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Long trace profiler LTP-II
Surface characterization at lower spatial frequencies

A
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Mainframe Performance: LTP-II = “

= 1D slope-trace measuring instrument ) S

= For mirrors as long as 1m " - B ceramic beam

= Accuracy: ~1 prad | S B

=  Spatial Sampling: 1 mm \ -

= Digitization: 16 bits \]1 reference '

= Indispensable for bendable mirror mirror 8 ! ot
adjustment, characterization, and ’ | ———— e
calibration | o ) T | .

B T —

| ——

-
. BL12.3.2 pre-focusing M1 ‘Lida/ mirror of 600 mm long

P. Z. Takacs, S. K. Feng, E. L. Charch, S. Qian, and W. Liu,
Long trace profile measurement on cylindrical aspheres, in
Advances in Fabrication and Metrology for Optics and Large
Optics, J. B. and R. A. Parks, eds., Proc. SPIE 966, 354 (1989).

S. C. Irick, W.R. McKinney, D. L. T. Lunt, and P. Z. Takacs,
Using a straightness reference in obtaining more accurate
surface profiles, Rev. Sci. Instrum. 63, 1436 (1992).

W. R. McKinney, S. C. Irick, A. A. MacDowell, T. Warwick, and
V. V. Yashchuk, Optimal Use of LTP or Interferometer Data for
the Adjustment of Bendable Mirrors, AIP Conference on
Synchrotron Radiation Instrumentation SRI-2006, |1l Workshop
on Optical Metrology (Daegu, South Korea, May 27, 2006).
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Foundations of Long trace profiler LTP-II: .
Frreeeeer ‘m

Pencil-beam interferometer ’\

attenuator  diode laser PDA detectors 90° reflective prism

| LTP
sanop | oL ﬁ interference
50000 | ﬁ pattern

90° prism 40000 [

30000

20000

SIGNAL (ADC OUTPUT DIGIT)

10000

ceramic beam 0
0 100 200 300 400 500 600 700 800 900 1000

PIXEL NUMBER

= folding mirrors

Fourier lens

I""polarizing beam splitter

P. Z. Takacs, Shinan Qian, Accuracy limitations in long- -| 5
trace profilometry, AIP Conference Proceedings, 708 -
(2004), 831-4. 4

V. V. Yashchuk, S. C. Irick, A. A. MacDowell, Elimination of ﬁereme
‘ghost’-effect-related systematic errors in metrology of
X-ray optics with a long trace profiler, SPIE
Symposium on Optical Metrology 2005, part of Dove
LASER2005, World of Photonics, SPIE Proceedings prism

5858, pp. 58580X-1-8 (Munich, Germany, 12-17 June
20NR)
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Motivation rfr-}'l ‘./.\.‘

Practical reasons:
to provide reliable error-bars for measured slope traces
to understand the error budget of LTP measurement, and

to determine a course of LTP improvement

‘Philosophical reason.’

” ..Fathom the unfathomable...”
F. Nietzsche, Thus Spoke Zarathustra (1885)

put error bars in LTP data
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Problem to be solved
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respectively.

to-slope-angle transformation is 1/(2F), where F is given in meters, and slope
angle and beam position on the detector are measured in prad and um,

60000 | . : i _
'Y SIGNAL=a (PN. - P0)? +const Positioning includes:
50000 | |\ a=(39+-10)bivpixe? | | 1. Find best fit parameters
. i | | P0=(265.901+/-0.023) pixels . . .
5 P ‘1 const= (8502 +/- 139) bits (91 ; (92 ; 6’3
Q ' i . :
S 40000 _— H— of the fitting function:
) [ i :
5 ] 0) =0, +0, x+0, x°
| JE—
3 30000 N S - 77(x, ) =0 HO X+, X
Q I
Q i i ’ . : . :
f, i \ I ' 2. Estimate the errors (dispersions)
< 20000 ! \ / : of the parameters:
O i . \
U} i 1 2 * 2 * 2 *
10000 -,-" \/ : S (Hl )1 A (02 )’ S (‘93 )
S B—":- 3. Find the position of the central
o E . It .
200 250 300 350 minimum: .
PIXEL NUMBER 6
* Detector is a linear photo-diode array of 1024 pixels with a pitch of 25 um and Xmin = — 1 —
sagittal width of 2.5 mm. 26
2
 The focal distance of the LTP Il is F=1.250 m; a coefficient of detector-position-

