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ABSTRACT
Optical coatings are key elements of any optical system. They can reduce surface reflection loss, isolate spectral bands,
re-direct the light path and split light beams by wavelength. For decades, astronomers have made use of these special
characteristics embodied in Anti-Reflection (AR) coatings, Band Pass (BP) filters, mirrors and Dichroic Beamsplitters
(DBS). In the last several years, a need has arisen for much larger high performance filters and coatings. This is being
driven by the ever increasing size of new and planned telescopes with their correspondingly larger focal planes.
Typical Broadband filters require modest wavelength uniformity and can be produced in legacy (existing) coating
chambers, even in fairly large formats. However, some new instruments require narrow BP (NBP) filters of 60 cm or
greater diameter in order to perform efficiently. Some planned systems will even require filters in the 75 cm diameter
range. The implications for coating such large, very expensive optics are that the equipment must not only
accommodate a large optic, but the process must achieve excellent uniformity over broad areas. It must also exhibit
excellent performance, reproducibility and reliability in depositions consisting of well over one hundred layers and many
hours duration. And finally, the spectral performance must be verifiable, not through an indirect method, but directly of
the science optic itself. To address these challenges, Materion designed, built, tested and put into production a purposebuilt laboratory. This paper will describe in detail the elements of the lab creation and initial achievements.
Key Words: large filters, sputter deposition, coating uniformity, anti-reflection coatings, band pass filters, dichroic
beamsplitters
1. INTRODUCTION
The following will describe the new facility for the manufacture of large BP filters and other complex optical coatings. To
offer context, Section 2 outlines the recent history of our BP filter work. Section 3 recounts the evolution of astronomy
instrumentation and associated filter size requirements which led to the development of the facility. The target market
is also specified. Section 4 describes the deposition technology selected and the rationale behind it. Section 5 presents
some initial results of the coating work while Section 6 summarizes.
2. NARROW BP FILTERS AT MATERION PRE-2010
Materion (the former Barr Associates, Inc.) has been designing and manufacturing NBP filters for the science and
astronomy communities since 1971. At that time, demand for filters larger than about 50 mm in size were rare, likely
because of fewer available detector sizes or other system level limitations. Filter deposition technology was built
around modest area specifications, since these sizes proved more than adequate for science and astronomy
requirements. The commercial / industrial markets drove coated area requirements to some extent, but their need was
for larger quantities rather than large filter sizes. In the 1970’s, Materion developed very precise planetary work holders
that allowed us to increase the total coated area; but 215 mm (maximum) single substrate size remained the standard
through 1990. We could produce NBP filters with 12 nm fwhm with the implied center wavelength uniformity - 15% of
the fwhm BandWidth (BW) in the 215 mm size on a routine basis. However, as fwhm is reduced, the uniformity of CWL
must improve so the challenge was to meet the requirements for 1 nm NBP of 75 mm diameter (for example). Similarly,
0.3 nm BW of 40 mm diameter and occasionally BW of 0.1 nm and 20 mm diameter.
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By the late 1980’s, Materion had installed a large deposition system that could handle a single part of about 700 mm
diameter. The system was intended to increase the coated area but was not necessarily designed to coat a single large
optic. This was our first purpose-built Ion Assisted Deposition (IAD) coater, the HC 1. In the 1990’s, perhaps driven by
the availability of very large, buttable CCD detectors, we began receiving feasibility inquiries about filters of
unprecedented size. Among them were 300 mm, 400 mm or larger filters, typically Wide Bandpass (WBP) such as the
SDSS and grizy bands, which carry correspondingly larger wavelength tolerances and uniformity limits. Examples
produced in our chambers are: the filters for Pan-STARRS (520 mm diameter) [1], and large NBP filters for Suprime-Cam
(270 mm diagonal) [2].
The first very large NBP filters Materion manufactured were mosaic assemblies consisting of smaller filters mounted in a
frame, or edge-bonded to form a large filter. An example would be ESO / VLT / VST OmegaCAM filters [3], where the
mosaic was approximately 280 mm square or 400 mm diagonal in size.
By 2005, we determined that the IAD process was limiting the uniformity of CWL and especially the band shape
achievable (see Figure 1a), so we converted the HC 1 to a magnetron sputter (MS) system, the SP 13. This resulted in
immediate uniformity improvements. However, most of the large filters were still of the WBP variety.
Around this time, there was marked interest in the availability of large NBP filters in the 600 mm diameter range [4]. As
inquiries increased, we recognized the growing need to manufacture and test very large NBP filters and other complex
coatings. This led to the decision to build a new laboratory specifically for that purpose.
During this period, another Materion department was producing extremely high performance coatings for laser
weapons and flight optics for defense customers. They worked with specialized optics that represented many months of
fabrication and tens of thousands of dollars to achieve nearly 100% yield in coating the flight optic. We implemented
approaches and procedures in our new Large Optics facility based on their experiences and patterned our systems for
cleaning, inspecting and handling expensive optics on their success.
3. THE NEW ASTRONOMY FILTER REQUIREMENTS
After attending SPIE 2010 astronomy conferences and the TMT workshop in San Diego, it became apparent that
extremely large telescopes were finally materializing. These telescopes would need to be fitted with correspondingly
larger instruments that would require large optics including filters - in sizes not readily available. Recognizing the
industry need, we began planning for a new large filter manufacturing facility.
Our proposed design called for a purpose-built laboratory consisting of a large optics cleaning system; a large custombuilt deposition system; and a specialized spectrometer capable of measuring the science optic rather than the common
practice of measuring small witness samples. This equipment was to be housed in a clean room. Furthermore, the
facility was to be in proximity to a loading dock, so that large optics and their containers could easily be transferred.
The new facility would be required to produce NBP filters up to 750 mm diameter; other high performance coatings of
complex design such as dichroic beam splitters in sizes up to 1 meter; and simpler or broader coatings (AR coatings or
mirrors) up to 1.4 meter. The cleaning and handling equipment would be designed with these sizes in mind. The
spectrometer, however, would be limited to 750 mm diameter optics at this time. The intent would be to offer the
capability of coating any optical substrate used in astronomical telescopes, including fluoride crystals, beryllium and
deformable mirrors, along with more common optical materials. Coating uniformity would be consistent with the type
of spectral characteristic and size being produced. For example, a 500 mm diameter NBP (1.5% fwhm) would require
uniformity in the 0.15 % range. The overarching system requirement would be the achievement of excellent coating
uniformity.
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3.1 Coating uniformity
The most difficult and important characteristic to control when coating large areas is uniformity. During deposition,
the layer thickness must be controlled at one point on the optic, usually the center. That position assures that
performance will be very close to the theoretical. A filter which varies in wavelength due to non-uniformity of the
coating thickness is undesirable. If the variation approaches the fwhm BW, the filter is rendered useless.
A specification of uniformity of the CWL and BW can easily be established. In Figure 1a, both CWL and BW are quite
uniform, but the band shape changes with position. While this filter meets the strict specification, it has an undesirable
variation in transmission on the red side of the pass band. Figure 1b illustrates excellent CWL, BW and band shape
uniformity. The new deposition system would need to achieve these characteristics.

