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1. Summary of the impact

Thin-film optical filter research at the University of Reading is a unique and enabling technology
that permits astronomers and meteorologists to gather data leading to increased understanding of
atmospheric and astrophysical phenomena. Infrared filters are the key optical components in many
satellite telescopes for Earth observation, planetary research probes and infrared astronomy. They
form the eyes of the instrument to separate light into wavebands in order to measure temperature,
gas composition, water vapour, dust clouds and aerosols. This data is used to generate accurate
atmospheric and environmental circulation models for global climate studies, and measure
properties of the universe for stellar and planetary formation theories.

2. Underpinning research

The Infrared Multilayer Laboratory (IML) is a self-funding centre at the University of Reading that
has been at the forefront of research in optical thin-film filters since the early 1960’s. Infrared filters
are specialist optical components constructed from multilayers of vacuum deposited thin-film
materials that are designed to separate, isolate or block differing regions of light using the
phenomenon of interference. The laboratory is managed under the leadership of Dr Gary Hawkins
since 2002 with a research focus on optical instruments for atmospheric remote-sensing and
infrared astronomy applications. These are evolving subject areas from which IML has actively
conducted both fundamental and applied research in thin-film deposition technology to fulfil the
demands of industrial and scientific communities. The expertise and specialisation of the laboratory
is founded on the physics of optical thin-film interference theory applied to the custom manufacture
and spaceflight qualification of high performance coatings in the mid-infrared region, most often for
use at cryogenic temperatures. This research has involved adapting to new challenges of
improvements in detection technologies, complex optical design paths, high resolution accuracy,
mechanical durability, long operational lifetimes, and bespoke shapes and sizes of optics in the
latest generation of advanced spaceflight instrumentation.

This research area extends the principals of thin-film design and manufacturing methods based on
Hawkins PhD thesis that describes the characterisation and application of absorptive and
dispersive mechanisms to infrared materials for predictive multilayer filter design modelling. The
laboratory has developed a unique and specialist infrared deposition technology utilising the optical
and semiconductor properties of special dielectric materials ! to fabricate custom-made optical
components.

Research conducted by Hawkins developed the first integrated spectral systems model that was
used to simulate the throughput performance and derive filter specification requirements using the
entire optical instrument response . Funded by the NERC, the IML group were Cols with
responsibility for the spectral design, fabrication and performance verification of the HIRDLS
optical layout B!, This involved optimising and tailoring thin-film multilayer designs to maximize the
total system performance efficiency. Research from this instrument also demonstrated the first
successful fabrication and deployment of precision miniature infrared filters into a focal plane
detector array for use in a spaceflight instrument. The development of these miniature filters
enabled observations of different atmospheric trace gas species from the same target scene to be
measured simultaneously, compared to previous discrete channels. These innovations have been
adopted for other planetary reconnaissance missions to investigate the atmosphere and chemistry
of Mars ¥ and the Moon ®'.

Further experimental research and knowledge gained from characterising the optical and
mechanical properties of infrared materials, together with vacuum-deposited thin-film engineering
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and system design modelling was instrumental in deploying a new generation of cooled filters for
infrared astronomy ®. This research involved the development of improved, mechanically robust,
stress-free infrared coatings using environmentally compliant replacements of previous toxic,
hygroscopic and radioactive materials. Development of these filters subsequently provided a
consortium of international astronomy institutes with the capability to observe and correlate
astrophysical phenomena at new and critical wavelengths.

Dr Gary Hawkins joined the Unit in 1985. Roger Hunneman retired from the University in 2002 after
35 years of service at the University.

3. References to the research

Publications that underpin the research impact are listed below. These have been internally
assessed as of at least 2* quality. Those suggested for assessment of quality of research are
marked with (*)

1. *G J Hawkins, R Hunneman : "The temperature dependent spectral properties of filter
substrate materials in the far-infrared (6-40um)", Infrared Physics & Technology, Vol 45, Pages
69-79 (2004), DOI: 10.1016/S1350-4495(03)00180-4

2. *G J Hawkins, R Hunneman : "A Spectral Performance Model for the High Resolution
Dynamics Limb Sounder (6-18um)", Infrared Physics and Technology, Vol 41, Issue 4, Pages
239-246 (2000), DOI: 10.1016/S1350-4495(00)00039-6

