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ABSTRACT
We describe a method for measuring the deflectio due to gravity (sag) of horizontally mounted reference flat of phase
shifting interferometers. The planarity of a test fla can be measured sag-free while supporting it iso-statically on a suitable
visco-elastic polymer foam. A sag map is obtained when the sag-free flatnes error is subtracted from the flatnes error of
the same fla held at its edge.

Keywords: Optical interferometry, Reference fla calibration, Sag

1. INTRODUCTION
Three-fla tests are a well-understood procedures for determining the planarity, or flatnes error, of interferometer reference
flats 1–10 A fla test requires the pairwise comparison of flat with an interferometer, as is schematically indicated in Fig. 1.
In most cases a fla test will be performed using a Fizeau interferometer, because this type of interferometer can achieve
very low measurement uncertainty. In a Fizeau interferometer all optics (not shown in Fig. 1) are shared by both test and
reference arms of the interferometer, and in this “common path” configuration phase errors in the imaging system are
identical in reference and test beams and cancel out. For three circular, nominally identical flat A, B, and C, a three fla
test consists of at least the four measurementsM1,M2,M3, andM4 of Fig. 1. The measurements in Fig. 1 can be translated
into an equation involving the planarities of the flats
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In Eq. 1 A(x, y), B(x, y), and C(x, y) stand for the flatnes errors of flat A, B, and C respectively. M1 is a measurement
of the test fla A against reference fla B (reference flat are shown above the test flat in Fig. 1). The result is the combined
flatnes error of flat A and B. Likewise, M3 is a measurement of test fla A against reference fla C, and in M4, test fla
B is measured again reference fla C. In this measurement sequence (BA, CA, CB), as in all three-fla test procedures, at
least one of the flat must be used as both test- and reference flat In addition to these measurements a fourth measurement
is required in which one of the flat is rotated. This additional measurement is M2 in Fig. 1 and Eq. 1. AR(r) denotes the
rotation average of the planarity of fla A. The measurement of a flat here B, against the rotation average of another can
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Figure 1. One possible set of measurements comprising a three-fla test.

be accomplished using either N-position averaging4,6, 10 or rotational shear measurements.2, 5 Eq. 1 can be solved for the
flatnes errors of the three flats 6,9 and one possible solutions is:
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where Me
k(x, y) = Me

k(−x, y) are the even components of Mk under reflectio at the y-axis, Mo
k (x, y) = −Mo

k (−x, y)
the odd components, andMe

k(x, y) +Mo
k (x, y) = Mk(x, y).

When interferometer flat are mounted horizontally and supported at their edges, as shown in Fig. 1, they are unavoid-
ably deflecte by the force of gravity. This deflection or sag, is not included in the three-fla test described by Eq. 1 and its
solution Eq. 2. In the three-fla test shown in Fig. 1, the sags of flat A and C can be ignored as long as they are nominally
identical, as both of them are always tested in the same orientation; however, due to the inevitable flippin of at least
one fla (fla B in Fig. 1), the sag must be well characterized, and the sag measured in the “test” position (M4) must be
assumed to be the same, but with opposite sign, as that in the “reference” position (M1, M2). An additional, separate sag
measurement is necessary because the sag can be determined only partially as part of the the three-fla calibration.11

Already in 1966, G. Dew remarked: “In view of the frequent use that is made of three point edge supports for interfer-
ometer flat it is surprising that so few attempts have been made to measure the sag experimentally”.12 This observation
remains valid today. Even though it is not uncommon that horizontally mounted fla surfaces must be characterized, the
problem of findin a reliable experimental procedure for calibrating the sag of reference flat due to their weight has proven
to be refractory and few solutions have been suggested in the literature, especially ones that are suitable for production en-
vironments.

A well known solution for the calibration of a horizontally mounted interferometer reference fla is the use of a liquid
mirror as an absolute flatnes standard.13–15 Mercury mirrors have been used successfully as flatnes standards,13 but more
recent realizations of liquid flat have relied on silicon oil surfaces to avoid the health risk caused by mercury. Despite their
conceptual simplicity, liquid flat have several disadvantages. It is obvious, that they are not strictly fla but are spherical
surfaces with the radius of the earth. This becomes unacceptable when precision surfaces must be tested with nm level
uncertainty. Silicone oil reference surfaces can also be affected by thermal gradients in the oil and electrical forces due to
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Figure 2. Static stress as a function of uniaxial compressive strain for a polymer foam material.

electric charges on the non-conductive oil. Overall, the uncertainties that have been reported for silicon oil reference flat
are at least about 3 nm,14,15 which is too high for demanding applications.

