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Abstract: The Naval Research Laboratory and Composite Mirror Applications (CMA) have
been working together for several years on the development of Carbon Fiber Reinforced Polymer
(CFRP) optics and telescopes. We have documented the potential advantages of this technology
in several other publications, including structural, thermal and weight advantages over traditional
steel and glass optical systems. In this paper we present results of a battery of optical tests done
on various CFRP replicated mirrors. Our goal is to demonstrate not only the optical quality of
such mirrors but also their reproducibility and stability. We show test results on a sample of four
mirrors. We performed extensive optical tests and also stability and repeatability tests. These
tests are geared towards proving the use of this technology for a variety of optical applications
including use in our CFRP telescopes.
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1.0 Use of Carbon Fiber Reinforced Polymer for Optical Telescopes
Carbon Fiber Reinforced Polymer (CFRP) has been used successfully in the past for manufacture
of high strength components and has recently been used in production of optics [1-3]. It offers a
low coefficient of thermal expansion (CTE), has a higher thermal conductivity than glass and can
have many of its parameters tuned during manufacture [2,4-5]. It is very lightweight offering
more than an order of magnitude reduction in weight over a comparable steel and glass optical
system. As all components are made from the same material, CTE mismatches do not occur.
The use of CFRP as an optical surface requires a polished glass mandrel to use as the replicating
medium, which must have the inverse shape of that which is desired after the replication [1,4].
As these tests are on optical flats, the replication produces an exact copy of the mandrel surface.
CFRP material is laid over the highly polished mandrel and cured in an autoclave. The CFRP
mirror and support structure are then removed from the mandrel and the process can be repeated
many times to produce replicated mirrors [3]. This offers a large reduction in cost when many
optics are produced.
The Naval Research Laboratory and Composite Mirror Applications have teamed up in the past
to demonstrate meter-class optical telescopes for use in the Naval Prototype Optical
Interferometer (NPOI) [1-5]. This paper focuses on proving better optical quality production.
2.0 CFRP Optics and Systems
Past optics manufactured for this program have been made at better than 0.25 wave RMS
(visible) optical quality up to 0.4 meters. However, the push of this work is to demonstrate better
optical quality by using a new CFRP material that should result in mandrel-limited optical
performance than can be scaled up to 1.4 meters in diameter for use at the NPOI.

Figure 1. Schematic of 0.4 meter prototype telescope manufactured entirely from CRFP material.

Shown in Figures 1 and 2 are optical telescope assemblies that have been manufactured under
this program in support of the Naval Prototype Optical Interferometer.

Figure 2. 1.4 meter CFRP telescope manufactured with optical blank. Final polishing of the
mandrel will be completed soon and then the1.4 meter primary mirrors can be replicated.

3.0 CFRP Optic Under Test
The CFRP optics tested here were replicated from a 12 inch pyrex flat mandrel, polished to 0.1
waves RMS surface, 0.25 waves peak to valley. Three CFRP optics were replicated, all 4 inches
in diameter from the same segment of the mandrel. The surfaces were rigidized with a support
backing structure resulting in a 0.5 inch thick mirror. The CFRP mirrors were 65 grams in
weight, which is half of a comparable glass mirror. Larger weight savings are obtainable when
larger diameter optics are manufactured. Typical weight savings when manufacturing meter

class optics is around a factor of 50 to 100, depending on operating environment, constraints and
desire for actuation.

Figure 3. 4 inch rigid replicated CFRP optic under test in this paper.

4.0 Optical Measurements: 4-D Interferometer Results
A 4-D interferometer was used at the Naval Postgraduate School to measure one of the 4 inch
CFRP optics. Shown in Figure 4 are the 4-D screenshots with 0.07 waves peak to valley and
0.013 waves RMS at 632nm on a 1 inch section of the mirror. Observation of any 1 inch section
of the mirror yielded similar results. The bottom figure used a beam expander to fill most of the
mirror and shows a 0.25 waves peak to valley error and 0.05 waves RMS error. The larger error
is seen to be mostly astigmatism and is from the alignment of the beam expanding optics.

Figure 4. Two dimensional plot and interferogram from 4-D interferometer of 1 inch section of
replicated CFRP optic. Observation of any 1 inch section yields similar results and all
demonstrate an RMS surface error of around 0.1 waves in the visible.

Figure 5. 4-D Interferogram showing 0.25 waves peak to valley error mainly resulting from
uncalibrated alignment of expansion optics.
4.1 Optical Measurements: Zygo Results
A 4 inch Zygo Interferometer was used to measure the surface of the replicated CFRP mirrors
after curing but before coating. Coating stresses are an issue with flat mirrors that are generally
corrected in the design of curved mirror surfaces. The Zygo Interferometer measured a 0.1 wave
RMS from the glass mandrel and 0.1 wave RMS from all of the CRP replicas. This is consistent
with the measurements from the 4-D Interferometer.

Figure 6. Interferograms taken from 4 inch Zygo Interferometer of mandrel (left) and replicated
4 inch CFRP optic. Both yield 0.1 waves RMS (visible) optical quality.

5.0 Temperature Change
The manufacture, coating and stability of optical flats is the most challenging problem when
using CFRP materials, as small changes in stress can result in a measureable figure change. This
problem is not as severe with curved optical surfaces. In large optics, such as the meter-class
CFRP telescope, adaptive correction can be used for small figure changes.
Shown below are two Zygo Interferometer images taken with the fringes nulled before (left) and
after (right) a 2 degree temperature change. This change added roughly 0.5 waves of defocus.

Figure 6. Zygo interferogram showing curvature change with small temperature change.

6.0 Conclusions and Future Work
CFRP optics were replicated from a polished Pyrex glass mandrel and both the mandrel and
replicated mirrors were measured with both a 4-D Interferometer and a Zygo Interferometer to
show that both the mandrel and all optics were 0.1 waves RMS (visible) wavefront error or less.
This demonstrates that the CFRP material produces mandrel-limited optics. These results have
only been achievable recently with the introduction of new CFRP materials in the market. Proof
of mandrel-limited optical quality will spur future work in optimizing the 1.4 meter glass
mandrel and replication using the new material so the telescopes can be configured and
implemented at the NPOI. Additional future work will focus on comparing all three optics in
addition to temporal stability.
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