Figure1 a. This is an example of acceptable CWL and BW uniformity, but with an undesirable change in band shape with
radial position on a large filter. Figure 1 b. This is an example of what we wish to achieve with the new facility.
Although our main goal was to achieve excellent uniformity, we also needed to produce very low loss coatings on a
routine basis; the process would need to be extremely repeatable and reliable; and durability and stability of the filters
would need to be superior. Deposition rates, although not a primary concern, would have to be high enough so that
reasonable schedules and costs could be maintained.
4. THE MATERION LARGE OPTICS FACILITY
Many factors had to be considered in creating the new facility. Whereas astronomy projects are often well publicized in
great detail, the concern is how ‘concrete’ these plans are, and if they will be funded and when. Materion extensively
researched the astronomy market and the estimated timing and likelihood of success on future work. Based on our
findings, it was agreed we could best meet industry needs by capitalizing on our core competency with some expansion.
Producing high performance complex multilayer coatings - mostly filters – but in larger sizes and more exotic substrates.
While substrate size is important, it is more urgent to have the ability to deposit very complex designs with superior
uniformity over a large area. While accomplishing this, durability, stability and other necessary characteristics would not
be sacrificed.
Other considerations in planning the facility included: the need to clean and safely handle large optics as well as coating
them; the ability to measure the science optic directly, rather than relying on witness samples; the installation of new
equipment in a clean room; and the practical location of a nearby loading dock.
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4.1 Manufacturing and test parameter space
It was quickly determined what type of coatings the facility would provide: very high performance, mostly bandpass
filters, with some filters that might demand dichroics and other non-routine coatings. Also, for specialized mirror
coatings so that capability was included. Initially, we planned to enable the coating of BP and NBP filters in the largest
sizes currently planned for new telescopes. This meant about 750 mm diameter maximum [5]. Equipment suppliers
advised us that increasing the size of the deposition system from the initial size of around 2 meter or 2.5 meter could
prove only marginally more expensive. At the same time, there appeared to be a ‘magic’ size for primary mirror
segments of around 1.2 to 1.4 meters. Thus, 1.4 meters became our physical size capacity starting point.
To supply NBP filters, the uniformity would need to be a fraction of the expected BW of those filters. This set the
uniformity target for BP filters. We decided that we could let the uniformity requirement drop off between 750 mm and
1.4 meter diameter to less restrictive standards, but still a step above standard industry practice.
The new facility would not be geared to coating high volume small parts. Rather the goal would be to aim at large, very
high performance optics with high yield.

