aT , aa , a9 , a� anda� ,
� KMD0QwE.68Tw;�6 a D�;W6 9 D 9 ;�68��D � ;�6��\D �

whereaT is theruling densityat theorigin, andwhetherthepolynomialis signedor absolute.
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PROMPT:

Sources REAL/ VIRTUAL: 
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 me to position the grating at the correct
wavelength, 0 to leave everything as it is.
Auto Tuning of Grating [ Y/N ] ? 1
You must then supply the wavelength (or photon energy)
which you want the grating tuned.
Energy, in eV, [ 0 ] or wavelength, in Angs., [ 1 ] ? 0
Photon Energy ? 59
SHADOW recognizes several types of Grating mounts and/or monochromators. 
We have several choices, depending on what kind of mount you 
are using. They are :
	TGM/SEYA  mount (constant included angle)
 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 (constant incidence angle)
 plane is positioned on the Rowland circle at the appropriate diffraction angle.
 CONSTANT INCIDENCE ANGLE and image plane at the
position already specified. Only the diffraction angle is modified.
 CONSTANT DIFFRACTION ANGLE. The incidence angle
 is modified to match the diffraction conditions. The planes are not moved.
 for a CONSTANT BLAZE mount (Hunter type)
TGM/SEYA    0
ERG         1
Con Inc Ang 2
Con Dif Ang 3
Hunter      4
Mount type ? 0

MENU:

Define hologram                             Optical Element  1

"left"  distance (cm)                 919.3000000000
        incidence angle               10.360000000000
        azimuth from +Y [CCW]         0.0000000000000E+00
"right" distance (cm)                 619.0000000000
        incidence angle               -12.81000000000
        azimuth from +Y [CCW]         0.0000000000000E+00
SP = spherical, PL = plane
Pattern type                          SPSP
V = virtual, R = real
Source type                           R/R
SP = spherical, CL = cylinder
Cylindrical source                    SPSP
Recording wavelength (Angs.)          4879.860000000
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Example: Theexampleenterstheparametersof theSix meterTGM gratingfor mediumenergies.
Theruling on thegratingis holographicandis specifiedberecreatingthehologramfor 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:

MENU:

Are we dealing with a crystal [ Y/N ] ? 1
File containing crystal parameters ?
SI.PAR
Is it a mosaic crystal [ Y/N ] ? 0
Is the crystal asymmetric [ Y/N ] ? 1
Enter the angle formed by the crystal planes with the crystal surface. Use
a
positive value if the plane normal lies along the +Y direction (focusing),
negative otherwise.
Planes angle [ deg ] ? 7
Are we working in Johansson geometry [Y/N] ? 0
Automatic Tuning of Crystal [ Y/N ] ?1
You must then supply the wavelength (or photon energy) at
which you want the crystal tuned.
Energy, in eV, [ 0 ] or wavelength, in Angs., [ 1 ] ? 0
Photon Energy ? 7750

Crystal Specifications                      Optical Element  1

File with crystal parameters          SI.PAR
Reflectivity mode                     OFF
Auto setting                          YES
Units in use                          EV
Set photon energy                     7750.000000000
	  wavelength               n/a 5000.000000000
Asymmetric cut                        YES
Johansson Geometry                    NO
Mosaic crystal                        NO
Planes angle [ deg ]                  7.000000000000
Johansson Radius                  n/a 0.0000000000000E+00
Angle spread FWHM [ deg ]         n/a 0.0000000000000E+00
Thickness [ cm ]                  n/a 0.0000000000000E+00
Seed for mosaic [ > 10^5 ]        n/a 1626261131

