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Toroidal Grating Optical Path Length
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Toroidal Grating Optical Path Length

= AP+ PB + nmA
= (rcosa,rsina, z,)

F
A
B = (1" cos 8,7 sin 3, z)
P
n

grooves

— (157 w, h)
— —(w -+ b2w2 -+ b3w3 -+ )

E(w,l) = > : > : a; jw'l
U

A(ajan ya,7 ZCL)

Fa - Software for Optical Simulations, Trieste, October 2016. Ruben Reininger



Toroidal Grating Optical Path Length

F=AP+ PB + nmA\
A= (rcosa,rsina, z,)
B = (1" cos 8,7 sin 3, z)
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Fermat’s principle: Of all possible paths, light SF =0

takes the path which requires the shortest time.
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Main terms, Toroidal Grating
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Main terms, Toroidal Grating

1 o on 1 4 2bsw + 3bsw? + ...
d ~  Oow do
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Main terms, Toroidal Grating

1 1+ 2b bsw? + ... .
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Rowland Condition
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Resolution Terms and Magnification
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Resolution Terms and Magnification
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Resolution Terms and Magnification

d
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Resolution Terms and Magnification

d
A= —(sina + sinf)
m
A)\SO — iAa COS (¥ = i E COS (v Source or Entrance Slit
m m r
d d As’
Algg = —AfcosfB = ;9 cos 3 Exit Slit
m m r
Adse = 2.7E036(cos a + cos ) Slope error on grating
d
Adger = 2.7— 012 Defocus
m
d o
A>\co'm,a — 2-7_013F030 Coma
m
ANgir = A Diffraction
dif — N
As"  cosa v 17 . .
= — —— Magnification

As cosfB r cr
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Source: present APS, 2 m ID

Unless specified, all examples use as source

FE = 1000eV
dip = 280um
2., = 15um
> = 21urad
Zz/ = 18,urad
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Spherical Grating Monochromator SGM

20

%
__—""m=-1 (SHADOW 1)

20 =a— 0
mA = 2dg cos 0 sin(0 + ()
Ay = 2dg cos® 6

H = 88.2°. dy = 800 'mm
A < Ag = 2.5nm, (500 eV)
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Slitless SGM

< N30 m > < 9.9 m—»

g)))) Beam — Input Beam <\f Beam — Input Beam < =

\ _al;
Geometrical Source Spherical Grating Soresr-Sils

a=87.3°, B=89.1°

r=30m,60 =88.2° dy=800""! mm
m = —1, Ey = 1000 eV (Mg = 1.24 nm)

Grating Equation — 8y = —89.1°; ag = 87.3°

r r!

Rowland condition R = —
cosa  cospf cos a(1000) '

— R =636 m;7” =9.9m cos 3(1000) r
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Z [pm]
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1000 2000 3000
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SGM Ray Tracing at 1000 eV

FWHM X [um] 2030.0000
FWHM Z [um] 35.0000

Z [pm]

~ d FWHM

—— Cos 3

AN

—=3000-2000-1000 O 1000 2000 3000 44} T

X [ppm] )\
RP = — = 18000
A\
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SGM Ray Tracing at 1000 eV

FWHM X [um] 2030.0000 3¢
FWHM Z [um] 35.0000

Z [pm]

-3000—-2000-1000 O 1000 2000 3000
X [ppm]

cos a(1000) 7’

- 2.35>., (1000
Sanity ( )COS B(1000) 7

Check! ”
2.35%,(1000) —

= 36 um

= 217 um
-



SGM Ray Tracings Resolution

o)== (N

Energy

3500+

3000}

2500

Number of Rays weighted by |E_ +E_|*

Geometrical Source Spherical Grating 2000}
SOU.I‘CG 1500
9998 < E < 10002 eV 1000 }
At 1000 eV 500}
O " i 4 4
FWHM X['Jm] mo.mo 55 meV 999.85 999.90 999.955“1:'(9)3.:):\”1000.05 1000.10 1000.15
FWHM Z [um] 35.0000
3 um
Intensity 5945.000

