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A=014nm 6=3mrad D= 100mm F=100 mm

. | Diffraction limit F
; 5 d~0.61—
D[ - D
- 1d =20 nm

Mirror Shape error A/280 rms

Soft x-ray: A=1nm 0 =30 mrad
Hard x-ray: A=0.1 n m 0 =3 mrad

Slope <100 nrad rms
(©ENERGY| oy BROOKHAVEN Height < 1'1 nm rms National Synchrotron Light Source [ I



Mirror Shape error A/280 rms
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NSLSII Optics R&D and metrology lab
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Stitching
Interferomete
r Prototype
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Shack
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s Slope measuring devices

Stitching Shack
NOM Hartmann Optical Head : SSHOH

Nano Surface Profiler
Flipping Mirror NSP to NOM
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Deflectometry based Optical Metrology Station
B Nano Surface Profiler : NSP (Shinan Qian — Bo Gao)

Nano Surface Profiler : NSP (Shinan Qian — Bo Gao)
Flipping Mirror NSP to NOM
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Easy switching between NSP and BNL-NOM




KB mirror inspection by using NSLS-Il vertical NSP

1000

0.043 rad RMs - < 50 nrad RMS

T T T T T T T 02 T
- I q Best fit for SRX_HFM_Jtec_Ec_A2b (without Holder):
2 p = 15167.000 [mm] (Fized)
. 500 L g =130.000 [mm] (Fized) 1%
- 0 = 2.999 [mrad) 95%C1 [2.999, 3.000] B
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s T I
* s | B igx K
2}
NSLS-II X -1000 I I I I I I I I I
. -50 -40 -30 -20 -10 0 10 20 30 40 50
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Slopes Slope errors
. o 0057 prad RMS < 70 nrad RMS
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400 p = 65630.000 [mm] (Fized) 04 i
g = 310.000 [mm)] (Fized) g
5 20 L 0 =2989 [mrad] 95%C1 [2.988,2.990] 4=
& zo = —1.628 [mm] 95%CT [—1.688, —1.569
° 13z
) ]
5 -
? 200 48
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-400 ] 5 -
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Excellent instrument but

1D
Limited to
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NSLS-Il FIP (metrology upgrade)

Lei Huang (Pl), Lukas Lienhard, Tianyi Wang, Steven Hulbert, and Mourad Idir

NSLS-II vertical NSP before upgrade Challenges

P A = Inspection of >10 mrad X-ray mirrors

(] Before upgrade Upgrade objective

10 mrad measuring range >10 mrad measuring
with uncalibrated range with self-
instrument errors calibration and stitching

capability

Our solution

Multi-Pitch NSP (MPNSP) upgrade

Huang L, Wang T, Nicolas J, Polack F, Zuo C, Nakhoda K, et al.
Multi-pitch self-calibration measurement using a nano-accuracy
surface profiler for X-ray mirror metrology. Opt Express (2020)

National Synchrotron Light Source I o



Multi-pitch NSP (MPNSP)

Reference-beam
| flat mirror and

Sample-beam : ]
P autocollimator

autocollimator

Air-bearing i
xstage

Sample-beam
autocollimator

e,

Pitch stage

Roll stage

Mechanical design by Lukas Lienhard

1. F. Polack, M. Thomasset, S. Brochet, and A. Rommeveaux, Nucl. Instrum. Methods Phys. Res., Sect. A (2010)
2. L. Huang, T. Wang, J. Nicolas, F. Polack, et al. Opt Express (2020)
3. L. Huang, T. Wang, F. Polack, et al. Frontiers in Physics (2022)

National Synchrotron Light Source I 10



Test example by using the MPNSP technique

Si mirror fabricated by JTEC Corp

Circular cylinder, RoC =15 m

The length of optical area is 141 mm

Total slope range is around 10 mrad

This mirror are measured with MPNSP
in both A-to-B and B-to-A orientations

National Synchrotron Light Source I
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Temperature stability inside the enclosure
0.018 °C PV, 0.004 °C RMS