Figure 2. This graphic displays our target application space. Large (although not the largest) capacity but with extremely
uniform coatings as required by NBP and high performance DBS.
4.2 Selection of the deposition process
The optimal deposition process would need to coat BP filters up to 750 mm diameter with uniformity in the few tenths
percent range; dichroics and other precision coatings up to meter class and with uniformity in the 1 to 1.5% range; and
broad (AR and mirror) coatings up to 1.4 meter and with uniformity better than 4%. It was understood that the process
would need to be extremely stable and reliable, dictating extremely high coating yield. It would involve depositing
coatings over many hours or days and that the substrates would be expensive, long-lead material. In selecting a
deposition process for the new facility, there were a number of different processes with unique sets of properties to be
reviewed.
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Among the deposition processes considered were:


Ion Assisted Deposition (IAD): Variants of the process produce films of similar quality at higher rates than sputtering.
However, for our application throughput was much less important than excellent, reliable and consistent results. It
is difficult to maintain consistent vapor plume characteristics over long depositions. Another concern with IAD was
limited filament, which restricts the deposition run time.



Ion-Beam Sputter (IBS) deposition: Produces superior multilayers [6] and is extremely stable and reliable. It has been
demonstrated in sizes approaching our requirement but there is limited experience in coating of very large optics.
Drawbacks include slow deposition rates and costly implementation.



Continuous in-line sputter system: Can produce multilayers in very large sizes. For example, coatings for
architectural glass in 3 x 6 meter sizes are usually coated using this system. Uniformities can be in the +/- 2% range
[7], but 100 layer depositions using this equipment are not practical. Uniformity is not at our required level.



Chemical processes: LPCVD and ALD can coat multilayers on substrates of arbitrary shape and size. Uniformities of
about 2% for ALD over a meter in size have been reported [8]. LPCVD is usually carried out at high temperatures
while ALD can be room temperature, but at a very slow deposition rate. These cannot easily meet our requirements
for uniformity.



Dip or spin-on coatings: Sol-Gel can also produce single layer AR coatings rapidly and at low cost over at least 2meter sizes [9]. Multilayer sol-gel coatings may be possible, but would be cumbersome to implement.



MS deposition: Has a long history and has been applied to optical coatings for many years [10] [11]. Barr Associates
(now Materion) began development of MS deposition in the late 1980’s. The process has been improved and scaled
significantly over the past two decades and now represents more than half of our roughly 80 deposition systems.