SHADOW hasthecapabilityof runningcrystalsasopticalelements.SHADOW dealswith crystals
in both reflection(Bragg)andtransmission(Laue)mounting. Two crystalmodelsareallowed inSHADOW UserGuide– TRACE Version2.0
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SHADOW: perfectcrystals(i.e. Silicon, Diamond)andmosaiccrystals,wherethecrystalblock is
madeby anagglutinationof smallmicrocrystals(i.e. graphite,beryllium). Perfectcrystalsmaybe
symmetric(theBraggplanesareparallelto thecrystalsurfacein Braggmounting,andperpendicular
in Lauemounting)andasymmetric,whenthe crystalplanesform an arbitraryanglealfa with the
crystalsurface. Mosaiccrystalscanonly besymmetricalin SHADOW. Ground-bentcrystals(the
so-calledJohanssongeometry)for perfectcrystalsarealsoallowedin SHADOW.
For all crystalmodes,and input file, createdby the utility BRAGG is needed.The file contains
the optical constantsinformationfor a given crystal in a specifiedenergy range.Seethe Utilities
manual(or theSHADOW Primer)for moreinformationonrunningBRAGG.Otherinformationthe
usermayneedto supplyis:

Asymmetric: anglebetweenthecut andthecrystalplanes(degrees).

Johansson: radiusof curvature(lengthunits).

Mosaic: theanglespread(FWHM) in degrees,thickness(cm) anda seedfor the randomnumber
generator.

SHADOW offers to tune the crystal to a specificenergy or wavelengthif desired. The program
will calculatethecorrectincidenceanglefor agivenenergy andoverrideuserinputsif theautotune
optionis chosen.

Example:
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4.5 CompoundMirr ors

PROMPT:

MENU:

Compound mirrors ( or lenses) are formed
by several smaller mirrors ( facets) combined together.
A: Is this mirror faceted [Y/N] ?1
B: File with the polynomial describing the facet?facet.dat
We need to define which side of the surface
to use (see demo for further explanation).
     3      closest
     2      ...
     1      ...
     4      farthest
Choice[1-4]?3
Size of the Facet?
  x-length ?5
  y-length ?5
Choose the baseline for facet

Faceted Mirror                              Optical Element  1

Facets selection                  r/o YES
File w/ facet descr.                  facet.dat
Lattice type                          RECTANGLE
Orientation                           Y-AXIS
Intercept to use                      FARTHEST
In X-direction ------
Number of facets                      11
Facet width                           5.000000000000
      phase  (0-360)                  0.
Dead width   (abs, for -X)            0.
             (abs, for +X)            0.
In Y-direction ------
Number of facets                      11
Facet width  (in Y)                   5.000000000000
      phase  (0-360)                  0.
Dead width   (abs, for -Y)            0.
             (abs, for +Y)            0.
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Figure4.5: Smooth(traditional)mirror left, facetedcaseright.

A compoundmirror is constructedof afiguredbaselinethatis coveredwith anarrayof smallmirrors
eachwith apossiblyindependentfigure(seeFig.4.5).Thebaselinemustbeacontinuousfigure;if it
is not, it wouldfall into thecaseof segmentedmirrors.Thebaselinesurfaceis definedin SHADOW
asa normalmirror would be,with it’s normalalongthelocal � axis. Theprojectionof this figure
onto the J l 	 planeis divided into anarrayof projectionsof the facets.The interceptwith the
baselinesurfaceis calculatedandusedto determinewhichfacetwill behit. Thealgorithmis similar
to thecapillarycase.Thenormalof thefacetis assumedto bealignedwith thelocal normalto the
baselinesurface,the orientationof the facetis definedby it’s tangentandbinormalvectorsas is
donein thestandardcase.Theray is transformedinto thefacetreferenceframe.Theinterceptand
reflectionarecalculated,antheray returnedto thebaselinereferenceframe.
Theinput requiredis:

� a file containingthe polynomialdescribingthe facets.The file format, shown in table4.2,
containsthedegreeof thepolynomialanda representationof thecoefficients.

� thesizeof thefacets(lengthunits).