Slope [mrad]
o

260 280 300 320 340 360 380 400

2.
x [mm] 0
[}
Air-bearing S T 1.51
x stage ‘ Reference-beam . Reference-beam §
: = X 3 ' flat mirror M autocollimator 5 1.0
Sample-beam i : T E
autocollimator IE = 1 @ 0.5 <4
E 3 5
[V]
g
L
c‘g—O.S
Pitch stage —1.0 Y
Granite block

260 280 300 320 340 360 380 400
X [mm]

National Synchrotron Light Source I 12



Multi-pitch Nano-accuracy Surface Profiler
MPNSP Results %@ = argmin NiZ(sn(xw)wn(xwy M (s G ) € — (50 (50)) € — )’

Cm,Ce,

o

n=0 x,
[mrad] S.t. ao = 0,
JR— E(0)c., =0,
5 sn () + rn(xw). Inph\ s’ E(S) c. = 0.
Outputs
10026() 280 300 320 340 360 380 Em N
m(xm) = M(xm)cm e(s) = E(S)Ce a
Slope results of all scans Estimated instrument errors Estimated pitch angles
100 -
4+ 4
T _
— 2 £ B 2
=]
o S £
£ = ~100 ] 2 o
— 0 — <)
g S _200 ©
o - 4
w2 E e
= T
2 —300 4.
—4
. : ; —-400 - : : - ; - . ; - .
-50 0 50 -5.0 -25 00 25 5.0 0 25 50 75 100
X [mm] Slope [mrad] Index of pitch angles

Huang L, Wang T, Nicolas J, Polack F, Zuo C, Nakhoda K, et al. Multi-pitch self-calibration measurement using a nano-accuracy
surface profiler for X-ray mirror metrology. Opt Express (2020)
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Compare A-to-B and =-to-A scans

Slope Height

5.0 100 1 l

251 Integration 501 141 mm 167 um
_g: 9.4 mrad : 1 .

: 141 mm ~501 !

Slope

[mrad]

Height
[um]

o

—5.0+ - —
0.8 4
2022-02-16 A-to-B scan: RoC = 15.053 m, RMS = 130.0 nrad 2022-02-16 A-to-B scan: RoC = 15.053 m, RMS = 0.55 nm
0.6 - 3
2022-02-18 B-to-A scan: RoC = 15.053 m, RMS = 124.3 nrad 2022-02-18 B-to-A scan: RoC = 15.053 m, RMS = 0.52 nm
L 044 I s 2 ]
e 2022-03-11 A-to-B scan: RoC = 15.053 m, RMS = 126.9 nrad £ 2022-03-11 A-to-B scan: RoC = 15.054 m, RMS = 0.54 nm
8T 0.2 2E 1
[OR c C
o o=
a 0.01 L 0
-0.2 —11
—0.4+ -2
0.1 1
o RMS = 18.7 nrad o
S— 0.0 W 9] RMS = 0.10 nm
c5 . 5,_ |
£c RMS = 16.3 nrad SE O /\-———\,_,.N—""'\
23 2L
E=-0.11 £
[a) [a) RMS = 0.07 nm
02 —14 W
' -60 —-40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
x [mm] x [mm]

The A-to-B and B-to-A scans show excellent self-consistency!

National Synchrotron Light Source I 14



Facility Improvement: compare MPNSP and NSP results

Slope error
[urad]

Difference
[urad]

© o o
o »

[
= o o
N o b

|
=
o

—2.0+

Slope residuals
Take the MPNSP A-to-B result as the benchmark

MPNSP A-to-B scan: RoC = 15.053 m. RMS = 130.0 nrad
MPNSP B-to-A scan: RoC = 15.053 m. RMS = 124.3 nrad
NSP A-to-B scan: RoC = 15.054 m, RMS = 159.2 nrad

NSP B-to-A scan: RoC = 15.053 m, RMS = 177.3 nrad

Al RMS =187 nradw

w RMS = 17 -d WW
RMS = 73.5.nrad W

*vv‘

-20 0 20 40 60
X [mm]

-60 —40

National Synchrotron Light Source I

[nm]
I

Height error

Difference
[nm]

WNRFPFORFLENWRARWU

Height residuals

Take the MPNSP A-to-B result as the benchmark

[ MPNSP A-to-B scan: RoC = 15.053 m, RMS = 0.54 nm |
MPNSP B-to-A scan: RoC = 15.054 m, RMS = 0.51 nm

NSP A-to-B scan: RoC = 15.054 m, RMS = 1.48 nm

NSP B-to-A scan: RoC = 15.054 m, RMS = 0.94 nm

|
=L L L
cCmwmoh~ANONONOUD

RMS = 0.09 nm

RMS-= 13“

RMS— 0.69 nm

-20 0 20 40 60
X [mm]

—'60 —40
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Why do we need 2D information?