The range of processes was narrowed to IAD and MS.
The deposition of precision uniform multilayers on large optics has been developed over many years [12] [13] and
implemented at laboratories, both government and industrial, successfully. For the selection of a deposition process for
the new facility, it was determined that rather than experiment with a new or unfamiliar process with possible high
payback, but unknown risk, we would scale a well-proven existing process to fill the need. We had a number of
reference points that offered direction. One of the authors (Pawlewicz) of this paper developed capabilities more than
20 years ago that involved coating two meter optics using both IAD and magnetron sputter deposition [14] [15].
Internally, the sputter process was scaled from single rotation 200 mm optics up to planetary systems with effective 1.2meter diameter useful area (in 8, 300 mm work holders). The SP 13 system was producing superior NBP filters up to
about 500 mm diameter, but creating 600 mm diameter NBP proved highly challenging. A decision was made to scale
the SP 13 configuration to the size stated above. With that, it was selected as the process. This was considered a low risk
approach and detailing the requirements then followed.
4.2.1 Specifying the deposition system
Our approach for the deposition equipment was to specify performance, but not dictate the specific design. However,
there were a few requirements that were absolutes. The method was to be reactive magnetron sputter deposition. We
needed superior optical monitoring capability on the work piece. Optic size and weight would be specified, along with
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strict uniformity requirements. Cycle time would not be emphasized, but reliability, reproducibility and process stability
were crucial considerations. We asked six vacuum equipment suppliers to submit pre-proposals guided by a preliminary
requirements document. A short list of suppliers was compiled from the initial responses. From this, we developed a
refined requirements document for the final round of proposals.
4.2.2 Deposition system description
In February 2012, Materion negotiated a contract to construct a new optical coating system. The goal of the coating
system was to create a machine that would utilize reactive magnetron sputtering processes on large area substrates to
support the needs of the astronomy community. Multilayer dielectric filters, reflectors, and antireflection coatings, as
well as enhanced / protected metal mirrors, would all be produced in this machine.
The chamber size (1.8m wide by 1.8m deep by 1.5m high) was dictated by the requirement to coat substrate sizes up to
1.4m in diameter and weighing up to 500 lb. Full opening doors were required for both the front and back of the
chamber to provide access for maintenance in the rear and loading of the substrates in the front. The chamber included
an oil-free pumping package consisting of a dry roughing pump and two large cryopumps for high vacuum operation.
A single rotation substrate fixture system was provided with a 1.4m substrate holder. While the rotation system is
capable of holding a 500lb optic, it also was required to rotate a 200lb optic up to 200RPM, all while eliminating risk of
vibration or off-center mass induced issues.
The initial system uniformity requirements were established to be the following, with uniformity masking removing less
than 10% of the coating flux as per following table:
Substrate
Diameter
600mm

Uniformity

700mm

<+/-0.5%

950mm

<+/-2%

1250mm

<+/-5%

<+/-0.25%

Due to the stringent uniformity requirements for large optics, multiple magnetron cathodes in a “long throw”
configuration were installed on the chamber base plate. The initial system requirement was to supply two sputter
materials. We have since demonstrated four-material multilayer depositions for metal-based mirrors and induced
transmission filters. Multiple ion sources were provided to pre-clean the substrate surface as well as for ion assist
during the deposition process.
In order to repeatedly produce precision optical coatings, a high level of process control was required. It is not
uncommon for these coatings to have >200 layers. Because accurate control of layer thickness was an absolute
requirement, both a Dynavac Spectrum-Pro optical monitoring system and a quartz crystal monitor were used for
material rate control and thickness.
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A PC/PLC control system architecture for the machine provides complete turn-key system automation. A graphical user
interface provides multiple menu screens that indicate system status and values of the process parameters. Multiple
process recipes may be developed, stored and run as required in the production environment. Semi-automatic and
manual modes of operation were included for initial process development and optimization with an automatic mode for
complete coating system automation.

Figure 3. This photo shows the deposition chamber front door and the control panel.
4.3 The substrate cleaning system
A sometimes overlooked component of a successful coating operation is the cleaning process. This impacts both
performance and yield. Ideally, a fully automated reproducible cleaning system would be desirable but not economical.
Our system would be required to clean optics in sizes as large as we might coat (1.4 meter). The aim would be to
provide a safe and reproducible cleaning process without automation. Cleaning and rinsing water and detergent would
be fed to the optic mainly via handheld nozzles while the optic rests in a fixture. There would be a collection tank for
spent cleaning and rinsing water. Water temperature and pressure would be able to be controlled and varied. High
intensity lighting would be provided for inspection at the cleaning station.

