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1 Introduction

At PTB a new setup is under development for measurements of the absolute length of samples at
cryogenic temperatures down to 10 K [1]. For this reason the Ultra-Precision Interferometer (UPI) [2]
was equipped with an external measuring path which can be cooled by liquid nitrogen or by a pulse
tube cooler. Due to the cooling measures vibration is provoked in the interferometer system.
Furthermore, since the cooled part of the interferometer is a separate extension to the stabilized
vacuum chamber, temperature changes can lead to a drift of the length of the beam path.

In length measurements by interferometry the common phase stepping algorithms mostly require fixed
and well-known phase steps between the recorded interferograms. Hence, in the presence of unstable
conditions in the environment of the experiment phase shifting interferometry cannot be performed as
usual. Therefore, Vikhagen [3] developed the so-called scanning phase shift technique for the
application of electronic speckle pattern interferometry in deformation measurement under unstable
environmental conditions.

In this paper we present an extension of the original approach in order to use the technique for
interferometric length measurements.

2 The SPS principle

Unlike other evaluation algorithms the phase can be extracted from one single interferogram in a
series of frames in which the phase steps may vary from frame to frame. When the phase is shifted
continuously or step by step while the series is recorded (simulated example in figure 1), the intensity
at each pixel varies between the minimum and the maximum value which is described for a two-beam
interference by the expression:

I(x,y) =I,(x,y) +1,(x,v) cos[e(x,v)]. (1)

Figure 1: Three exemplary interferograms taken from a series of simulated intensity frames. The small
square in the centre represents a gauge block sample which is wrung on a platen.

In this equation I, is the bias intensity, /, is the amplitude and ¢ is the interference phase. Provided
that each of these arbitrary phase steps is a small fraction of one interference order, the minimum and
maximum intensity values can be detected pixelwise over the whole series of interferograms yielding
the intensity offset


Verwendete Acrobat Distiller 8.0/8.1 Joboptions
Dieser Report wurde mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v4.0.0" der IMPRESSED GmbH erstellt.
Registrierte Kunden können diese Startup-Datei für die Distiller Versionen 8.0/8.1 kostenlos unter http://www.impressed.de/DistillerSecrets herunterladen.

ALLGEMEIN ----------------------------------------
Beschreibung:
     Verwenden Sie diese Einstellungen zum Erstellen von PDF/A-1b-kompatiblen Adobe PDF-Dokumenten. PDF/A-1b ist eine ISO-Norm für die Archivierung elektronischer Dokumente. Weitere Informationen zum Erstellen von PDF/A-1b-kompatiblen PDF-Dokumenten finden Sie im Acrobat-Handbuch. Erstellte PDF-Dokumente können mit Acrobat und Adobe Reader 5.0 oder höher geöffnet werden.
Dateioptionen:
     Kompatibilität: PDF 1.4
     Komprimierung auf Objektebene: Aus
     Seiten automatisch drehen: Zusammen pro Datei
     Bund: Links
     Auflösung: 2400 dpi
     Alle Seiten
     Piktogramme einbetten: Nein
     Für schnelle Web-Anzeige optimieren: Nein
Papierformat:
     Breite: 209.904 Höhe: 297.041 mm

KOMPRIMIERUNG ------------------------------------
Farbbilder:
     Neuberechnung: Bikubische Neuberechnung auf 300 ppi (Pixel pro Zoll)
          für Auflösung über 450 ppi (Pixel pro Zoll)
     Komprimierung: Automatisch (JPEG)
     Bildqualität: Maximal
Graustufenbilder:
     Neuberechnung: Bikubische Neuberechnung auf 300 ppi (Pixel pro Zoll)
          für Auflösung über 450 ppi (Pixel pro Zoll)
     Komprimierung: Automatisch (JPEG)
     Bildqualität: Maximal
Schwarzweißbilder:
     Neuberechnung: Bikubische Neuberechnung auf 1200 ppi (Pixel pro Zoll)
          für Auflösung über 1800 ppi (Pixel pro Zoll)
     Komprimierung: CCITT Gruppe 4
     Mit Graustufen glätten: Aus

Richtlinien:
     Richtlinien für Farbbilder
          Bei Bildauflösung unter: 300 ppi (Pixel pro Zoll)
               Ignorieren
     Richtlinien für Graustufenbilder
          Bei Bildauflösung unter: 300 ppi (Pixel pro Zoll)
               Ignorieren
     Richtlinen für monochrome Bilder
          Bei Bildauflösung unter: 1200 ppi (Pixel pro Zoll)
               Ignorieren