Curvature {1/km)

bender CSX-M3A

MirrorSlopes (prad)

'
Fa

CSX-M3A, Rx=29.45km
central line in slope

a
g

mirruru;nrdinate (mm)
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GrazTg Incidence Interferometry

WENERGY | scence

Interferometer

Reference
Flat

/

o O Test
Surface
/
__—57

Transmission Flat

Stltchlng
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The 2D stitching interferometer prototype

[€]

Controllers

.
4

TNl
stitchi terferc

L. Huang, T. Wang, K. Tayabaly, D. Kuhne, W. Xu, W. Xu, M. Vescovi, and M. Idir,
"Stitching interferometry for synchrotron mirror metrology at National Synchrotron Light
Source Il (NSLS-I1)," Optics and Lasers in Engineering 124, 105795 (2020).

National Synchrotron Light Source I 18



The 2D stitching interferometer prototype

JTEC flat mirror
Dimensions: 250mm (L) x 50mm (W) x 50mm (H)
Clear aperture: 245mm (L) x 26mm (W)

< 245 mm >

19 mm ~ 0.59 nm RMS

:

L. Huang, T. Wang, K. Tayabaly, D. Kuhne, W. Xu, W. Xu, M. Vescovi, and M. [dir, "Stitching interferometry for synchrotron
mirror metrology at National Synchrotron Light Source Il (NSLS-II)," Optics and Lasers in Engineering 124, 105795 (2020).

National Synchrotron Light Source I 19



JTEC flat mirror
Dimensions: 250mm (L) x 50mm (W) x 50mm (H)
Clear aperture: 245mm (L) x 26mm (W)

Repeatability

4 245 mm
19 mm [} e - osommrms|E " = e - 0.57 nm RMS
-t B = . 054nmRMSE S : i _ 0.52nm RMS

0.55 nm RMS
0.59 nm RMS
0.55 nm RMS
0.53 nm RMS
0.54 nm RMS

[nm]

1 0.56 nm RMS
0.54 nm RMS

0 0.54 nm RMS
0.55 nm RMS

y 0.53 nm RMS
0.54nmRusff & I 054nmRMS

" os52nmRvsp = . 049nmRMS

2 s : = rvs = = 0510mRMs

L. Huang, T. Wang, K. Tayabaly, D. Kuhne, W. Xu, W. Xu, M. Vescovi, and M. [dir, "Stitching interferometry for synchrotron
mirror metrology at National Synchrotron Light Source Il (NSLS-II)," Optics and Lasers in Engineering 124, 105795 (2020).

National Synchrotron Light Source I 20




Check the self consistency

f

s 19 mm

NSLS-II
2019-01-10 ¢
A2B

NSLS-TI
2019-03-26
A2B
NSLS-TI
2019-03-29
B2A

‘ 245 mm

(@)
JTEC flat mirror
Dimensions: 250mm (L) x 50mm (W) x 50mm (H)
Clear aperture: 245mm (L) x 26mm (W)

National Synchrotron Light Source I 21



Comparison with ESRF stitching results in height

2018-10-01 20 mm
A2B |
NSLS-II f
2019-01-10 § & 19mm
A2B | |
NSLS-IT
2019-03-26
A2B
NSLS-IT
2019-03-29 [
B2A ‘

r 245 mm

JTEC flat mirror
Dimensions: 250mm (L) x 50mm (W) x 50mm (H)
Clear aperture: 245mm (L) x 26mm (W)