Figure 4. The cleaning station is in the background with a coating fixture in the foreground and a filter ready to clean
(side 2) in the station.
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4.4 Handling and loading
The image in Figure 5 shows a 600 mm diameter filter just after unloading from the deposition chamber. The large
outer ring is bolted to the coater rotation system during deposition. It is approximately 1.5 meter diameter. Precision
align-able reducer rings hold the optics of various sizes to be coated. The coating fixture is transported between stations
in the lab using the hoist visible between the two engineers.

Figure 5. A 600 mm filter after coating.
4.5 The spectrometer
The new facility required a spectrophotometer which could: measure transmission as a minimum over the full surface of
a large filter or dichroic; measure over a small range of angles; and preferably measure reflection over a range of angles.
It needed to accommodate filters and dichroics of at least 750 mm diameter. The initial wavelength range would be the
CCD detector range, with the capability to extend the range with simple modification. An upgrade path would be
desirable in order to add features not initially included.
4.5.1 Implementation
A custom metrology system was designed and built to perform local spectral measurements on coated filters measuring
up to 750mm in diameter and 25mm thickness. Functionally, the machine has two distinct subsystems; a motion control
system that selects the area to be measured, and a spectrometer metrology head that performs the transmission
measurement.
Machine designs were tested with the part oriented both vertically and horizontally, and in both cases consideration was
given to the ability to move either the part or the spectrometer head. A vertical part configuration was chosen in order
to minimize the footprint and for convenience in loading and unloading the part. The metrology head comprises a
commercial high resolution grating spectrometer on one side of the part, and a collimated light source on the other. To
scan the metrology head across the surface of the filter while maintaining precise alignment between the light source
and the spectrometer would require a stiff and cumbersome yoke with a throat deep enough to span the diameter of
the part. Although considered seriously at first, this arrangement was eventually deemed to be mechanically unwieldy
and less scalable in the future than the approach that was finally adopted. Namely, to fix the metrology head to the floor
of the laboratory and move the component as needed. The most compact geometry for accomplishing this is to work in
polar coordinates and perform an R-θ scan of the part.
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Figure 6. This photo shows the large spectrometer with a filter loaded.
The mechanical arrangement for positioning the part is shown in Figure 6. The main structure, with a footprint of
1630mm x 1000mm, was assembled from aluminum extrusions and supports custom linear and rotary stage structures
fabricated from post-machined heavy-gauge welded steel tubing. All steel tubing assemblies were welded in a closed
manner to ensure clean room compatibility. The optical axis height of the metrology head is 1000 mm above the floor,
providing a comfortable working height for an operator to align the metrology head and for loading and unloading the
component. The linear stage carries the rotary stage and is actuated by a stepper motor-driven leadscrew.
A custom part carrier, machined from a single aluminum plate, serves as the interface between a wide variety of
substrates and the machine. Clips are used to retain the substrate in the carrier prior to mounting in the rotary stage.
This rotary stage was also machined from a single aluminum plate and features a hard-coated V-edge profile that rides
in V-rollers, and a cylindrical section that is driven by a pinion roller. To account for possible slippage in the pinion drive,
the rotary stage was fitted with a magnetic encoder and an incremental read head that tracks its position with respect to
an optical home sensor. A spring-loaded hinged plate sets the load of the pinion against the drive surface.
During loading and unloading, the rotary stage and linear stages are driven to their load positions and the operator locks
the rotation by the insertion of a pin. This mechanically locks the rotary motion and electrically disables both motorized
axes. In this position, the entire component is clear of the spectrometer and light source so that the component may be
safely mounted from the front. The part carrier was indexed in rotation so that the Cartesian coordinate system would
be unambiguously mapped to the component when it is mounted in the interface ring.
The spectrometer model used in the metrology head is the Czerny-Turner Micro HR model from Horiba, coupled to this
manufacturer’s Syncerity thermoelectrically cooled CCD camera in an imaging spectrograph configuration. The input slit
is adjustable in width and different gratings may be remotely selected and rotated to set the sampling frequency and
spectral region of interest. This arrangement provides a maximum spectral resolution of 0.25nm at 400nm. A 60mm
focal length fused silica collection lens with a manually adjustable aperture stop of maximum diameter 15mm minimizes
stray light while ensuring that the f/3.88 collection cone of the spectrometer is filled. Fused silica was chosen for its
superior transmission at short wavelengths.
Although the lens is dispersive, this does not impact the integrity of the spectral data because measurements are
ratiometric; normalized with respect to a baseline measurement taken through either air or an uncoated sample of the
substrate. It is also a simple matter to optimize the signal strength by refocusing the collection lens when probing thick
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substrates at off-axis angles, a mount for uncoated samples up to two inches in diameter is provided at a centerline
location adjacent to the component. The stage may be driven to a pre-defined location that positions the sample
substrate in the measurement beam so that the beam angle and displacement may be established. Additionally, the