A more practical solution was advanced by Vannoni and Molesini11 who eliminated the gravitational sag of a test fla
with 150mm diameter by supporting it on a membrane covering a pressurized air cell. The flatnes of the membrane
supported fla was subtracted from the flatnes of the same fla when it was held at three points at its edge to obtain the
gravitational sag. The experimental results agreed with numerical finite-elemen calculations of the sag.

In this paper we return to a similar, earlier idea by Fairman et al.16 and Oreb et al.17 who describe the calibration of the
sag due to gravity for the 350mm diameter reference flat of the Large Aperture Digital Interferometer (LADI) at CSIRO,
Australia. A polymer foam sheet of about 3mm thickness was used to support the test fla iso-statically to eliminate the
sag due to gravity. The same test fla was then measured while held at its edge. The difference of the two measurements
is the sag due to gravity. The procedure gave satisfactory results but it was never followed up by a careful analysis of the
method.

The foundation for the work presented in the following sections is contained in Fig. 2, which shows the static stress σ
in a polymer foam material resulting from an uniaxial compressive strain ε. Compressive strain is define by the equation:

ε =
Δτ

τ
, (3)

where τ is the thickness of the material before compression, and Δτ the amount of compression. The static stress–
strain curve of all polymer foams has the characteristic shape shown in Fig. 2.18,19 It can be understood qualitatively
by considering the structure of a typcical polymer foam material. A scanning electron microscopy (SEM) image of the
surface of an open-cell polyurethane foam sheet is shown in Fig. 3. At small strains, the response of the foam is linear
(region I). Once the strain is increased beyond a certain threshold, the cells of the foam (see Fig. 3) begin to collapse and
the stress increases only slowly as the strain is increased and more cells collapse (region II). Finally, when all foam cells
have collapsed the material is compacted and the stress rises rapidly as the material properties approach those of the bulk
material (region III). When a glass fla with diameterD is placed on a sheet of foam, the pressure p under the glass plate is

p = ρ · t · g (4)

where ρ is the density of the glass, t the thickness of the plate, and g the acceleration due to gravity (g = 9.80665m·s−2

at sea level). For example, for a 70mm thick silica glass fla with a density of 2.21 g·cm−3, the pressure under the fla
is approximately 1500 Pa. When this pressure coincides with the plateau in the stress–strain curve of the foam sheet, the
reactive pressure by the foam is nearly constant for a wide range of strains and the support of the fla is quasi-iso-static.

The striking capacity of visco-elastic foam mats to iso-statically support a fla on an uneven surface, or table, is illus-
trated by the experiment that is shown in Fig. 4. Four steel shims with 50μm (right), 100μm (front), 200μm (left), and

Proc. of SPIE Vol. 8493  84930F-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 16 Jun 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Figure 3. Scanning electron micrograph of the cellular foam structure at the top surface of one of the open-cell polyurethane foams used
in this study.
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Figure 4. Shims with thicknesses of 50µm (right), 100µm (front), 200µm (left), and 300µm (back), placed under a polyurethane foam
mat (left image). Difference of two measurements of reference fla A against test fla C with and without the shims (right image).

300μm (back) thickness were placed on the rotary table of the LADI interferometer (left image in Fig 4). Table and shims
were covered with a 3mm thick, visco-elastic polyurethane foam mat, and test fla C was lowered onto the foam sheet20
and the fla was measured against reference fla A. This was followed by a measurement without the shims under the foam
sheet. The difference of the two measurements is shown on the right side of Fig. 4. No features in the difference map can
be correlated with the location of the shims that were placed under the foam mat.

In section 2 we summarize the mechanical properties of the foam materials that were used to support flats Section 3
describes how the polymer foams were applied to measuring the sag due to gravity of the reference flat of the LADI with
350mm diameter.