FONTS --------------------------------------------
Alle Schriften einbetten: Ja
Untergruppen aller eingebetteten Schriften: Ja
Untergruppen, wenn benutzte Zeichen kleiner als: 100 %
Wenn Einbetten fehlschlägt: Abbrechen
Einbetten:
     Schrift immer einbetten: [ ]
     Schrift nie einbetten: [ ]

FARBE --------------------------------------------
Farbmanagement:
     Einstellungsdatei: 
     Farbmanagement: Alle Farben in sRGB konvertieren
     Wiedergabemethode: Standard
Arbeitsfarbräume:
     Graustufen Arbeitsfarbraum: Dot Gain 20%
     RGB Arbeitsfarbraum: sRGB IEC61966-2.1
     CMYK Arbeitsfarbraum: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Unterfarbreduktion und Schwarzaufbau beibehalten: Nein
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Nein

ERWEITERT ----------------------------------------
Optionen:
     Überschreiben der Adobe PDF-Einstellungen durch PostScript zulassen: Ja
     PostScript XObjects zulassen: Nein
     Farbverläufe in Smooth Shades konvertieren: Ja
     Geglättene Linien in Kurven konvertieren: Nein
     Level 2 copypage-Semantik beibehalten: Ja
     Einstellungen für Überdrucken beibehalten: Ja
          Überdruckstandard ist nicht Null: Ja
     Adobe PDF-Einstellungen in PDF-Datei speichern: Nein
     Ursprüngliche JPEG-Bilder wenn möglich in PDF speichern: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Prologue.ps und Epilogue.ps verwenden: Nein
     JDF-Datei (Job Definition Format) erstellen: Nein
(DSC) Document Structuring Conventions:
     DSC-Kommentare verarbeiten: Ja
          DSC-Warnungen protokollieren: Nein
          EPS-Info von DSC beibehalten: Ja
          OPI-Kommentare beibehalten: Nein
          Dokumentinfo von DSC beibehalten: Ja
          Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja

STANDARDS ----------------------------------------
Standards - Berichterstellung und Kompatibilität:
     Kompatibilitätsstandard: PDF/A (kompatibel mit Acrobat 5.0)
Standardwerte, sofern nicht im Dokument festgelegt:
     Profilname für Ausgabe-Intention: sRGB IEC61966-2.1
     Ausgabebedingung: 

ANDERE -------------------------------------------
Distiller-Kern Version: 8000
ZIP-Komprimierung verwenden: Ja
ASCII-Format: Nein
Text und Vektorgrafiken komprimieren: Ja
Minimale Bittiefe für Farbbild Downsampling: 1
Minimale Bittiefe für Graustufenbild Downsampling: 2
Farbbilder glätten: Nein
Graustufenbilder glätten: Nein
Farbbilder beschneiden: Ja
Graustufenbilder beschneiden: Ja
Schwarzweißbilder beschneiden: Ja
Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
Bildspeicher: 1048576 Byte
Optimierungen deaktivieren: 0
Transparenz zulassen: Nein
ICC-Profil Kommentare parsen: Ja
sRGB Arbeitsfarbraum: sRGB IEC61966-2.1
DSC-Berichtstufe: 0
Flatness-Werte beibehalten: Ja
Grenzwert für künstlichen Halbfettstil: 1.0
RGB-Repräsentation als verlustfrei betrachten: Nein
Optionen für relative Pfade zulassen: Nein
Intern: Alle Bilddaten ignorieren: Nein
Intern: Optimierungen deaktivieren: 0
Intern: Benutzerdefiniertes Einheitensystem verwenden: 0
Intern: Pfad-Optimierung deaktivieren: Nein

ENDE DES REPORTS ---------------------------------

Die "Distiller Secrets" Startup-Datei ist eine Entwicklung der

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de


MacroScale 2011
Recent developments in traceable dimensional measurements

Imin &) + Imay (0]

: @

and the modulation amplitude
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of the measured interference (figure 2).
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Figure 2: (a) minimum intensity per pixel of the whole series, (b) maximum intensity per pixel of the
whole series;(c) intensity offset; (d) amplitude [note: each image is normalized to the full greyscale]

Finally, the phase related to the interferogram I(x,y) is

i 10,y —Ig (x,w)
©(x,v) = arccos [—G}

“

Lalx,v)
In order to resolve the sign ambiguity of the arccosine function a second frame I.(x, ) is involved in
which the phase differs only by a small amount from the other one. From the investigation of the
intensity differences I(x,v) —I.(x, V) a correction of the phase quadrants can be performed pixelwise.
Due to random noise in the intensity data the accuracy of the calculated phase is affected. This
especially applies to the pixels where the phase is close to m or 2=, i.e. when I(x,V) is close to

Lo (X, v) or I (x, 7). The corresponding pixels are omitted from the phase evaluation leaving a
gap in the phase map (figure 3(b)). The size of the gap depends on the width of the interference fringes
which is influenced by the parallelism and the flatness of the surfaces under inspection.