National Synchrotron Light Source I 22



Comparison with NSLS-Il NSP in slope

0.5
ol o A aa ¥ Lounrror Tt Mesd ¥ NSLS-IINSP A2B
"4 ot P AT W S WWW& : % NSLS-II NS
0.5 —@dﬁ%w wod AN Paag Ve NP i FomPomen Y, NSLS-TTNSP B2
-1 ? N Iz P 498" b ‘...;.Z--u,'-::"l-'\- ':_____ s WY :4 [ LR o bR o 3)__..-:;)._: ), [ e , T3 a0 0 fh B, "-_‘: g 3 .‘":'_"‘- } NSLS-II SI 600x150 A2B

i, NSLS-II S1256x64 A2B

oy, o P W by, NSLS-11 8125664 B2A
NSP A2B - NSP B2A

i
225 et s g o[ o 5 s s [ [ i prme s il ot et 20 e d RMS

880800

x-slope [urad]

SI 600x150 A2B - NSP .
3k ):] All differences

35 s n AR -y . .. S1256x64 2B -Nsp | Detween these
i measurements
| EPSE - e g R R e PSR Pas s sepns . S1 256%64 B2A - NSP are below
s | | | | ‘ 50 nrad RMS
0 50 100 150 200 250
X [mm]

L. Huang, T. Wang, K. Tayabaly, D. Kuhne, W. Xu, W. Xu, M. Vescovi, and M. Idir,
"Stitching interferometry for synchrotron mirror metrology at National Synchrotron Light
Source Il (NSLS-II)," Optics and Lasers in Engineering 124, 105795 (2020).
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Micro-stitching interferometry

1D stitching with angular measurement

h

View from aside

Rl

. lonBeam
Figuring (IBF)

stitching ‘

Interfer-
ometer

)

-
Autocollimator

| v
Flat Mirror |

il
Interferometer

Target ellipse

Source-to-mirror distance

45.170m
p
Mirror-to-focus distance g | 331.92 mm
10 - Grazing angle 6 2.8 mrad
0
-10 | f
Residual 2 W‘ﬁ\, \ NSP (x o=4'5 mm)
ol 30 | Osaka University
40 | ASI A->B (x =6.3 mm)
0.3 nm RMS N °
-2 ‘ : : ! ﬂWﬁm* f h T4 1 asi B->A ( =6.8 mm)
50 0 50 100 < ‘W’l’ POt g j YOl e
X Imml -60 \ \ \ \
-60 -40 -20 [1] 20 40 60
X [mm]
L. Huang, J. Xue, B. Gao, M. Idir, One-dimensional angular-measurement-based stitching
interferometry, Opt. Express, 26 (2018) 9882-9892.
24
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] | ] R oy h \ ,; " | .l,e,n-Beam | 3
Microscopic Interferometer O B
- X Interfer- / e
‘ { ‘ itchin Tl oreter || -~ : i
Data Analyzer (MIDA) e Kl =
rototype 1 : ,
(H) kD
. Fiz stitching L S | d | NAN : "
g oL 4% 11, Target ellipse parameters
> p 30m
—?40 -30 -20 -10 0 | WO‘ | 20 30 40 50 * q 0.3m
x[mml 0 3mrad

0.6 nm RMS

50
X [mm]
5 Fizeau stitching + MIDA  Scan#2 0.6 nm MS
E L 1 Bl Combination of the
B g : ! microscopic data and
5 2 the Fizeau stitching
-40 -30 -20 -10 0 10 20 30 40 50
x [mm] data
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Lenses or Glasses
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Surgery

aser- ssisted in = tu eratomileusis

Wavefront-guided LASIK is a variation of LASIK surgery in which,
rather than applying a simple correction of only long/short-
sightedness and astigmatism (only lower order aberrations as in
traditional LASIK), an ophthalmologist applies a spatially varying
correction, guiding the computer-controlled excimer laser with
measurements from a wavefront sensor. The goal is to achieve a
more optically perfect eye.

BROOKHARAEN

Brookhaven Science Associates NATIONAL LABORATORY



RCL The problem

Aberration measurements

.......