Total Rays 500000
Total Good Rays 5945
Total Lost Rays 494055

FWHM [eV] 0.0516
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Energy

SGM Ray Tracings Resolution

Q»)) Beam — Input Beam <\ )Beam  Input Bean] (@

Geometrical Source

Source

Spherical Grating

999.8 < £ < 1000.2 eV

Intensity
Total Rays

Total Good Rays

Total Lost Rays
FWHM [eV]

3 um

5945.000

500000

494055

0.0516

Number of Rays weighted by |E_ +E_|*

3500+

3000}

2500

2000}

1500

1000 }

500 }

100 um

198014.000

500000

198014

301986

At 1000 eV
FWHM X [um] 2030.0000
FWHM Z [um] 35.0000
20 pm 50 pm
39850.000 98851.000
500000 500000
39850 98851
460150 401149
0.0575 0.0833

Source limited

0.1557
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Slit limited

0 2 n i i
999.85 99990 99995 1000.00 1000.05 1000.10 1000.15

Energy [eV]

200 um

394819.000

500000

394819

105181

0.3120




SGM Ray Tracing at 1‘

Source
E = 1600eV
2ip = 280um .
E FWHM X [um] 1750.0000
2i; = 1odpm N FWHM Z [um] 55.8000
Y. = 18urad - :
Y., = 14purad
/6 — _88'770 —-3000—-2000-1000 O 1000 2000 3000
a = 87.63° X [um]
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Source
E = 1600eV
2ip = 280um .

E FWHM X [um] 1750.0000
2> = lodpm M FWHM Z[um]  [65.8000 3 |
Y. = 18urad - : ‘
Y., = 14purad
/6 — _88'770 —3000—-2000-1000 O 1000 2000 3000
a = 87.63° X [pm]

cos a(1600) 7’

— 20 Not at focus
cos 5(1600) r pm %

Sanity
Check! 2.3532,(1600)
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Source
E =1600eV
gfc f %gg’u H € FWHM X [um]  [1750.0000 |
z = 2288 N FWHM Z [um] 55.8000 ¢
Y. = 18urad ‘
Y., = 14purad
/6 — _88'770 —3000—-2000-1000 O 1000 2000 3000
o = 87.63° X lpm]
/
sanity 9 355 (1600) SO T o, Not at focus
: = m R
Check! +( )COS £(1600) r s
Second Sanity Check!
- FocusalongZat : 107371
— gga&m_’mpmm?”{’@: Waist size gt best focus (rms) : 0.00967357
Sl Waist size at origin : 0.0237598
Spherical Grating Focnew
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- o — Inout BN Focus along Z at © 1073.71
= \fg"a ik | @ ,j: Waist size at best focus (rms) : 0.00967357
O Waitsioatongn 700207508

Spherical Grating [FocNew

F50(1600eV)=0 = 1’ = 11046 mm

X, Z

FWHM X [um] 1890.0000
FWHM Z [um] 21.6000

Z [pm]

0
—-3000-2000-1000 0O 1000 2000 3000
X [pm]
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Focus along Z at © 1073.71

= \jgeam*'”"“‘ Be”@ Waist size at best focus (rms) : 0.00967357
Waist size at origin : 0.0237598
Spherical Grating |E:m .................
Sanity
F50(1600eV)=0 = r' = 11046 mm Check!

cos a(1600) 7’

= 22
cos 3(1600) r HT

X, Z 2.35%, (1600)

FWHM X [um] 1890.0000
FWHM Z [um] 21.6000

Z [pm]

In the SGM:
Exit slit needs to move to keep focus

(does not correct coma aberration)

0
—-3000-2000-1000 0O 1000 2000 3000
X [pm]
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Plane Grating

MPlane grating (without VLS) does not focus
MFocus independent of grating " Fixed focal plane

