Statement of Work – x-ray mirror metrology station

7 October 2003

1.0 Background information

NASA/Goddard Space Flight Center (GSFC) is soliciting offers for a custom metrology system to map the shape, at the optical level, of conical substrates and replicas under development for the Constellation-X soft x-ray telescope.   NASA/GSFC requires a coordinate measuring machine that substitutes a rotational motion for one of the linear axes and adds a second rotational motion so that the movenments are cone-like rather than just straight lines. 

Information on the Constellation-X project is online at:  http://constellation.gsfc.nasa.gov
The mirrors will be provided by NASA/GSFC.  The mirrors are no larger than 300 by 300 mm (projected area) but may be only 0.3mm thick and so are fragile, prone to vibration and distortion, and are not measurable using standard contact forces such as would be imparted by a standard coordinate measuring machine (CMM).

We are soliciting metrology solutions that 

· can measure these parts with ≤ 10 nm rms noise in the radial direction

· impart ≤ 10 mg contact forces, or probe using non-contact methods (zero contact force)

· can measure these parts rapidly (up to several measurements / working day or faster)

· have up to  ~1mm sampling in the axial and ~5mm sampling in the azimuthal range over the full size

We anticipate that either a very low force contact probe or an optical probe may be potential solutions to this set of requirements.

2.0 Hardware requirements and description

Definitions and background:

The test is to be done on mirror segments described as follows (these are the largest dimensions required):

· segments of cone mirrors

· 60-75 degree azimuthal extent on substrates

· 300 mm axial length

· ~0.3 mm thickness

· radii in the range shown in Table 1

One  concept is to define a set of stages such that the natural motion of the probe conforms to the conical shape of the part, so that for an ideal part, well aligned, the probe operates within its range of high accuracy measurement throughout the measurement.  All motions, ideally, would be within the metrology station hardware, with respect to a fixed test piece.

If it is required that the construction and operation of this device be made such that data is recorded while the stages are smoothly moving, i.e. ‘on the fly’ measurement, so as to minimize the total time required to map a part.

2.1 Axis definitions

Note – Table 1 below summarizes ranges and resolutions in each axis

Orientation:  Axial is oriented vertically (defined here as +Z = up, antiparallel to gravity vector). Azimuthal:  Define as Θ, rotation about the vertical axis; nominally would be from -45° to +45° for a 90° part.  The Rotation resolution requirement is 0.01 degree. 

Radius:  This is the fine measurement direction, so a coarse focusing stage may be required in case of gross parts errors or unavoidable misalignments. The combination of coarse and fine motions must allow accurate (to( 10 nm rms) sensing of either relative (to a standard known to this level and in the range of interest) or absolute radius to this level.

Cone angle adjustment:  A slight rotation of  the Z axis from the true vertical to the (half-) cone angle must be accommodated by any implementation (the tilt of the optical axis of the cone must be adjustable with the zero angle defined as vertical with respect to gravity)  This should be a range of at least ±5°. The motion would be designated as Φ, and the rotation would move the Z stage (new axis of nearly-vertical motion is then described as Z’). The rotation resolution requirement in this axis should be 0.001 degree.

Motion along cone:  Stage should be mounted to move along the include cone surface, parallel to Z’.  Range should be as  large as the largest part we anticipate making (300 mm). Resolution in this axis should be ≤0.002 mm (2 microns), with step size ≤ 100 microns.

[image: image4.wmf]Table 1:  Range and resolution for required axes of motion

Positioning or sensing 

axis 

symbol

units

min 

value

max 

value

total 

range

positioning 

accuracy

readout 

accuracy

note

Radial, coarse

R

mm

115

255

140

0.01

0.00001

1

Vertical

Z'

mm

-150

150

300

0.01

0.002

Rotation

T

degrees

-45

45

90

0.1

0.01

Cone angle

f

degrees

-5

5

10

0.005

0.0025

Radial, fine

dR

um

-10

10

20

0.01

0.002

Notes:

1. Accuracy with respect to a known absolute radius or radius calibrated against a standard



[image: image1]Fig. 1:  Definition of axes and orientations. Note that optic is supported in an open frame, supported at two points on the bottom and at least one on the top. 

2.2 Motion sequence {if coordinate measuring machine (CMM) -type implementation is proposed}

Sequence of motions:

1. Alignment stage shall consist of iterating Φ, then Z’ and R at a single Θ until an axial scan (R vs. Z’) is entirely within range

2. Check that this remains true at limiting values of  Θ

3. Actual data consists of a sequence of axial scans at progressive values of Θ

2.3 Probe geometry

If a contact probe is used, it shall be designed to have a minimal probe height and width so as to have greater accessibility to the optic in various mount conditions. Appendix A provides, as a guideline, a drawing of a metrology mount currently being used for these optics; we may revise this mount.

Triangulation method optics probes are unlikely to meet our requirements, as BOTH radial surface errors and azimuthal slope errors are interpreted as radial errors. In our geometry, much large azimuthal slopes can be tolerated in practice than would be required to make this measurement useful.

3 Software definition

3.1 Control software 

Software to allow a user to control all scan operations and to log the data should be supplied. The following must be controllable by the user:

· start of scan location (in axial and azimuthal directions)

· end of scan location

· scan sampling interval

· alternatively, the start and end of scan and a number of samples

· output data filename (output file format should be documented for use with user-supplied analysis software)

· The data file should include all stage locations for each point

· If necessary, calibration data for each motion axis (e.g stage positioning errors) shall be logged and  available for reference if needed to achieve measurement goals.

· The ability to abort a programmed set of scan operations shall be available

· Ability to scan a part multiple times is required (to assess repeatability errors)

3.2 Analysis software


- The ability to reduce this data to a map of form and figure errors as compared to a nominal cone shape is required. This capability shall work either directly on the data from the machine or a stored file version (e.g. without requiring additional file format conversions or intermediate analysis).


- The ability to remove misalignments (translations and tilts)


- The ability to remove the sag from a nominal (e.g. design or mandrel) conical surface or conic  section


- The ability to calculate the power spectral density function (PSD) (in each axis or as a 2-dimensional PSD) is required. 


- All calculated data should be both available as plots and exportable to other applications as a text output file

4 Documentation and training

All capabilities shall be documented in a user-friendly document supplied with the system

Familiarization training for the end users should be supplied

5 Calibration artifacts

If necessary (i.e. if the operation of the machine is not self-calibrating) a conical reference part shall be supplied, along with manufacturer’s test results on this part.

Appendix A:  Illustrations of metrology mounts for thin segmented x-ray mirrors

These illustrations are not necessarily what we would be using with the system being procured here; rather they are meant to show examples of the types of mounts required to hold these ultralightweight optics without irreproducible distortions. The metrology system must have reasonable accommodation for the mounting structure so as to be able to measure as much of the mirror as possible without mechanical interference between the metrology system and the mirror mount.
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Figure A1:  Example metrology mount; 3 point (inverted) mount
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Figure A2:  Metrology mount with labels
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