3. *G J Hawkins, R Hunneman, R E Sherwood, B M Barrett : "Infrared Filters and Coatings for the
High Resolution Dynamics Limb Sounder (6-18um)", Applied Optics, Vol 39, No 28, pp 5221-
5230 (2000), DOI: 10.1364/A0.39.005221

4. JW Bowen, P Edwards, G J Hawkins : "Filters for Astronomy and Atmospheric Sciences in the
15-40pm Range", 28th International Conference on Infrared and Millimetre Waves, Otsu,
Japan, Sep 29 - Oct 3, 2003, pp. 117-11 (2003)

5. G JHawkins, R E Sherwood, B M Barrett, S J Wakeham : "Mid-Infrared Filters for the Diviner
Radiometer Experiment on the Lunar Reconnaissance Orbiter (7-40um)", Proc. OSA Technical
Digest Optical Interference Coatings, TuDPDP1, ISBN: 1-55752-841-1 (2007)

DOI: 10.1364/01C.2007.TuDPDP1

6. G JHawkins, R Hunneman, R E Sherwood, B M Barrett : "Interference Filters and Coatings for
Mid-Infrared Astronomy (8-30um)", Proc. SPIE Astronomical Telescopes and Instrumentation,
Specialized Optical Developments in Astronomy, 4842-06, pp 43-55 (2002),

DOI: 10.1117/12.458056

Grants and contracts that underpin the research impact:

Reading Pl: Roger Hunneman

Reading Col: Gary Hawkins

Title: NASA EOS-AURA High Resolution Dynamics Limb Sounder (HIRDLS)
Sponsor: Natural Environment Research Council (NERC), UK

Period/Value to Reading: 1990 - 2002, ~ £750,000

Reading PI: Gary Hawkins

Reading Col: Richard Sherwood

Title: NASA Lunar Reconnaissance Orbiter (LRO)
Sponsor: University of Oxford, UK

Period/Value to Reading: 2006 - 2007, £149,250.00

Reading PI: John Bowen

Reading Col: Gary Hawkins

Title: NASA Mars Climate Sounder (MCS)
Sponsor: University of Oxford, UK
Period/Value: 2003 - 2004, £83,500
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Reading Pl: Roger Hunneman

Reading Col: Gary Hawkins

Title: ESO VISIR Astronomical Filter Consortium

Sponsor: Astronomical Consortium led by le Commissariat a I'énergie atomique, France
Period/Value to Reading: 2000 - 2004, £235,667

4. Details of the impact

The Infrared Multilayer Laboratory is recognised as a world leading facility in the field of optical
thin-film interference coatings for Space and Astronomy. The beneficiaries from this research flow
through to the collective public user community as satellite data for improved weather forecasting,
atmospheric and climate research, and observations of the universe through infrared astronomy.
The following examples highlight the impact of this research to three differing sectors of the
remote-sensing community.

Earth Observation

The High Resolution Dynamics Limb Sounder (HIRDLS) is an infrared instrument for atmospheric
monitoring of global temperature and trace constituents from the upper troposphere into the
mesosphere. The instrument operates with 42 precision narrow-band interference filters integrated
into a focal plane detector arrays to provide simultaneous multi-channel observations of a target
scene at discrete wavelengths across the thermal waveband. Launched on the NASA Aura
spacecraft in a polar orbit in 2004, the instrument provides an unprecedented wealth of
atmospheric information with enhanced resolution relative to earlier instruments. HIRDLS can
monitor rapid vertical changes in temperature and composition previously unobserved on a global
basis and provides atmospheric measurements over virtually every point on the Earth surface in a
repeatable pattern, permitting observation of atmospheric phenomena changes in the same
geographic locations throughout the lifetime of the mission. The fine spatial and spectral resolution
has resulted in ongoing research discoveries and refinements in global atmospheric circulation
models, including; unique measurements of Cirrus cloud distribution mapping in the upper
troposphere (2010), equatorial wave structure propagation (2011), gravity wave momentum fluxes
in polar and monsoon regions (2011), and stratosphere-troposphere intrusions resulting from low
ozone concentrations (2011).