2. POLYMER FOAMS
A number of visco-elastic foams made from silicone, polyurethane, and neoprene were investigated. In addition, we
explored several visco-elastic silicone gels and other gel materials for this application. The static stress–strain curves of
these materials were measured at an ambient temperature of about 24 ◦C using the testing instrument shown in Fig. 5. Foam
specimens were prepared for compression testing by cutting 25mm diameter discs from foam sheets using a hollow punch
which matched the 25mm diameter platens of the testing machine (see inset in Fig 5). The foam sheets were either 3mm
or 6mm thick. In some cases the thinnest commercially available sheet was 10mm thick. The silicone gels were purchased
either as sheets, or in liquid form and cast in a mold to create approximately 6mm thick gel sheets. In the compression
tester, the foam and gel sheets were compressed by a specifi amount and, after relaxation of the material, the compression
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force was measured. Most of the visco-elastic foams will continue to relax even for several hours after compression, but
after about 20min the changes in the compressive force became very small. In most cases the force measurements were
made 20min to 30min after changing the compressive strain. Fig. 6 shows static stress–strain curves that were obtained for
several types of materials. One of the curves (SS6080) in the diagram for a soft silicone gel. This silicone gel, like other
silicon gels, shows an almost purely elastic response to compression with a steep slope in the stress–strain diagram. The
silicone gels are even less compressible than the curve in the stress–strain diagram Fig. 6 indicates. When a compressive
force is applied to the platens of the compression tester, the silicon gels were were pushed out in radial direction from
between the platens. The steep slopes of the stress–strain diagrams for silicone gels at the pressures that are found under
typical optical reference flat makes these materials unsuitable as an iso-static support material. The two silicone foams,
Saint-Gobain AGP200†and Rogers BF2000†, in Fig. 6 have quite different stress–strain diagrams. BF2000 has an almost
elastic behavior that is very similar to a gel. This is related to the structure of the foam. BF2000 is a foam with nearly closed
cells, and top and bottom sides of the foam are sealed. AGP200 is an open cell foam with clear plateau behavior. BF2000
and AGP200 were the two softest silicone foams that seemed to be commercially available. These foams are typically
produced as gasket materials and most silicone foams are too fir to be useful as iso-static reference fla supports. The
same holds for the rubber and neoprene foams that were investigated. Without exception, they were not sufficientl soft
to reach the plateau in Fig 2 for the pressures under our optical flats Also shown in Fig. 6 are stress–strain curves for
three different viscoelastic 3M CONFOR†polyurethane foams. It is evident that the polyurethane foams have mechanical
properties that make them better suited for our intended application. The stresses at which the plateaus in the stress–strain
diagram occur cover the range of pressures under typical interferometer flat with several cm thickness. In addition to the
foams shown in Fig. 6, a number of soft, visco-elastic polyurethane foams sheets with thicknesses of 3mm and 6mm from
another supplier, Bergad†, was investigated. The stress–strain diagrams for these foams are shown in Fig. 7.

The uncertainty of the static stress measurements is determined by the specimen preparation and the measurement of
the compressive force after complete relaxation of the foam following compression. The strain σ is proportional to the
compression force F :

σ =
4F

πD2
, (5)

where D is the diameter of the cylindrical foam specimen. Using a hollow punch, the foam specimens could be prepared
with a diameter uncertainty δD of about 0.5mm. The corresponding uncertainty for the stress is:

δσ = 2σ
δD

D
. (6)

For a stress of 1500 Pa, which corresponds to the pressure under a 70mm thick silica glass flat the stress uncertainty due to
the specimen preparation is about 60 Pa. The uncertainty due to the compression force measurement is negligible. Another
contributor to the measurement uncertainty is the uncertainty in the strain, which mostly depends on the measurement
of the foam specimen thickness. For the thickness measurement a foam sample was loaded on the bottom platen in the
testing machine (see Fig. 5), and the top platen was lowered slowly until the platen touched the foam and the compression
force began to rise. In this way the specimen thickness could be determined with an uncertainty of 2μm. The resulting
strain uncertainty is negligible. The uncertainty of the compression force measurement in the fully relaxed state is the most
difficul to quantify. Force measurements were made between 20min to 30min after compression, because at that time the
force had either stabilized or was changing only very slowly for all foams. Due to the limited time available it was not
possible to wait for complete relaxation after each compression step. We estimate the resulting uncertainty for the stress to
be smaller than the uncertainty due to the specimen preparation.