� whichinterceptof thefacetsurfaceto use(CLOSEST, NEXT CLOSEST, NEXT FARTHEST,
FARTHEST). A polynomialof a given degreewill usuallycreatethat many solutions. In
normalsurfaces,SHADOW usuallyusesthefarthestintercept.
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first line orderof polynomial 4
2 [\[\[ n 7����\D1�<�~�U��E � 6�=wA �
lastline endof file -1

Table4.2: File formatfor compoundmirrors

Planefacetexample Toroidalfacetexample
1 4
0 0 1 1 2 0 0 184806921.4254561
0 0 0 0 4 0 0 1.
-1 0 2 0 728306.48344865400

2 2 0 2.
0 4 0 1.
0 0 1 9920435542.118486
2 0 1 27242.4748840000
0 2 1 27242.4748840000
0 0 2 186266415.9348293
2 0 2 2.
0 2 2 2.
0 0 3 27027.754884000
0 0 4 1.0
-1

Table4.3: Inputfile for SHADOW for variousfacetshapes

Example: An x-ray lithographybeamlinedesignedto createa smooth,scannableimageusestwo
toroidal mirrors. Exampleinput files for SHADOW are in Table4.3. We placeplanarfacetsof
decreasingsizeon themirrorsandwatchastheimageapproachesideal. (seeFigure4.6).
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Figure4.6: Final imageof x-ray lithographybeamline.a.) 10mmx 20mmfacets,b.) 5mmx 10mm
facets,c.) 0.01mmx 0.1mmfacets,andd.) smoothmirrors.
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4.6 Capillaries and Kumakhov Lenses

PROMPT:

MENU:

Kumakhov lens are formed from tube arrays 
their packing pattern are Wigner-Seitz type cell.
A capillary would be the central tube of a kumakhov lens.
Is this a Kumakhov system?1
For multiple reflection calculations, you may
want to store the intercepts of each bounce.
Store (X,Y,Z) for each bounce? 0
Normally, the tube radii are specified as r(z).
You may also specify r(z)^2.
Specify as r(z)^2 ? (Y/N) 0
File with the parameters?kuma1.dat

Kumakhov Lens                               Optical Element  1
 
  
Kumakhov lens selection           r/o YES
   
Specify r(z)^2 (Y/N)                  NO
File with parameters(r(z))            kuma1.dat
File with parameters(r(z)^2)      n/a NONE SPECIFIED       
    
Save intercept and bounces            NO
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For the majority of opticscalculations,a single interceptof a ray with eachsurfaceis sufficient.
However, for opticsconstructedof capillaries– singleor arraysof thousands– the light mustbe
trackedthroughmultiple bouncesfrom beginningto end.We have addeda specialtypeof optic to
SHADOW to handlecaseswherethe light is traveling down a tube. The modelwasconstructed
with the idea of having an array of tubes,but it hasbeenextensively testedin single capillary
casesaswell. SHADOW calculatesinternally themannerin which the tubesarepacked together
usinga simpleWigner-Seitz cell algorithmwith the lattice pointsdefinedby user-specifiedbasis
vectors.This cell arrangementis usedto decidewhich tubethe ray will enter. Thearrayof tubes
is specifiedby a family of polynomialsthat track the centerlineand the changein radius. The
equationsdescribingthetubesareasfollows:

KMJ lB��n�� K-�8QPQ 9 ;.K-	 lB�<��� K-�8QPQ 9 E�KM�kT~ �K-�8QPQ 9 E � 9 (4.1)

� K-�8Q�E l �¡ l �U9
G ¡<¢ ;H£ (4.2)

where(
� n N � � ) arethe centercoordinatesof eachtubeat the entranceplaneof the lens, � T is the