sample holder may be used to record a baseline against which the sample transmission is compared.
A custom software application interfaces to the spectrometer and to the motion control system and provides complete
control of the metrology station. The user creates a scanning configuration file to define the XY locations at which the
transmission is to be measured and to define the spectral range over which data will be collected. The file is read by the
program which then executes the defined measurement sequence and records the data in a spreadsheet for further
analysis. Although the physical implementation of the scanning scheme is polar, the application accepts Cartesian
coordinates in the input file. This provides the user with a simple method to scan parts at a fixed spatial sampling
frequency, or to scan parts that are not rotationally symmetric. Additionally, the use of a sampling input file permits
several smaller components mounted in a single part carrier to be measured in the same setup.
The light source was designed for flexibility and constructed from a commercial cage system of opto-mechanical
components. The source itself is a lensed incandescent light bulb that is imaged onto a pinhole aperture that is in turn
collimated by an achromatic doublet. Alignment of the source to the part under test and to the spectrometer is
important and is implemented using a method of retro-reflection in which the re-imaged pinhole formed by reflection
from the coating under test is made coincident with the pinhole aperture. Tip-tilt adjustments and protractor engravings
on the spectrometer and source mount provide a means of achieving alignment and of being able to set the angle of
incidence over a range of ±15° in order to compensate for the lateral beam shift.
4.6 The clean room
The new laboratory called for a clean room environment for all the facility components. We also required that a single
room house all associated equipment to mitigate safety concerns and possible damage in transport between separate
rooms. This approach has been adopted in other work cells at Materion and reduces risk. It is also an improvement on
the traditional approach where, for example, all spectral tests would be performed in one large lab.
The clean room was designed and anticipated as a FS209 Class 10,000 room. However, we are experiencing higher
results than that. The measured (at rest) particle counts are in the Class 100 range, with peaks when occupied in the
Class 1000 range (ISO 5/6).
The clean room utilizes 20 HEPA filter units and a dedicated air handler. Differential pressure is balanced for positive lab
pressure. A dedicated DI water system is provided for the substrate cleaning station.
The coating chamber was designed to provide loading/unloading from the clean room, but when servicing the chamber,
such as for cleaning access from outside the clean zone, a second chamber door can be used. All vacuum equipment,
pumps and plumbing, except the ‘front’ door of the chamber, reside behind the clean room wall. There is a gowning
anteroom and air lock. Current protocol specifies clean room coats, gloves, and hair covers but not coveralls.
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Figure 7. The floor plan of the lab is depicted here.
Figure 7 shows the laboratory layout. The coating chamber is in the lower right corner. The pumping equipment and
utilities are located outside the clean room wall in the lower right corner of the plan. An optic on the hoist is positioned
in front of the chamber (upper right). The double door entrance into the lab for large optics is at the top center of the
floor plan while the cleaning station is at the lower center of the plan. The personnel entrance and air lock are at the
left. The spectral test station is between the entrance and the cleaning station.
5.MANUFACTURING AND TEST RESULTS
5.1 Examples
Materion commissioned the new coater in January 2013 and the coating of narrow 600 mm diameter bandpass filters
began. Initial testing runs allowed for the evaluation of results for several very similar filter designs covering the visible
to near infrared wavelength range. A total of five science filters were produced in the first five months of operation.
The AR coating of large field lenses followed, then another NBP filter at H alpha was coated on red glass, then a filter set
including four wide filters and one H alpha NBP.
Our data base of results was expanded by compiling information from other projects. It included the Asteroid Terrestrial
Impact Last Alert System (ATLAS) system at Mauna Loa and the Case Western Reserve Burrell Schmitt telescope at Kitt
Peak. We recently coated a breadboard dichroic beam splitter for the TMT / NFIRAOS team. Results are presented in the
following sections.
5.2 Narrow and medium bandpass filters
The narrow bandpass filters cited under ‘Examples’ were centered in the 400 to 1000 nm wavelength range and
designed for fwhm between 1% and 3 % of central wavelength. The size range was 440 mm to 580 mm diameter /
diagonal. Typical CWL tolerance requirements were in the 0.3% to 0.2% range depending upon fwhm. Assuming the
ability to achieve a CWL target at the center of the filter to within 0.1% or less, the uniformity requirement is on the
order of 0.2 % for a 3% BW filter to 0.1% for a 1 % fwhm filter. All of these filters are used in converging beams, so all
characteristics assume the effective f/#, central obscurations and off-axis filter illumination. Typical f / ratios are in the
range from f/2.2 to f/4. These filters are all of four or more cavities, in order to comply with band shape requirements
to reject nearby lines or reduce the continuum background.
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Figure 8. A summary of measured variation % of several filters recently manufactured.
The chart in Figure 8 summarizes the uniformity results we have achieved in the first several months of operation. The
diameter/diagonal size is indicated by color. Each bar is a specific filter. The vertical axis is the peak-to-valley difference
in wavelength across the filter area as a percent of the filter CWL. The KMT Ha for example varies in wavelength no
more than 0.1 % across the 430 mm diagonal of the filter.