......

ablation deptitm]

7
BRODKHAVEN

Brookhaven Science Associates NATIONAL LABORATORY



Wavefro nt_g u i d e d I_AS | K Laser-Assisted In Situ Keratomileusis
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lon Beam Polishing
Step by Step

e s el S

e
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s X . 88321 v o
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e — For =
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Prediction

Measurement Calculation

Process




R&D : lon Beam Polishing

Ion beam

Shape error

——» Scanning
Ton source

Last step in figuring/polishing process of optics
Sputtering of unwanted material

Correction of long spatial wavelengths (X ~ cm)
Correction of small thickness (Z < um)

P

BROOKHRVEN

Brookhaven Science Associates NATIONAL LABORATORY



R&D : lon Beam Polishing

| 1; \

£

-

BROOKHIVEN
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Before IBF After IBF

Surface/Wavefront Map Surface/Wavefront Map
+70.16 +173.25
| ' |' nm
-38.12 -341.54
[ov 108.3 fl s | | 514.8 || zms 139.7 nm |
[size x 87.5 mm ___ ||size ¥ §7.5 mm__ | [size x 87.5 mm  |[size ¥ 97.5 mm |

Y fmm

_2':' . ............ ............ . ........... . ..... 1|:||:|
o] S S - S

0 0 IR
X /mm e IAATEN

Brookhaven Science Associates NATIONAL LABORATORY



lon Beam Figuring — Flat Sample - 15t run (9 minutes)

Plane sample #1

Brookhave

Height nm

Height /nm

Residual Height: P 46.6 nm; RMS 1273 nm

Hm

Central line: PV 43.9 nm; RMS 14.94 nm

25 T T T T . .

; . | =6 central line
L Rt e A AR —&— average
gt RT
o .45 BN . W
MR TR0 O I . 9
R SENE NN Y |
IR T T O
i) S ................................ 4
T - -------------------------------- -
20§ ,JL, ................................ i
25 | | | | i | | | |
00 40 300 200 10 0 10 20 30 40 80

A14 ~ 3009

~44 nm PV
RMS: 15 nm

1D IBF

9 minutes

~ 3.7 nm PV
RMS: 0.74 nm

AM171 ~3000%

Height nrn

Height /nm

Residual Height: PV 4.1 nm; RMS 0.72 nm

Central line: PV 3.7 nm; RMS 0.74 nm

..........................................

.....................................

EERE) GREREERY

"""""

T T I I
@ 1| —©— central line
¥ 2| —&— average

---------------------------




LDRD: Diffraction-limited and wavefront preserving

reflective optics development

Mourad Idir (PI), Lei Huang (Co-PI), Nathalie Bouet (Co-PI)
Tianyi Wang (Post Doc), Matthew Vescovi, Yi Zhu, Dennis Khune

Improved the 1D-IBF system

1D-IBF system

35

National Synchrotron Light Source I

Developed the 2D-IBF system

-

Controller
rack

2D-IBF system

35



Diffraction-limited reflective
optics development at NSLS-II

National Synchrotron Light Source |l



Example 1

El]ipticécy]indﬁers using NSLSII [BF SyStem |
S T SR Siarting mirror
{spherée}

Figui‘e error mat ]
' Initial figure errors, RMS = 190.28 nm

" Finished mirror
(1D ellipse)

@Eﬁfiﬁ? | Nati-:@nal synchrotron Léight source Il .



The Surface roughness not affected by the IBF process

Before IBF

After IBF

National Synchrotron Light Source I
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Example 2 FLAT Grating (ALS)

Low blaze angle grating #C11 for IBF tests

Goals:

* To fix the non-planarity of the grating surface by IBF

* To investigate groove smoothing during the IBF, which i
expected to be minimal

e 200 lines/mm
* Blaze angle 0.22°

100 MM x40 mm x 20 mm

nm

mm

(7
m BERKELEY LAB | S.)' ADVANCED LIGHT SOURCE Dmitriy Voronov 01/17/2023

National Synchrotron Light Source |l
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Example 2 FLAT Grating (ALS)

Befnre the IBF runs
.. The.clear aperture js. .
95mm (L) x 30 mm: {W],

Residual {bﬂua]}

e PR3] i 'pv= 36,31 0m, RMS =362 nm__
After the 15t IBF run:
| Abgqut 20 min [BF -+ 7 £
* [man]
Residual (actual)