initial tuberadius,
¡

is thesourcedistance,and
¢

is thetubelength.Thefunction
� K-��Q specifieshow

thecenterlineof thetubeis changing,and  �K-�8Q specifieshow theradiusof eachtubeis changing.
Thetubeinformationis passedto SHADOW througha usercreatedfile. Usingthecell algorithm,
SHADOW determineswhichtubetheraywill enter. Eachray is propagatedthroughthetubesaving
interceptinformation for eachbounce(if desired). Lossesto the spacesbetweenthe tubesare
considered.Additionally, reflectivity calculationsarefully implementedfor thelens.Seethesection
on addingopticalpropertiesfor moreinformation.
As input,SHADOW requiresafile containingthepolynomialdescribinghow thetubedirectionsare
changingandhow theradii of thetubesarechanging.Thereis alsotheoptionto save theintercepts
of eachbouncemadeby eachray. Theinputfile shouldcontaintheinformationshown in Table4.4.� K-�8Q representsthepolynomialalongthetubecenterlines, �K-�8Q is thepolynomialthattells how the
radiusof eachtubeis changing.
Themulti-bouncemodelwasconstructedwith theideaof having anarrayof tubes,but with appro-
priatesourcespecificationcanbe usedfor singlecapillariesaswell. In this case,it may be more
convenientto specifytheradiusof thetubeas � 9 K-�8Q insteadof �RK-�8Q . � K-�8Q is zerofor this case.At
this time,specifiyingthesingletubein thismannerlimits you to circularcrosssections.SHADOW
asksif youaregoingto specifytheradii as �RK-�8Q or ��9�K-�8Q . In thesecondcasetheinputfile lookslike
theexamplein Table4.5.

Watchyoursignson thepolynomialcoefficients.� 9 KM7ONPDRQ l � 9 K-�8QwE t

SHADOW UserGuide– TRACE Version2.0



4.6. CAPILLARIES AND KUMAKHOV LENSES 59

ExampleInput file Whatthevaluesrepresent
0.028 Two dimensionalbasisvectors a 1
0. a 2
0.014 b 1
0.02424871130596428 b 2
200. tubelength(mm)
-0.03333333 polynomialcoeffcientsfor

� K-�8Q a g
-0.0000833333333 where

� K-�8QwEH6��¤;W=��U9�;.£ b g
0.033 initial tuberadius(mm)
-0.03333333 polynomialcoeffcientsfor  �K-��Q a f
-0.0000833333333 where  �K-��Q�EH68�¥;�=�� 9 ;H£ b f
4 squareof degreeof thepolynomial � 4
3 solutionof polynomialto use

Table4.4: Input file for standardcapillarycalculations.

ExampleInput file Whatthevaluesrepresent
402.0 basisvectors a 1
0.0 basisvectors a 2
201.0 basisvectors b 1
348.14221232113443 basisvectors b 2
7650 tubelength(mm)
400 initial tuberadius
-160000. polynomialcoefficients � T
0.0 �1a
0.0025 � 9
0.0 � �
0.0 � �
2 degreeof polynomial � 4
3 solutionof polynomialto use

Table4.5: Inputfile for singlecapillarycalculations.
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4.7 FresnelZonePlate

PROMPT:

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

 For a Fresnel Zone Plate select the appropriate  HOLOGRAPHIC case.
Type of ruling.
0    ruling density constant on the X-Y plane
1    for ruling density constant onto the mirror surface.
2    for an holographic grating.
3    for an oriental-fan type
4    reserved
5    polynomial line density
Then: 2
Hologram Recording Parameters.
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 [ cm! ] and angles [ degrees ] refer to hologram.
EnS distance: 10
EnS incidence angle: 0
EnS rotation  angle: 0
ExS distance: 10
ExS incidence angle: 180
ExS rotation  angle: 0
Recording Wavelength [ Angs ] ? 5000
Type of recording sources. We have the choices: 
Both    SPHERICAL                    0
Source  PLANE,     image SPHERICAL   1
Source  SPHERICAL, image PLANE       2
Source  PLANE,     image PLANE       3
Source type [ 0-3 ]. Then ? 0
The SPHERICAL source can also be specified to be CYLINDRICAL, with axis perpendi
cular to recording plane.
Use: 
None   Cylindrical                    0
Source Cylindrical, image Spherical   1
Source Spherical,   image Cylindrical 2
Both   Cylindrical                    3
Cylindrical [ 0-3 ] ? 0
Sources REAL/ VIRTUAL: 
EnS real,    ExS real		0
EnS real,    ExS virtual: 	1
EnS virtual, ExS real:  	2
EnS virtual, ExS virtual 	3
Then ? 1  
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MENU:

Refractive Index                            Optical Element  1

in object space                         1.
in image  space                         1.
Fresnel Zone Plate                    YES