Figure 9. (923 nm (CWL) / 11 nm (BW) NBP, 580 mm C/A. The specification limits are presented in red (+/- 0.15%),
while our own goal uniformity (< 0.15% ) is presented in green lines.
Figure 9 shows measured results for the 923 nm / 11 nm (CWL/fwhm BW) filter which has a 580 mm diameter clear
aperture. We measured the transmission at several points along four orthogonal radius lines. This chart shows results
along one diameter. Symmetry is as expected. Small azmuthal variation can be observed near the edge of the filter.
We monitor the deposition process on center, so we are controlling layer thicknesses very well even at distances 300
mm removed from the monitor point.
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Figure 10. A Spectral response, 923 nm NBP. Figure 10b. Blocking of the 923 nm NBP.
Spectral response measurements of a 923 nm filter are shown in Figure 10. The red plot is the design (theoretical)
response. Other data are taken at several radial distances from the filter center. Note the excellent band shape, even at
the extreme edge of the filter. The band shape holds over the full 560 mm C/A. Transmission is also quite high
everywhere on the filter. This is a “blocked” filter. Transmission is much less than 10-5 outside of the band.
The “blocking” scan of the 923 nm NBP in Figure 10b demonstrates out-of-band rejection better than OD5 everywhere
outside the band and is in fact averaging better than OD6. The specification is OD 5 average, OD 4 maximum, so the
blocking is 10 X better than required, while still achieving about 95% transmission in-band.
5.3 Medium band filters
Another filter produced in the first year of operation was a 945 nm medium BP also in the 580 mm diameter format.
The BW is 32 nm or about 3% of CWL. Variation of CWL should be under +/- 0.3%, or under 3 nm. We achieved
everywhere in the C/A - a 2.2 nm variation.

Figure11a. This fully blocked medium BP exhibits excellent band shape and transmission everywhere on the 560 mm
diameter C/A. Data was taken at 10 mm intervals from center. Figure11b. The in-band consistency across the full
aperture of the filter is shown here.
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Figure 12. The measured blocking of the 945 MBP is presented here. Note that the filter exceeded the blocking level
required.
5.4 Wide bandpass filters
Wide bandpass (WBP) filters usually consist of two ‘edge’ filters combined to form the pass band. We need to control
the edge position of both the shortwave pass layers and the long wavepass layers. If correctly executed, the desired
CWL and BW are achieved. Examples of WBP include the Sloan and grizy bands. With NBP filters, the CWL/BW is
tracked rather than the edge position uniformity. Transmission is usually specified as the average (or minimum) across
some portion of the band, rather than the peak value we use for NBP filters. Blocking is specified in the usual way, as an
average or maximum allowable transmission over the specified out-of-band wavelength range.

