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Long trace profiler LTP-II

BL12.3.2 pre-focusing M1 toroidal mirror of 600 mm long

Surface characterization at lower spatial frequencies

LTP-II  Mainframe Performance:
1D slope-trace measuring instrument
For mirrors as long as        1 m
Accuracy:                          ~1 µrad
Spatial Sampling:               1 mm
Digitization:                       16 bits
Indispensable for bendable mirror 
adjustment, characterization, and 
calibration

optical sensor

reference
mirror

ceramic beam
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Foundations of Long trace profiler LTP-II:
Pencil-beam interferometer

LTP 
interference 

pattern
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Motivation

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

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

put error bars in LTP data

‘Philosophical reason:’



Problem to be solved

• Detector is a linear photo-diode array of 1024 pixels with a pitch of 25 µm and 
sagittal width of 2.5 mm. 

• The focal distance of the LTP II is F=1.250 m; a coefficient of detector-position-
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 µrad and µm, 
respectively.  

Positioning includes:
1. Find best fit parameters 

of the fitting function:

2. Estimate the errors (dispersions) 
of the parameters:

3. Find the position of the central 
minimum:

4. Estimate the error (dispersion) of 
the central minimum position:
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Get general relations to be used for optimization of the 
LTP design, measurement process and fitting procedure



Method
Review of the linear regression method

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: Д. Худсон, Статистика для физиков, Москва, Мир, 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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is a linear combination of functions.
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Method
Review of the linear regression method
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Introduce a regression matrix:

Then:
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Application of regression analysis to LTP fitting

)(...)()(),( 1100 xfxfxfx rrθθθθη +++=

;),( iii xy εθη +=Observation:
iε is the error variablewhere:

is a linear combination of functions. ⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

=

)()()()(

)()()()(
)()()()(

ˆ

210

2222120

1121110

nrnnn

r

r

xfxfxfxf

xfxfxfxf
xfxfxfxf

K

MMMM

K

K

A

Regression matrix:

yAAA ˆˆ)ˆˆ(ˆ 1* ′′= −θ
Solution:

)ˆ)ˆˆ((ˆ)ˆ)ˆˆ((ˆ 11* ′′′′′= −− AAAyDAAADθ

IyD ˆˆ 2σ=
12 )ˆˆ( −′= AAσ

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

=

2

2
22

2
11

1

1
1

ˆ

nn xx

xx
xx

MMM
A

:)( ρ
ρ xxf = 2

210),( xxx θθθθη ++=

For LTP fitting:
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Get in the case of intensity independent noise:
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Positioning errors due to intensity independent noise:
photo-detector dark signal and read-out error

position of the central minimum:

dispersion of          :
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PDA dark current noise:  
with                  ADC digits8.6≈dcσ

PDA read-out noise            
with                     ADC digits200≈roσ



Positioning error due to

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%
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Intensity dependent error:

Then, construct the weight matrix            

with elements        

( ) ( )2*22*)()( iprniii yyDD σξε =≈

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

- non-uniformity of the effective pixel pitch 



Summary

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

• 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

General model for LTP positioning errors has been developed. 

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.

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 210-bit ADC would be adequate for the LTP 
measurement with  accuracy of ~0.1 µrad;

A PDA with pixel pitch smaller by a factor of      would give 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.

k k
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