4. Estimate the error (dispersion) of
the central minimum position:

Get general relations to be used for optimization of the
LTP design, measurement process and fitting procedure

SZ(.X . ): le SZ(*@l*)_i_SZ(?Z*)
ey ey




5

Method | | | reeceY]
Review of the linear regression method ‘

BERKELEY LAB

Conditional distribution of two variables: a mean value of y vs (x,0)
E(y|x)=n(x,0)
Observation: y. =n(x,,0)+¢&.; where: &, Is the error variable
1(x,0) =0y fo(x)+6, f,(x)+...+ 0, [, (x)
is a linear combination of functions.

Simple transformations to apply Method of Least Squares:

& =Y _90 fo(xi)_gl ﬁ.(xi)_"'_er fr(xi)’ I :1’2’“"”
S=36 =300, =6 £,(x) =0 £ (x) =m0, £ (x))

oS
D 0 p=01...r
o0 P :

P

R. L. Plackett, Principles of Regression Analysis (Oxford, At The Clarendon Press, 1960).

D. J. Hudson, Statistics: Lectures on Elementary Statistics and Probability (Geneva, 1964);
In Russian: [. XydcoH, Cmamucmuka 0ns ¢ousukos, Mockea, Mup, 1970.

J. Neter and W. Wasserman, Applied Linear Statistical Models (London, Inwin-Dorsey International, 1974).
M. Kendall and A. Stuart, The Advanced theory of Statistics, vol.2 (New York, Oxford University Press, 1979).
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Method | | | r:r}l 4
Review of the linear regression method ’\‘
Conditional distribution of two variables: a mean value of y vs (x,0) Introduce a regression matrix:
E(y|lx)=n(x,60 - =
1) =t 6) L) A L) £
Observation: y, =1(x,,0)+&,; where: &, is the error variable A f,(x,) filx,)) f.(x)... f(x,)
n(x,0) =6, fo(x)+6, f1(x)+..+6, f,(x)—> ' ' ' '
is a linear combination of functions. | fo (x,) filx,) fi(x,)... fr(xn)_
Simple transformations to apply Method of Least Squares: Then:
6=y —0 f:(x)=0, f(x) =m0 f(x),i=12, =p-A0
S = zg _z(y —0, £,(x) =0, fi(x) =m0 f(x))} > S=E8=77-2045+0'4 A0
9B 0, p=0d...r > —Ay+A'460=0;
00,
Dy=c1

Solution: é‘* _ (1?4‘,2)—1 A‘

’.L‘>
5>

y
DO =((A A A)YDy (A A)*A) <o (
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Application of regression analysis to LTP fitting rm ‘uﬁ

Regression matrix:

PACARNACH I ACH NI ACH
77(x,(9)=¢90f0(x)+t91f1(x)+...+49rfr(x) _’A: fo(.xz) fl(xz) fz(xz) f;(:xZ)

Observation: y. = 77(xl. ,0)+ g,, where: &, is the error variable

is a linear combination of functions.

FLCHINACH I ACH R ACH

For LTP fitting:

) , i s
S =x"0 n(xO) =6 +Ox+x |y
Choosing: A= : . :
)=\ v _11”'1_'1'“1_110111“'1.1'”1 _11 . l
(xl) ( m,—(m—1) ) i (m )m)plxe 1 % xj
Get in the case of intensity independent noise: - -
. 2 — Solution:
$2(0,) =08 IS ik ), e
8m” +12m*° —2m -3 N :(A'A)_l A'y
* 3
s%(6, ) =0o" = o?s%(m), A~ 0 TN-1 g1 ~ e o TN-L gy
)= e DO =((4' A)* A)Dy((4' 4)*4)
$2(0,) =0 4 _o?m). = o (4 )3 A

m(2m +1)(4m> +8m* + m — 3)