M Grating magnification ¢! can be changed with plane mirror

cos (3

C —
COS (¥

Grating Equation:
mA

: 2 _ 1
(7—81115) =1

(1 —sin® 3
(32

)
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Collimated PGM, vertical plane' c=2

«—UN28 m —»= re—NIM —>»
) — Input & j—* Inputf\ j = Input 6‘1} = Input Be =
Geometrical Source gLl bR [li(e ) Plane Mirror Plane Grating Spherical Mirror Screen-Slits

MToroidal Mirror:

M Collimates beam in meridional direction (vertically)
M Focuses in sagittal direction at slit (horizontally)

MPlane Mirror + Plane grating

™ Controls grating magnification, ¢t and wavelength

M Cylindrical Mirror

M Focuses the collimated beam onto the fixed exit slit

MReflectivities in SXR not optimal due to many electronic
transition in this range
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Collimated PGM, vertlcal plane C= 2

+—N28 m —» 2'm < 1m re—UIM —>»
)>> m — Input '3r&\p‘ — Input W& ra = Input Fsr\am = Input '3r§m = Input Be =
Geometrical Source Plane Mirror Plane Grating Spherical Mirror Screen-Slits
88.5° 87.8° a=88.5°, f=87.1° 88.5°
up down up down
-0 X, Z
15
10
5
E
S
N
-5
-10
-15
-20
—400-300—-200-100 0O 100 200 300 400

X [iml
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Collimated PGM, vertlcal plane C= 2

+—N28 m —»<« 2 m > 1m re—UIM —>»
m - Input '3r \p' = Input Be g ra — Input Be M = Input 3@/ Sara — Input Be
V) A N 3 " -
Geometrical Source Plane Mirror Plane Grating Spherical Mirror Screen-Slits
88.5° 87.8° a=88.5°, B=87.1° 88.5°
up down up down
20 X, Z
15
10
. FWHM X [um] 264.0000
E FWHM Z [um] 6.8000
N
-5
10 /
-15 Coma
-20
—400-300-200-100 0 100 200 300 400 1dM3E«x
X Fure 2.35 3,(1000) = = 5.8 um
c dSoM1
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Collimated PGM, vertical plane; c=2

Spherical Mirror

Rty Pe

5 = Input Be g/ ra = Input Be $gy, | "M = Input 3§/ Sra — Input Be
i EAYEsa Vst Yasa Yas

o

Screen-Slits




Collimated PGM, vertical plane; c=2

©
©
Q u\Bea%' | | |
Qo —a\“? 4 .' ) = Input Be g,  ra = Input B¢ M = Input 3@/ Saa — Input Be
s gi(§ | N ' - —
/8 | | |
& |
Geometrical Sourt(% Toroidal Mirror Plane Mirror Plan X 7 ts
| 40 ’
T ,
s
= |
)2

rection: 1.000000 urad

Slope error rms in X direction: 5.369779 urad
Slope errorrmsinYd

Z [pm]

E 40
= -400-300-200-100 O 100 200 300 400
™ X [ppm]
FWHM X [um] 272.0000 With SE
FWHM Z[um]  [21.6000 on Toroid
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Collimated PGM, vertical plane; c=

()
< @
S B ‘ | -
Q —g\_ v | | = Input Be g/ ra — Input Be g, | M) = Input 3@/ S = Input Be
i Yeag Graa Wl Rl
. & | . . .
Geometrical Souré& = Toroidal Mirror Plane Mirror Plan X 7 ts
OT- | o .
«
ﬁ J
[}
Slope error rms in X direction: 5.369779 urad —_
Slope error rms in Y djrection: 1.000000 urad g
N
‘ 30
E 40
= -400-300-200-100 O 100 200 300 400
™ X [ppm]
FWHM X [um] 272.0000 With SE
FWHM Z[um]  [21.6000 on Toroid
FWHM X [um] 264.0000 Without SE
FWHM Z [um] 6.8000 on Toroid
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Follath Collimated PGM, TM, CM: hor plane; c=2