Planetary Reconnaissance

The Diviner radiometer experiment on the NASA Lunar Reconnaissance Orbiter uses infrared
filters to investigate the thermal radiation, mineralogical composition and structure of the lunar
environment to gather data as a prelude to future human exploration of the Moon. High precision
narrow bandpass filters manufactured by IML are used to identify possible locations of ice
formation, map mineralogical rock compositions and lunar soils. The filters provided crucial
measurements during the Lunar LCROSS impact mission in 2009, witnessing energy dissipation
and cooling during a planetary impact. The impact shows strong evidence of trapped volatile
chemical compounds that originate from primitive outer solar system bodies. Diviner has
discovered further cold traps in the Moon’s south polar region where sub-surface temperatures are
cold enough to cold-trap water ice and other volatile species. Moon “red spot” regions were
discovered to exhibit high Silicic composition, quartz, silica-rich glass, alkali feldspar and
pyroclastic FeO deposits, providing evidence that the Moon is a complex body that has
experienced a diverse set of igneous processes.

Infrared filters designed and manufactured by IML for the Mars Climate Sounder experiment on the
NASA Mars Reconnaissance Orbiter were deployed to observe the temperature, pressure,
humidity and dust content of the Martian atmosphere. The measurements obtained through these
filters are assembled into daily global maps to show how the Martian weather circulates and varies
over time. Discoveries from this instrument have provided copious information about ancient
environments, ice-age scale climate cycles and present-day atmospheric changes. Carbon dioxide
snowfalls were also detected from south polar clouds, making Mars the only body in the solar
system to exhibit this strange weather phenomenon, and tracking of regional dust storms in the
lower atmosphere of the red planet.
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Ground-based Astronomy

Cooled astronomical filters were developed for ground-based astronomy under the auspices of the
European Southern Observatory (ESO) VISible InfraRed Instrument (VISIR) on the Very Large
Telescope (VLT), Chile. This consortium represents the majority of infrared telescope instruments
in the world, namely; VLT-VISIR, UKIRT-Michelle, GTC-CanariCam, AURA-Gemini, SUBARU-
COMICS, ESO-TIMMI2, VLTI-MIDI, W.M. KECK-LWS, NASA IRTF-MIRLIN, and TIRCAM. IML
were responsible for the spectral design and manufacture of narrow bandpass filters in the N-band
(7.5-14 um) and Q-band (16-28 um) atmospheric windows deployed in all of these instruments.
The successful manufacture of these complex filters has enabled scientists to investigate
astronomical phenomena not previously attainable. The range of infrared filters distributed
throughout the astronomical community has resulted in a vast collection of astrophysical
discoveries ranging from; particulate interstellar and circumstellar hot dust properties, planetary
gas emissions, star and planet forming nuclei, and structure of luminous infrared galaxies.

5. Sources to corroborate the impact

Individuals for corroboration purposes of example impact cases (contact details provided

separately)

High Resolution Dynamics Limb Sounder (HIRDLS):

o HIRDLS U.S. PI, University of Colorado, University Corporation for Atmospheric Research.

Lunar & Mars Reconnaissance Orbiters:

e LRO-Diviner Col, University of Oxford, Department of Atmospheric, Oceanic and Planetary
Physics.

e Chief Scientist, NASA Jet Propulsion Laboratory.

Astronomical Filter Consortium:

o JWST-MIRI Instrument Scientist, UK Astronomy Technology Centre

European Southern Observatory:

e Optical engineer at DSM/IRFU/SAp

Corroborative Impact Websites:
http://www.reading.ac.uk/infrared/research/projects/ir-projects.aspx
High Resolution Dynamics Limb Sounder (HIRDLS):
http://www.eos.ucar.edu/hirdls/
http://aura.gsfc.nasa.gov/instruments/hirdls.html

DIVINER Lunar Radiometer Experiment:

http://diviner.ucla.edu/

http://www.nasa.gov/mission pages/LRO/overview/index.html
http://www.diviner.ucla.edu/press.shtml

Astronomical Filter Consortium:

http://www.gtc.iac.es/instruments/canaricam/canaricam.php#lmaging
http://www.eso.org/sci/facilities/paranal/instruments/visir/index.html
http://www.eso.org/sci/facilities/paranal/instruments/midi/index.html
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