PV=442n I.T"’EBT]?"L'[‘I : . PV=44.2nm RMS =0.78 nm

After the 2" IBF run:

20 40 . B0 80
: % [mm]

O3 BN ADVANCED LIGHT SOURCE

National Synchrotron Light Source |l




Example 2 FLAT Grating (ALS)

Efficiency simulations before and after IBF

= #C11-NIL52-...-.3.140 - best groove
0.40 q === #C11-IBF#1-X=20-Y=50.17.765 - best groove

0.354
0.30
0.25

0.20

Efficiency

0.15
0.10 4

0.05 1

0.00

=

-

L]
I

200 400 600 800 1000 1200

photon energy (eV)

m BERKELEY LAB

" ADVANCED LIGHT SOURCE

50 4
453
407
35 3
30
25 3
20
15

] —— Akima spline interp of "#C11-NIL52-...-.3.140"

— 8

o7 From smathing Si02_PECVD_Zmin
=N film by Ar_200W plasma we can
o5 estimate v2 to be from 6 to 12
23

[*]

w 3

@2

81

50

@ _1

T4 5 6 7 8 9 10111213 14 15 16
Length, pm

—— #C11-IBF#1-X=20-Y=50.17.765 - best groove

] — IFFT of [Book16]FFTResultData 1)(N"Real - smoothed”,0"Imaginary - smoothed"”)

v, =12 nm
Ah =40 nm

Length, um

Dmitriy Voronov 01/17/2023

National Synchrotron Light Source |l
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Example 2 FLAT Grating (ALS)

Y #C11 - measurements before IBF

0_40_- ® #C11 - measurements after IBF
0.35 -
- Aok KKk
> 0.30+ * *
S 025- *
S 0.25- *
S ] *
o 0201 X N
0154 X "
0.10 - * *®
4 **
0.05 - *
4 ***
0.00 .
200 400 600 800 1000 1200
Energy, eV

[/
g;i ADVANCED LIGHT SOURCE Dmitriy Voronov 01/17/2023 Eric Gullikson ALS Beamline 6.3.2




Example 3

APS/HPCAT Diffraction Limited KB System

Clear Aperture
100 mm x 10 mm
150 mm x 10 mm
Height errors < 0.6 nm rms

Mechanical designed by APS HPCAT Beamline KB mirrors fabricated by NSLS-II

National Synchrotron Light Source |l 43



Example 3

HPCAT vertical KB mirror — specs

Base geometry: best-fit sphere

National Synchrotron Light Source I

Target ellipse height

Shape Elliptical cylinder,
rectangular s
Grazing angle, 6 2.2 mrad ¥
Source-to-mirror-distance, 46420 mm
p X [mm]
Mirror-to-focus distance, q 330 mm Target llipse stope o~
Length, L 160 mm ok 1
Width, W 28 mm T °f 1
E
Thickness, T 40 mm § af? ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]
* -80 -60 -40 -20 0 20 40 60 80
Active length, L, > 150 mm x{mm
Active Wldth, WA 2 10 mm 209.7 Target ellipse radius of curvature
400 = -
Height error RMS <0.5 nm
Slope error RMS <0.1 urad g "ot b
Roughness RMS <0.2 nm T ‘ ‘ ‘ ‘ ‘ ‘ ) P
-80 60 -40 20 0 20 40 60 80
x [mm]
44



Example 3

HPCAT vertical KB mirror — figuring & finishing

.
Fgm Cae o
>

Figuring with FWHM = 5-mm beam

Finishing with FWHM = 1-mm beam

= PV=37.74nm RMS=7.110m
50 100 150 50 100 150
Run 1: Run 3:3
10 cycles _ _ cycles
PV = 306.41 nm, RMS = 58.54 nm — PV = 15.91 nm, RMS = 1.23 nm
E e
— §_-J D% femd ré@ T 0 E
100 50 50 100 150
R“1’62 Run 4: 3
cycles _ PV = 11.74 nm, RMS = 0.99 nm
cycles E PV = 37.74 nm, RMS = 7.11 nm = ‘ = 0. . 0 &
I~ e w A Q9 E - I i TP E
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Example 3

