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ABSTRACT

In an effort to manufacture high-angular-resolution, grazing-incidence, x-ray optics, Marshall Space Flight Center (MSFC)
is taking measures to improve its electroformed replicated optics. A key development is the use of computer-numerical
control (CNC) polishing to deterministically improve the surface of electroless nickel mandrels used to replicate grazing-
incidence optics. Metrology, control software and polishing parameters must function together seamlessly to reach the
specifications required to replicate sub-arcsecond optics. Each change in polishing parameters effects the wear pattern of
the polishing head. Using Richardson-Lucy deconvolution, the controller software fits the wear pattern to metrology data
to calculate the changing feedrates across the mandrel. Here we present an overview of our process, and early results
showing the effectiveness of deterministic polishing for replicated optics.
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1. BACKGROUND

From Chandra to ART-XC to IXPE, NASA Marshall Space Flight Center (MSFC) continues to develop new
technologies to improve grazing-incidence, x-ray optics. Chandra has very high angular resolution at less than an
arcsecond and has produced vast amounts of valuable scientific data for the last 20 years. ART-XC, an instrument
aboard Spectrum-Rontgen-Gamma, saw first light in July of this year. Much progress has been made in an effort to
increase the collecting area of the x-ray optics by densely-populating the nested shells. Figure 1 shows the Chandra
mirror assembly side-by-side with the ART-XC mirror assembly developed at MSFC [1, 2, 3, 4].

The technology objective of the x-ray astronomy group at NASA MSFC is to develop new methods of manufacturing
Chandra-like optics that maintain its angular resolution and increase the field and the collecting area. The direction of the
x-ray group at MSFC is to maintain the full-shell, grazing-incidence optics of Chandra but develop methods to densely-
populate the nested shells in order to increase the collecting area within the same general volume. [1, 2, 4, 5].






accurate measurement of the wear pattern. The point spacing is also very small relative to the point spacings used in
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To calculate the wear function, the measured wear pattern is added n times across the distance of one point spacing
(ps/pso). The resulting wear function, fry, is a map of the depth removed per second over a given point spacing.

3.3 Richardson-Lucy Deconvolution

Using Richardson-Lucy Deconvolution, the wear function described in Section 3.2 was applied to the initial surface error
described in Section 3.1. The wear function and the surface error are interpolated to the polishing grid points on the optical
surface described in Section 2.3. Great care is taken in this step to insure proper registration and alignment.
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Figure 12: Richardson-Lucy fit of wear function to MaGIXS mandrel error ( Bn), resulting in feedrate (mm/min) and The
exported to a custom g-code to input into polishing machine.
output of the fit is a scalar of the wear function, fry, described in Section 2.3. The feedrate between each grid point was
computed and exported to a custom g-code.

4. 2-DIMENSIONAL DETERMINISTIC POLISHING RESULTS
4.1 Registration and Alignment of Mandrel

The alignment custom g-code was run to measure the tilt and decenter of the mandrel, and the registration custom g-code
was run in order to define a global coordinate system. The tilt, decenter and global coordinate system is used in conjunction
with the track spacing, point spacing and prescription of the mandrel to create a polishing grid on the surface of the
mandrel. The custom registration routine uses a probing function in the z-direction in order to set the global z, at the lower
groove in the mandrel. Another custom g-code is run to probe in the x-direction and set X, at the surface of the mandrel;
this will function as the r, for subsequent g-codes. Figure 13 shows the information exported from the alignment and
registration runs. The decenter and tilt are calculated from the data. The alignment and registration is used to create the
polishing grid, which, along with the feedrates from Section 3.3, are used to create the custom polishing g-code.
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Figure 13: alignment and registration of mandrel









4.2 2-Dimensional Deterministic Polishing Results of Mandrel

Combining the polishing parameters used for the wear function (Figure
14), the registered and aligned polishing grid discussed in Section 4.1,
and the feedrates determined in Section 3.3, the custom polishing g-code
was generated.

As shown in Figure 14,

the slurry is composed of

0.05 n alumina silica

and is applied to the

surface of the mandrel,

creating an  abrasive

between the pressurized

bonnet and the mandrel.

40mm  Smm  15psi 20° The bonnet was
e pressurized at 1.5psi with

a 5mm square grid pad

0.05m  yarying adhered to it. The 40mm
colloidal silica bonnet, rotati ng a.t

Figure 14: top: slurry applied to ?.800rpm, was  pushed

mandrel during polishing; bottom: polishing into the mandrel surface

parameters applied during polishing. at 20° and created a 9mm
spot size on the surface.

9mm  2800rpm

- - . . Figure 15: mandrel measured with
After the polishing run, the mandrel was put in line with the CGH in front CGH in line with interferometer.

of the interferometer, shown in Figure 15. The interferogram was taken, and
the alignment errors were removed.

The slope error between 45° and 60° improved from 12 - +3'W R - +Rjlre 16 shows the resulting measurement in
comparison with the initial error. The surface root-mean-square (RMS) was initially 0.1 Fn and after the polishing run
was 0.05 ”n RMS.

The entire polished surface, between 33°and 60°, LPSURYHG IURP - +3" WR - +3’ KRZHYHU D JO
into the mandrel. The section of the mandrel between 45° and 60° showed significantly more improvement than between
33° and 45°. We will investigate the cause of the discrepancy, but we believe the error is due to an alignment issue.

We consider these results very promising, especially
given it was the first run of a 2-dimensional
deterministic polishing run. The path forward is to
investigate the cause of the global induced error. The
initial studies will be testing the alignment and
registration at each step of the process. We plan to use
highly calibrated fiducials on the mandrel, and we are
investigating ways to validate the metrology.
Collecting more polishing data and analyzing the
wear pattern reproducibility will also provide more
information about errors in the system.

Next, we will collect data around the entire

circumference of the mandrel, stitch the data, and

polish the entire surface. We have already replicated

shells from the mandrels that were deterministically

polished using 1-dimensional metrology data, and we
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using x-ray testing.
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