Figure 13a and 13b. An example of an Ic wide bandpass filter. Edge position and CWL uniformity are under 0.4% PV.
BW varies less than 1.6% of CWL. Blocking is presented in the right panel.
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Figure 14a and 14b. Example of an Rc wide bandpass filter. Edge position and CWL uniformity are under 0.4% PV. BW
varies about 0.8% of CWL. Blocking is presented in the right panel.
5.5 Dichroic beam splitters
During the first year of operation we had an opportunity to demonstrate a Dichroic Beam Splitter (DBS) coating for use
in a major new AO instrument. The task was to design the DBS and deposit the coating on small samples placed in the
chamber to simulate the area of the science DBS. The area was approximately 0.5 by 0.4 meter in size. Considering
factors such as cost, short time-frame, and the necessity to use off-the-shelf fused silica substrates (which were not IR
grade), the spectral results were surprisingly good. We also performed environmental testing and scatter
measurements. The filter easily passed the Mil-C-48497A series including adhesion, humidity, abrasion, cleaning and
temperature cycling. This type of coating can be expected to operate without degradation at any reduced temperature
to as low as 80K.
The measured Total Integrated Scatter (TIS) was determined to be 0.2% on the AR side and 1.1% on the DBS side. We
are currently measuring the angle resolved (off normal) transmission and reflection (BTDF / BRDF). This will be the topic
of ongoing characterization work.

Figure15. This DBS was measured at normal AOI. Two positions were measured - at 45 mm radius and 270 mm radius.
Side 1 is coated with the DBS while Side 2 is coated with a very broad band AR coating. Substrate is non-water-free fused
silica (plotted in green), so absorption bands are present at 1300 and 2200 nm.

Figure 16a. The same DBS at the operating AOI of 25 degrees. S-pol, P-pol, theory and the specification are Figure 16b.
This figure presents an expanded view of Figure 16a. P- and S-pol, theory are measured. The specification is T> 95%
(straight, red line), goal > 97%. The requirement goal in P-pol was met.
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Figure17. Measured reflectance at 25 degrees AOL in the reflected band. Requirement R> 98% was easily met.
5.6 Metal-based induced transmission filters
These panels show measured results of an interesting application. The optic is a thermal suppression window used in a
cryogenic metrology set-up. A laser tracker is mounted outside a vacuum chamber. The vacuum/thermal window is
large (24 inch) and would produce an unacceptable thermal load on the cooled sample under test if it were transparent
or absorbing in the thermal IR. This coating is designed to simultaneously pass the metrology wavelength (633 nm) and
reflect nearly all thermal IR. The requirement is for highly uniform transmission of greater than 75% transmission at 633
nm and reflection of more than 95% in the thermal IR. These requirements were comfortably met.

Figure 18a and 18b. Induced transmission filter. In-band transmission appears in the right panel. The left panel depicts
the thermal IR reflectance.
6. SUMMARY AND CONCLUSIONS
The need was recognized for very large narrow bandpass filters in the astronomy community for which there existed a
limited industrial base. Materion developed a low risk path to address this new requirement that consisted in scaling a
proven deposition process and associated controls to larger size. We then designed a facility with specific performance
targets consistent with narrow bandpass filters but in much greater sizes than previously produced. The results of this
work have for the most part exceeded our target performance goals. We have successfully delivered narrow bandpass
filters, wide bandpass filters, dichroic beamsplitters, AR coatings and an induced transmission thermal suppression filter.
This output has been in support of astronomy projects, both for instrument upgrades and new telescopes. Near-term
plans for the facility call for developing other high performance filter coatings such as Rugate and discrete layer notch
filters, UV narrow BP filters and UV enhanced mirrors.
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