28 m —>< po—— 1 M—>—NRIM —>
— |nput = Input B¢ = |nput = Input 3¢ Sara — Input Be
DY g))—f \) NN =
Geometrical Source Tormdal Mirror Plane Mirror Plane Grating Spherical Mirror Screen-Slits
88.5° 87.8° a=88.5°, f=87.1° 88.5°
left down up left
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R P e e e e e S S D P SO Sl O O A e O O e O e S S e S e e e
D e e o e e O o e T O e O O ot SO Ot D SO ot SO O J Ot SO S 3
[J
o [ ] —
b b ¢ )

- )>> m — Input 'S(rg\r' — |Input Br\! ra — Input Fx\‘m = Input '3r§m — Input Be =
‘@ \ " v N %
. -

Geometrical Source  JLelelER o) Plane Mirror Plane Grating Spherical Mirror Screen-Slits

88.5° 87.8° a=88.5°, B=87.1° 88.5°
left down up left

Z, X

10

FWHM Z [um] 272.0000
FWHM X [um] 5.8000

| dM3E
2.35 £, (1000) -~ M‘f — 5.8 um
C O

10,00-300—200-100 O 100 200 300 400 Mirror rotation relative to grating
Z [pm] X<€>7
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Collimated PGM, TM, CM: horlzontal plane C= 2

s )>) m — Input '3( T\p\ — |nput Brx ra — Input Fsr\am = Input '3r§m = Input Be =
~' ¢ — | - - —_
) : -

Geometrical Source  JLelelER o) Plane Mirror Plane Grating Spherical Mirror Screen-Slits

Slope error rms in X direction: 5.369779 urad
Slope error rms in Y direction: 1.000000 urad

With SE

FWHM Z [um] 272.0000
FWHM X [um] 5.8000

X [pm]

10
-400-300-200-100 O 100 200 300 400
Z [pm]

FWHM Z [um] 264.0000

FWHM X [um] 5.8000
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F et
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Collimated PGM, TM, CM: horlzontal plane C= 5

N )>) m — Input ':S’r'f T\p\ = |Input Brx ra — Input Fw\‘m = Input 'SrX\H = Input Be =
” <) ‘ - ' — e —
S | -~

~ -

Geometrical Source Plane Mirror Plane Grating Spherical Mirror Screen-Slits
Slope error rms in X direction: 5.369779 urad a=89 -50, ﬁ=87 .40
Z, X With slope errors

FWHM Z [um] 264.0000
FWHM X [um] 2.8000

Without slope errors

FWHM Z [um] 272.0000
FWHM X [um] 2.8000

X [pm]

5.8/(5/2)=2.32

—-400—300—200-100 O 100 200 300 400 . .
Z [um Astigmatic Coma
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Finite Element Analysis M2

M Calculate the heat load absorbed optical elements

(SRCalc, to be incorporated)
M Do finite element analysis

MRay trace with deformed optics
MWorked at APS (XS) then Oasys

g

N o
¢ ORI Oy Ol
wi Wi =

wp DD
o ©
og B~
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Deformation: Heat load absorbed on PM,
Follath collimated PGM, c=2

o) =N

Geometrical Source il Toroidal Mirror Plane Grating Spherical Mirror

0.40

©
w
»

I
w
o

o o
S o
(wrl) uonewuojaq

e
wn

10
50

o

5
.0 0 1 (mm)
Vertcal () 50 a0y .