3. SAG MEASUREMENT
The Large Aperture Digital Interferometer (LADI) that is used for low-uncertainty measurements at CSIRO’s Australian
Centre for Precision Optics has a vertical axis and the glass flat used are therefore subject to gravitational deformation.16,17
There is ample theory on the expected bending of a circular plate supported at the edge,21–23 and the challenge is to build a
support that will work the same way for both orientations of the reflect ve surface. CSIRO has constructed symmetrical ring
supports from high-stiffness aluminum that hold the calibration flat via 18 elastic pads; the aluminum rings themselves are
then mounted in the interferometer or the calibration assembly with a three-point kinematic support. For the dimensions
and mechanical parameters of the flat used, the expected sag is 27 nm.23 The sag of the designated reference fla was not
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Figure 5. Testing machine for stress–strain curve measurements of polymer foam materials.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Compressive Strain  ε

0

1000

2000

3000

4000

5000

6000

N
or

m
al

 S
tre

ss
  σ

 / 
P

a

CFNT PolyU foam; 6 mm
CF-40 PolyU foam; 6 mm
CF-42 PolyU foam; 6 mm
AGP200 Silicone foam; 10 mm
BF2000 Silicone foam; 6mm
SS6080 Silicone gel; 6mm

Figure 6. Stress–strain diagrams for several materials.
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Figure 7. Stress–strain diagrams for viscoelastic polyurethane foams.

Proc. of SPIE Vol. 8493  84930F-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 16 Jun 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

nm
−14 −10 −5 0  5  10 14 

C suspended C on foam CF−40

Figure 8. LADI reference fla A against test fla C suspended and on foam CF-40.

measured, as it is always used with the reflect ve face down; however the two other calibration flat were both tested for
amount and reproducibility of the sag. First the respective fla was suspended in the 3–point mount and left to settle over
night. Then 10-20 measurements of the OPD against the reference fla were taken and averaged. After the results were
verifie to be consistent (reproducibility rms < 0.5 nm), the fla was taken out of the 3-point mount, set on a foam pad
and left to settle over night again. A thin sheet of black silk was placed between the glass and the foam to eliminate the
adhesion of the foam to the glass and make it possible to adjust the position of the fla once it has been set down on the
foam mat. Fig. 8 shows measurements of LADI reference fla A against test fla C firs suspended at the edge and than on a
foam mat (Bergad 6083f). Flat A of the LADI interferometer is figure to compensate for the sag. Its reference surface is
almost plane when when the fla is held by the edge. When the difference of the two maps is calculated, the flatnes error
of fla A and the system error cancel out. The result is the sag due to gravity for fla C, which is shown in Fig. 9.

It is instructive to compare the measured sag due to gravity with the deflectio calculated using the formula by Selke.23
This is done in Fig. 10. Shown are diameters in x- and y-directions of sag measurements for fla C that were made with two
different foam mats. For one of the foams (CF-40) the agreement for both diameter is very good and the sag curves also
agree qualitatively with the theoretical sag curve. Large deviations from the theoretical sag are observed near the edge of the
flat The fla support system appears to cause a much more complex bending behavior than is expected from the idealized
boundary conditions of the theoretical model. For the second foam (6083f) the two orthogonal sag curves different and the
sag map has an astigmatism that is absent in the measurement with the CF-40 foam. This discrepancy be traced back to the
procedure for lowering the fla onto the foam mat. The most reproducible results with minimal astigmatism were achieved
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Figure 9. Sag due to gravity for LADI fla C.
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diameters in x- and y-direction measured with two different polyurethane foam mats.

when the fla was lowered onto the foam slowly and in such a way that the entire bottom surface of the fla makes contact
with the foam mat. Stretching or bunching of the foam mat under the glass fla must be avoided.

4. CONCLUSIONS
In phase shifting interferometers with horizontally mounted reference flat for precision metrology of planarity, the cali-
bration of the reference fla remains a challenging problem because only the rotationally variant part of the deflectio of
the reference fla due to its weight can be determined as part of three-fla calibration procedures. A separate measurement
of the deflectio is required for the calibration of an interferometer with low uncertainty. We have demonstrated that the
characteristic mechanical properties of polymer foam materials are useful for the isostatic, deflection-fre support of opti-
cal precision flats The foam support enables measuring the deflectio of cylindrical reference flat due to gravity with an
uncertainty at the nm level. We found that polyurethane foams have mechanical properties that make them well suited as
isostatic support materials for optical precision flat and they appear to be available in a wide range of compressibilities.
The main disadvantage of polyurethane foams is their viso-elastic behavior. In phase shifting interferometers that require
stable cavities, settling times of several hours must be maintained after a fla is placed on the foam support, before the foam
has sufficientl relaxed and measurements can be made.
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