HPCAT vertical KB mirror — validation

(p [m], q [m], 6 [mrad], xo [mm]) = (46.420, 0.330, 2.202, 76.686)
0.522 nm RMS

[nm]
1
0
wis - : -1
0 50 100 150
x [mm]
. Integration . o
Nano-accuracy Surface Profiler = > Fizeau Stitching Interferometry
(NSP, slope) Differentiation (FSI, height)
1000 g ’.u‘l‘ it Ll o s
800 v (" TPHY. Y oy ‘ All scans All scans
=) ) 6
S 600 | A | du
= AT WAL AL - MMM vNsP y=0omm (E) £, [\ i
@ YT TALLYAYT W' 74 nrad RMs E4 VNSP y=0mm (E.)
& " Al (bl ~ 0.60 nm RMS
S ‘ |
>f{<3 : il w el 1 ’|)‘ " ;';‘I | 2 ;
o KA ALY kR | LAk FS! y=0mm (B.)
Y \‘ R L || | i EIMY I 64 nrad RMS FSI y=0mm (B.)
W W L Gl Al L Ll L TR
-200 . . TR . ‘ | ~ 0.49 nm RMS
0 50 100 150 0 50 100 150
X [mm]

X [mm]
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Example 3

Before ion beam figuring: 0.15 - 0.17 nm rms

PV =9.08 nm, RMS = 0.16 nm PV =26.3 nm, RMS = 0.17 nm 4 PV = 11.84 nm, RMS = 0.16 nm PV =8.79 nm, RMS = 0.15 nm PV =10.06 nm, RMS =0.16 nm
. ekl ” f b e Mo
_ 04 r Ay 0.1 S i 0.1 0.1 0.1 3
E ‘ £ f ° £ E ST E e L
£ wih 0 EE T e | |0 EE 0 EE e 0 EE D E
=005 . ;‘ ©>0.05 (NS . = 30.05| 2005 ©'=0.05 i =
/ ’ il |
g i | )
i { R e
g — -1 o s, 0 1 0 -1 0
0 0.1 0 0.1 0 0.1 0 0.1 0 0.1
x [mm)] X [mm] x [mm] X [mm] x [mm]
PV = 39.69 nm, RMS =0.21 nm PV = 39.69 nm, RMS =0.19 nm ] PV =39.78 nm, RMS = 0.2 nm PV = 39.25 nm, RMS = 0.2 nm P PV = 39.25 nm, RMS = 0.2 nm
£
_ 0.1 N ¢ _ 0.1 _ 0.1 ¢ _ 01 _ O1E
E i E E E E :
E / 0 EE 0 EE ' 0 EE 0 EE ; E
=0.05 ©3=0.05 i ©>0.05 | =005 ©30.05| “
4 " * E % -
0 o 1 ( N G -1  —— o SR 1 0 R N A 0
0 0.1 0 0.1 0 0.1 0 0.1 0 0.1
x [mm] x [mm] x [mm] x [mm] x [mm]
u L] u -
After ion beam figuring: 0.2 nm rms
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Inverse: hybrid height-and-slope optimization

Initial height and slope errors

(a) Height, RMS = 77.07 nm |(b) Slope in x, RMS =4.49 prad

400 10
g g

.i - B _
0 10

prad 5

10
£
£

-10

10 10 (©) Slope in p, RMS =3.63 prad

]

z E

1 -10 ,

I

Height-based method

0.17 0.32 1.03
(b) Slope in x, RMS = 0.09 prad (c) Slope in y, RMS = 0.58 urad
g 10 g 10
5-10 E-10
e) Slope in x, RMS = 0.03 prad Slope in y, RMS = 0.34 prad
- = 10 (¢) Slopein x, [ 3 = 10 (f) Slope in y, I .
= B CORLAT, el
h) Slope in x, RMS =0.01 pyrad i) Slope in y, RMS =0.13 prad
=10 (h) Slop I =10 (i) Slopeiny |4
g g
-10 -10
-0.26 -0.33 -0.80|
275 mm 75 275 mm 75

| Hybrid method gives the smallest residual error estimations.
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Conclusion

X-ray Diffraction Limited Mirror optical

metrology and fabrication procedure is
established at NSLS-II.
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