Total Absorbed Power 35 W
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Follath Collimated PGM with Absorbed power, c=2

X [ppm]

20
-400-300-200-100 O
Z [pm]

No Heat Load

FWHM Z [um]
FWHM X [um]

100 200 300 400

280.0000

5.6000

X [prm]

20
-400-300-200-100 O 100 200 300 400
Z [pm]

With Heat Load

FWHM Z[um]  [264.0000
FWHM X[um]  [10.0000
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FVLSPGM

Focusing Variable Line Spacing Plane Grating Monochromator

L 1 4 2bsw + 3bsw? + ...

do
Choose the grating magnification ¢™1 ¢ = cos f
COS (!
Choose \g for which b2 will be zero
Solve the grating equation for S5y
MAg : 2 2 .2
(7 —sinBp)* =1 — ¢“(1 — sin” By)
get ag and solve for b
1 cos®ag cos? By mAg bo
2 2( r r’ ) do

same for b3 to zero the coma at one wavelength

1 sin « cos? mA bs

@ /
Fso=§( PER—— - (Br')) — i

Software for Optical Simulations, Trieste, October 2016. Ruben Reininger



FVLSPGM

MThe defocus equation can be solved for all wavelengths by
illuminating the grating at the correct angle of incidence.

c 1s not a free parameter.

R.R & A. R. B. C, NIM A 538, 760 (2005).

c=2 at 600 eV = b2=1.44x10*mm"!

Solving coma at one wavelength enough
Coma zero at 600 eV = b3=1.3x10"¥ mm

H 8 § & &

é - Software for Optical Simulations, Trieste, October 2016. Ruben Reininger



FVLSPGM

«—N28m—r>r+—2mMm—r«—03mMm>r<«—NU10mMm —»

b, Slit plane
= Input Br & - er ut — Input = Input
0»%\—\ s bsorb {\ e \? %“
Geometrical Source  Plane Mirror (1) Plane Mirror Plane Grating Plot XY
88.5° 87.8° a=88.5°, =87.1° Horizontal focus
left down up after slit
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FVLSPGM

28 m 2m 0.3 m 10 m
Slit plane

M = Input 3 - 'm = Input 3r ra — Input B¢ | an - Input Be:

V) N N A an
Geometrical Source  Plane Mirror (1) Plane Mirror Plane Grating Plot XY

88.5° 87.8° a=88.5°, =87.1° Horizontal focus
left down up after slit
X, Z

20

FWHM X [um] 2030.0000
FWHM Z [um] 5.6000 ]

0
—3000—-2000-1000 O 1000 2000 3000
X [pm]
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.0 0
Vertha| (mm) 50 10 -Honzontal
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FVLSPGM with Heat Load

Slit plane

)))»m = Input '3rx M — Input 13 " ra = Input Fs«r\ am — Input Be “
9 ey

Geometrical Source  Plane Mirror (1) Plane Mirror

©
w
«»

© o
> 38
(wrl) uonewuolaq

©
n
o

o
wn

Without

FWHM X [um] 2030.0000

FWHM Z [um] 5.6000

Z [pm]
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Deformation: Heat load absorbed on PM, c=2

Total Absorbed Power 35 W

0.40
040 | 1 | 11 | 1 || I 1 | 11 | LI | I__] 15
035
D =
0300 £ 035 -1 10
3 2 n
0258 < 030 -5 -8
o .0 ®
. ® o025 — 0
0.20 —~ 25 | —
5 E =-30 Km 5 3
015~ © 020 Q
m '
—-10
Q o5k
1 | L1 1 | L1 1 | L1 1 | 11 1 | L1 1 | 11 1 | 1 _15

-60 -40 -20 0 20 40 60

Mirror Length (mm)

Virtual Source at 28.52 m

Fa - Software for Optical Simulations, Trieste, October 2016. Ruben Reininger



FVLSPGM with Heat Load and Corrected
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FVLSPGM with Heat Load and Corrected
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Summary

MSGM requires a movable exit slit

M Collimated PGM can be used with fixed magnification or
following grating efficiency

M The slope errors in the mirrors impair the resolution in vertical PGM
mirror.

™M The heat induced deformations in Follath collimated PGM impair the
resolution. Could be solved by moving slit.

MFocusing VLS PGM

M Can correct heat induced deformation
M Cannot change the magnification

M Formulas for all monochromator types will be included in
Oasys
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