(a) (b)

Figure 3: (a) Exemplary phase map modulo 2r. (b) The bright area in the binary mask indicates the
pixels with unreliable phase values.
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3 SPS in length measurement

3.1 The procedure

The gaps in the phase maps may lead to the situation that too few or no reliable pixels are available for
the determination of the length. Therefore, we developed a modification of the original approach of
Vikhagen taking into account the whole series for the phase determination which is described in the
following.

A series of interferograms is recorded while the phase is shifted in small steps (as in figure 1). But
instead of using only one intensity frame for the phase determination, the phase is evaluated for each
of the frames in the whole series involving the respective subsequent frame for resolving the sign
ambiguity. Thus, the gap with unreliable phase values is located at another position in different phase
maps (figure 4).

Figure 4: Two exemplary binary masks indicating the pixels with unreliable phase values in two
different phase maps.

Then one frame in the middle of the series is defined as a reference and the phase differences between
this reference and the other frames are calculated pixelwise in the regions where no unreliable phase
values are located (figure 5). Provided that the surfaces under inspection do not change their
topography while the phase is shifted, the phase difference of each frame related to the reference is
quasi-constant over the whole image (except for the effect of a sample tilt during the measurement)
and can be determined as an offset by fitting a plane to the respective difference values.

Figure 5: Phase differences of three exemplary phase maps related to the reference frame. Only the
reliable pixels of the respective frames are considered.

Figure 6 shows the mean reference offset d¢, of each frame as a fraction of one interference order

(I0). The offset is zero for the reference frame. It can be seen from the course of the data points that
the steps between the frames are not equidistant. In this simulation the step size varied randomly
between 0 and 10 % of an interference order.
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Figure 6: Mean reference offset for each frame as a fraction of one interference order.

Finally, an amended phase map is calculated by the pixelwise average of the reliable regions of all
phase frames involving the respective offset correction d¢, . In the case of N intensity frames, we get

N-1 phase maps. The amended phase map is then given by the expression

1 N-1
=— — 5 5
vl (0, =00,) soasn ()
and free of gaps (figure 7). For the calculation it has to be taken into account that all phase values are
known modulo 27. In this phase map the phase difference between the sample and the reference plate
can be determined for the usual length evaluation which is described in the following section.

Figure 7: Amended phase map modulo 2r calculated by the modified SPS technique on the basis of
40 simulated intensity frames.

3.2 Preliminary experimental result

As an example we demonstrate the procedure with a real silicon carbide sample wrung onto a silicon
reference plate (figure 8). Therefore, in the UPI setup at room temperature a series of 50
interferograms was recorded by the camera, while the phase was shifted monotonically with a
randomized step size by a piezo actuator. For each intensity frame the phase is determined pixelwise
by means of equation (4) together with the corresponding binary mask of unreliable values and the
related standard uncertainty. The latter is calculated following the GUM [4]. By use of equation (5) the
amended phase map is calculated from the whole series of phase maps. In this calculation only the left
sample and the reference plate is considered. Figure 9(a) shows the phase distribution modulo 2.
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Figure 8: Exemplary interferogram of two silicon carbide samples with polished faces wrung onto a
silicon reference plate. For the demonstration of the evaluation the left sample with the better
parallelism (less fringes) is chosen.

CA
(a) (b)

Figure 9: (a) Amended phase map without gaps. (b) Regions of interest (the three small bright
squares) for the length evaluation.

Then based on the amended phase map the fractional order of interference of the sample’s length can
be determined. Therefore, the pixels in selected regions of interest beside and on the sample
(figure 9(b)) are averaged and the phase difference is calculated by the expression

Ap=¢,— 5 (6)
with @; as the mean phase on the sample and ¢;and @, as the mean phase beside the sample. By
repeating this procedure with different wavelengths one can determine the absolute length of the
sample (“method of exact fractions”). The statistical part of the uncertainty of the current example

amounts to approximately 2.4 nm. The result is validated by a comparison to the length which was
determined with the usually applied phase shifting technique [5] at stable conditions. The values
coincide within their uncertainty range.

4 Conclusion

Since the actual measurements are still running, this paper gives an overview of the basic principle of
the procedure. With the presented approach even in the case that the phase steps are randomized and
unknown a length evaluation is feasible. A possible drift of the length of the beam path can be
considered for realizing the phase shifts depending on the speed of the drift. The latter could be
compensated or supported by the built-in phase shifting components of the interferometer. Even in the
presence of slight vibrations, which provoke a random step width, this approach can be used for the
phase determination. The results of the measurements which are currently performed will be presented
in a separate publication together with the details of the uncertainty analysis.
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