Positioning errors due to intensity independent noise:

Relative Positioning Error

photo-detector dark signal and read-out error

9m? +9m —3

5
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position of the central minimum:

200 * 2 2.2
s°(0,)=0c =0 °sq (m), *
° 8m> +12m> — 2m —3 ° 0
* 3 xmln - 2 0 *
Sz(el ) :02 3 2 Sl (m)’ 2
2m” +3m° +m
. 45 dispersion of X ;. :
s°(0, )=o"° . > =o’s; (m).
m(2m+1)(4m +8m +m—3) x )= (0, ) 26,
S xmin xmln *
(x,)=(=m,~(m—1),-- -1,0,1,---,,---,(m 1), m)pixel (6, ")? (92 )?
’ ’ PDA dark current noise:
o o with o, = 6.8 ADC digits
3 ; . |
> N\ g 8 N K
: :o N PDA read-out noise
: 5 . \l\ with . ~ 200 ADC digits
10! AN § 102 \‘\ s ‘
- S oc /7
4 < 4
3 S 3
(@) .~ (b)
. .
0 2 4 6 8 10 12 14 16 18 20 0 2 6 8 10 12 14 16 18 20

Number of Fitted Points

Number of Fitted Points
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Positioning error due to |
. . ) rrrrrrer ]l
photoresponse non-uniformity of the photo-diode array ’\‘

non-uniformity of a PDA (CCD) photoresponse for the neighbor pixels is usually specified to be about 2-3%

y =1+ 51.)(6’0 +6,x,+6, xiz): 0,+6, x +0,x" +¢,
6 =5 (0,405,407 )~ (0,40 x+0x})=¢ ¥,
Intensity dependent error: DPA photoresponse non-uniformity

D) =DE) )] =02, () f ) with 0, ~0.02

=
o
®

Then, construct the weight matrix me

B
305 -
S
x o " 04 N
with elements @, , = (yl.) § . /
© 03 e — ocC n
. é e o
Solution: 2 02 i
O = (AW A AWy o
0 2 ¢ 4 7r-1 g\-1
D(@)Z o) (A’W A) 0.0

0 2 4 6 8 10 12 14 16 18 20 22 24
Number of Fitted Points

NOTE: Similar approach can be used to account for - positioning error due to signal shot noise

- non-uniformity of the effective pixel pitch



Summary

Table 1. LTP II positioning error due to the different sources of noise.
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Noise source

Position error
(pixel) at n=11

Slope error (urad)

Asymptotic with

n=11 =23
PDA dark signal 6-107 0.0006 0.002 o e
Read-out noise 2.107 0.2 0.07 i
ADC resolution (at 2'° bits) 2.107 0.06 0.02 e
PDA photo-response (at 2%) 3.107 03 @ S
Pixel pitch non-uniformity (at 10%) 3.107 0.3 @ oc 112
Signal shot noise 2-10* 0.002 0.001 o -3

Note:

* main contribution to the positioning error comes from the PDA photoresponse
and pixel pitch non-uniformity;

e strong dependence on the number of points used for fitting;

» the same error sources should be accounted for in both the sample and the

reference arms.
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Conclusions ;}l ‘.’.‘.

v General model for LTP positioning errors has been developed.

v’ Estimation of positioning error due to photo-detector dark signal, photo-detector
read-out error, photo-response non-uniformity, non-uniformity of the pixel pitch, signal
shot noise has been performed.

v’ Recommendations on improvement of the current LTP design and method are
suggested:

» The LTP Photo-detector has to be precisely calibrated to suppress the error
due to photoresponse and pixel pitch non-uniformity;

» A PDA (CCD) camera with 27%-bit ADC would be adequate for the LTP
measurement with accuracy of ~0.1 urad;

»A PDA with pixel pitch smaller by a factor of k would give \/z improvement of
positioning accuracy,

» A more sophisticated fitting procedure, which allows extending the number of
points used for fitting, would significantly improve the positioning accuracy.
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