Define hologram                             Optical Element  1

"left"  distance (cm)                   10.
	incidence angle               0.0
	azimuth from +Y [CCW]         0.0
"right" distance (cm)                   10.
	incidence angle                 180.
	azimuth from +Y [CCW]         0.0
SP = spherical, PL = plane
Pattern type                          SPSP
V = virtual, R = real
Source type                           R/V
SP = spherical, CL = cylinder
Cylindrical source                    SPSP
Recording wavelength (Angs.)          5000.
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Example:
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4.8 Screens

PROMPT:

MENU:

Any screens in this OE [ Y/N ] ? 1
How many in this OE [ total ] ? 1
Screen N.            1
Is this screen before mirror [ Y/N ] ? n
Distance from mirror [ absolute ] ? 250
Is Screen Carrying an Aperture Stop [ Y/N ] ? 1
Obstruction [ 1 ] or Aperture [ 0 ] ? 0
Kind of slit. Use:
0               for a rectangular slit
1               for an elliptical slit
2               for an "external" slit.
Stop shape [ 0 r, 1 e, 2 ex ] ? 0 
Dimension along X ? 1
                Z ? .25
Include absorption [ Y/N ] ? 0

View Screen/Slit Data                       Optical Element  1   Screen
1

Position rel. to mirror               AFTER
Distance (abs) from mirror            250.0000000000
Aperturing                            YES
Open slit/ solid stop                 SLIT
Aperture shape                        RECTANGULAR
Slit width/  x-axis                   1.000000000000
Slit heigth/ z-axis                   0.2500000000000
Absorption                            NO
Thickness [ CM ]                  n/a 0.0000000000000E+00
Opt. Const. File-name             n/a NONE SPECIFIED

    Goto Screen/Slit (+)
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Althoughrepresentedasa separateobjecttype,a screenmustbeattachedto anopticalelement– it
cannotstandalone.
A screenin SHADOW hasacombinationof threebasicfunctions:to serve as

� anextra imageplane/view port.

� anapertureor obstructionto thebeam.

� anenergy filter.

For all cases,SHADOW needstheabsolutedistancefrom theopticalelementin consistentlength
units and whetherthe screenis beforeor after the optical element. For a view port, that is all
that is needed.SHADOW will take a snapshotof the beamat the given locationandsave it to a
binary file (SCREEN.XXYY). In the secondcase,a slit or a stop is chosen,the shapespecified
(RECTANGULAR or ELLIPTICAL) andthedimensionsgiven in lengthunits. For thecaseof an
energy filter, the thicknessof thematerialmustbegiven in centimeters,anda file with theoptical
constantsmustbe provided. The file is createdby the utility PREREFLandrequiresthe userto
input thematerialcomposition,densityandtheenergy rangeof interest.
In all cases,abinaryfile, plottableby SHADOW utilities is created.

Note: It is recommendedto defineyour screensin the actualorder they appearin
the optical system. For example,if the elementhasa screenat the exit planeanda
screenthat representsa slit or filter beforetheelement,thescreensshouldbedefined
sothatscreen1 is beforetheelementandscreen2 is theonelocatedat theexit plane.
Otherwisestrangeresultsmaybenoticed.

Example: In theexampleof thesix meterTGM, screenswereput in thesystemfor futureuseas
filters or to demonstratethe locationof a valve or otheropeningto determinewhetheror not the
light would berestricted.They canalsoserve asextraexit or entranceslitsor pinholes.
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Chapter 5

Optical Properties

SHADOW can(will, does)ray-tracea systemwithout any regardto theenergy or intensityof the
rays.At theendof a systemyou canhave “good” raysthat in reality have no intensity. SHADOW
is really keepingtrack of two aspectsof the light - the geometricalsolution and the spectral(?)
solution.Up to now we have mainlyconsideredthegeometricalaspectsof theelements.
At timestheintensityof thefinal imageis important.In this casetheinteractionof thelight with a
specifiedmaterialcanbetakeninto consideration.
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PROMPT:

MENU:

Reflectivity of Surface. SHADOW may solve the Fresnel equations locally.
Available options:’No reflectivity              .......... 0
Full polarization dependence .......... 1
No        "           "      .......... 2
Reflectivity mode [ 0,1,2 ] ? 1 

Optical constants from file  ( for multi-line source ) ..... 0
Optical constants from keyboard  (single-line source ) ..... 1
Define multilayer from file                            ..... 2
Optical Constant Source: [file=0,tt:=1], multilayer [2] ? 0
File with optical constants ?
GOLD.DAT

Optical Constants                           Optical Element  1

Reflectivity mode                     POLARIZED
Source of Reflectivity                FILE                 d
File name                             GOLD.DAT
Mlayer thick. vary as cosine (+)  n/a NO
Alfa                              n/a 0.0000000000000E+00
Gamma                             n/a 0.0000000000000E+00

Use FILE TT MLAYER (Return) 

Eachray is generatedwith appropriateA vectorssuchthat ¦ 9 E§£ at the source. By default,
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SHADOW will not modify this duringtracing;for theno reflectivity option,theprogramassumes
that100%of thelight is reflected.In situationswheretheoptic is coatedwith asinglematerialor a
multilayertheusermaywanttheattenuationof thelight calculated.
For both typesof mirror coatings,SHADOW hasthreereflectivity options; no reflectivity, full
polarizationdependence,nopolarizationdependence.

No reflectivity “No reflectivity” in promptor OFF in MENU, assumes100 % of the light is re-
flected. This option tells SHADOW not to do reflectivity calculations(the exceptionis for
crystals.Seepage51 for moreinformation.).

Full Polarization dependence“Full Polarizationdependence”or POLARIZED, doesthe reflec-
tivity calculationswith polarizationsplit into its parallelandperpendicularcomponents.This
makes the most sensewhen the user has selectedfull polarizationat the source(all 18
columns).

No Polarization dependence“No PolarizationDependence”or SCALAR doesnotsplit theparal-
lel andperpendicularcomponents,but insteadsavestheeffective reflectivity.

In eitherof thelasttwo options,onemustsupplysomeparametersdetailingthematerialto beused.
Theparameterscancomefrom any of threeplaces:

¨ afile createdby theSHADOW utility PREREFL.Goodfor acontinuousor multi-line energy
sourcewhere© andª arenotconstantovertheenergy rangeof interest.Requiresthematerial
compositionanddensity. Mustat leastcovertheenergy rangeof thesource,cancoveralarger
range(in thisway thematerialfile canbeusedin morethanoneopticalsystem).

¨ alpha( © ) andgamma( ª ) from thekeyboardfor asingleenergy source,or ©�«¬ª constantover
thedesiredenergy range. ¯®±°�² © ³µ´O¶�ª

¨ a file createdby the SHADOW utility PREMLAYER containingparametersfor a multi-
layer. Themultilayercanbeconstantor graded.Themultilayer is specifiedby thematerials
of thesubstrateandthealternatinglayers(eitherelementsor compounds)densityandcom-
position. The thicknessof the individual layer pairs is alsoentered.More informationon
PRE MLAYER is givenin theUser’s Guideto theUtilities.

Example:
For agivensystem,thefollowing informationwasrecordedin theEFFIC.XX file:
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Of a total of 5000 rays, of which 4744 formed the input set
0 were out of the mirror N. 1

The mirror collects 1.0000 of the incoming flux.
The average reflectivities are :
S-pol 0.67986
P-pol 0.67513
Total 0.67749
The overall efficiency of the mirror is : 0.67749
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Misalignments to the system
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6.1 SourceMovement

PROMPT:

MENU:

 The Optical Element and the the relative mirror are now fully
defined. The mirror pole is now located at the "center" of the
optical element. It is possible to override this situation and
"move" the mirror without affecting the rest of the system.
 It is also possible to move the "source" without affecting the
rest of the system.
 The movements are expressed in the DEFAULT Mirror Ref. Frame.
so that if you move BOTH source and mirror the relative
movement is the vector sum of the individual ones.
A word of caution: SOURCE movements and MIRROR movements are
NOT equivalent from the point of view of the whole system.
Do you want to move the Source [ Y/N ] ? 1
Source movements in SOURCE REFERENCE FRAME.
CW rotations are (+) angles.
X-offset ? .25
Y-offset ? 0
Z-offset ? 0
X-rotation ? 0
Y-rotation ? 0
Z-rotation ? 0
Source rotation around Z-axis. CCW is > 0 0
Source Distance from Pole ? 2000
Incidence Angle [ degrees ] ? 88
The following OFFSETS are applied in the MIRROR
reference frame.
Source offset in [ x ] ? 0
                 [ y ] ? 0
                 [ z ] ? 0

Source Movements                            Optical Element  1

Source moved                      r/o YES
Angle of incidence                    88.00000000000
Distance from mirror                  2000.000000000
Z-rotation                            0.0

In MIRROR reference frame:
  offset X                            0.0
           Y                          0.0
             Z                        0.0
In SOURCE reference frame:
  offset X                            0.2500000000000
          Y                           0.0
           Z                          0.0
  rotation [ CCW ] around X           0.0
                           Y          0.0
                            Z         0.0
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It maybedesirableto examinechangesin animageasthesourceis movedwith respectto therest
of thesystem.Here“source”meansthe incomingbeameitherfrom theactualsource,or from the
continuationplaneprior to any OE.Themovementof thesourceis specifiedby offsetsin theX,Y,Z
coordinatesystemwith respectto eitherthesourceor theOEuponwhichthesourceis incident,and
by rotationsof thesourcearoundtheX,Y andZ axes.Therotationsarecounterclockwiseif looking
alongtheaxistowardstheorigin. Thesourcemovementis bestexecutedin MENU mode,sincethe
entireOE neednotberedefined.Thepromptprocedureis includedfor thesake of completeness.

Example: An obvious, but usefulapplicationof the sourcemovementoption is to determinethe
toleranceof anopticalsystem(beamline)to positionchangesof thesourcebeam.An exampleof
the“correct” andmovedfinal imageis shown below.
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6.2 Mirr or Movement:

PROMPT:

MENU:

--- Mirror rotations and position. ---
We define three angles, as rotations around the three axis.
These rotation are  defined in the program as corrections to
the mirror nominal position; that is, they modify the mirror
position relative to the Default Mirror Reference Frame, where
all the calculations are performed. Remember that rotations
do NOT commute. I apply them in the same order of entry.
CW ROTATIONS are (+) angles. A translation can be also applied to the
mirror.
Do you want to move the mirror itself [ Y/N ] ? 1
Rotation around X axis [ degrees ] ? .003
                Y                  ? .003
                Z                  ? 0
Mirror Offset. In X ? 0
                  Y ? 0
                  Z ? 0

Displacements                               Optical Element  1

Mirror moved                      r/o YES
Mirror Offset X                       0.0
               Y                      0.0
                Z                     0.0
Mirror Rotat. X                       0.3000000000000E-02
               Y                      0.3000000000000E-02
                Z                     0.0
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In analyzinga system,it is sometimesusefulto studyhow thebeamis affectedby moving oneor
moreOEswithout redefiningthewholesystem.Themirror movementis determinedby offsetsand
rotationsin themirror referenceframe. Recallthat theZ-axispointsin thedirectionof themirror
pole.Rotationsareperformedin thesamewayasthesource:counterclockwiseif lookingalongthe
axistwordstheorigin. Sourceandmirror movementsareNOT equivalentwith respectto thewhole
system.

Example: In arealsystem,mirror misalignmentis unavoidableto somedegree.Supposethatgiven
a maximumrotation error of 10 arc seconds(about0.003degrees)aboutthe X and Y axes we
wish to examinethe effectson imagequality andposition. We may “misalign” someof the OEs
withoutchangingthegeneralsetupby moving themirrorsin MENU modeasshown in theexample.
The PROMPT modeis not asconvenient,sinceeverythingmustbe reentered,but is includedfor
completeness.
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