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Abstract

A breadboard demonstrator of a novel UV/VIS grating spectrometer for atmospheric
research has been developed based upon a concentric arrangement of a spherical
meniscus lens, concave spherical mirror and curved diffraction grating suitable for a
range of remote sensing applications from the ground or space. The spectrometer is
compact and provides high optical efficiency and performance benefits over traditional
instruments. The concentric design is capable of handling high relative apertures, ow-
ing to spherical aberration and coma being near zero at all surfaces. The design also
provides correction for transverse chromatic aberration and distortion, in addition to
correcting for the distortion called “smile”, the curvature of the slit image formed at
each wavelength. These properties render this design capable of superior spectral
and spatial performance with size and weight budgets significantly lower than standard
configurations. This form of spectrometer design offers the potential for an exception-
ally compact instrument for differential optical absorption spectroscopy (DOAS) appli-
cations particularly from space (LEO, GEO orbits) and from HAPs or ground-based
platforms. The breadboard demonstrator has been shown to offer high throughput and
a stable Gaussian line shape with a spectral range from 300 to 450 nm at better than
0.5 nm resolution, suitable for a number of typical DOAS applications.

1 Introduction

Measurement of atmospheric species with climate change or air quality (AQ) impli-
cations is a key driver for ground and space-based Earth Observation. Techniques
such as differential optical absorption spectroscopy (DOAS) (Platt, 1994; Edner et al.,
1993; Evangelisti et al., 1995; Veitel et al., 2002; Honninger et al., 2004; Lohberger
et al., 2004; Lee et al., 2005; Friess et al., 2005; Sinreich et al., 2005) operating in
the UV/Visible bandwidth have been used over a number of decades for the retrieval
of atmospheric concentrations of such key parameters as ozone (O3) (Axelsson et al.,
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1990; Virkkula, 1997; Wang et al., 2006; Kim et al., 2007), nitrogen dioxide (NO,) (Van
Roozendael et al., 1994; Leser et al., 2003; Pundt et al., 2005; Palazzi et al., 2007;
Louban et al., 2008; Kramer et al., 2008; Leigh et al., 2007), formaldehyde (HCHO)
(Cardenas et al., 2000), the halogen oxides (bromine BrO — Richter et al., 1999; Aliwell
et al., 2002; Honninger and Platt, 2002; Bobrowski et al., 2003; Bobrowski and Platt,
2007, chlorine OCIO — Tornkvist et al., 2002; Kuhl et al., 2006 and iodine 10 — Wittrock
et al., 2000; Friess et al., 2001), and the oxygen dimer O, (Wagner et al., 2004; Friess
et al., 2006; Leigh et al., 2007) from which information on the atmospheric aerosol
profile can be retrieved.

NO,, O3, and HCHO are factors in air quality with impacts on human health, specif-
ically being implicated in impaired lung function (Bonay and Aubier, 2007). In most
scenarios the primary anthropogenic source of NO, is vehicular emission (Eskes et
al., 2006). Typical concentrations of NO, range from 10-45 ppbV, elevated to 200 ppbV
during high pollution episodes (DEFRA, 2007). Ozone is a secondary pollutant gen-
erated through the sunlight initiated oxidation of VOCs, including formaldehyde in the
presence of nitrogen oxides (NO,) (Monks, 2003). Typical concentrations are 15 ppbV,
elevated to over 100 ppbV in hot and sunny conditions (DEFRA, 2007). Formaldehyde
(and aldehydes in general) and glyoxal (C,H,0,) (Hastings et al., 2005) have been
implicated in the formation of components that produce photochemical smog.

There is a requirement for accurate measurement of such atmospheric species at
high spatio-temporal resolution to accurately determine fluxes and map transport. Fur-
thermore, to provide data for use in regional forecasting and monitoring it is necessary
to interrogate the planetary boundary layer at a spatial resolution suitable for assim-
ilation into mesoscale models, often 2km by 2km or less (Cai et al., 2002; Harrison
et al., 2006; Mihailovic et al., 2005; Owen et al., 1999). The use of satellite data in
such initiatives is constrained by difficulties in the retrieval of data from the PBL ow-
ing to the presence of clouds. A high spatial resolution significantly increases the
likelihood of cloud free pixels that could be recorded, while simultaneously providing
data on a quasi-urban scale (2—10km). The abundance of many AQ species is driven
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by photochemistry, showing significant diurnal variability, requiring systems with low
noise and high throughput which offer relatively high temporal resolution. Compact
instruments capable of providing the necessary optical performance and spectral res-
olution to make meaningful measurements of these target species are a key enabling
technology.

In 1994 a design for a new type of optical concentric spectrometer based on an
Offner relay spectrometer was published by Lobb (1994). A standard Offner spec-
trometer consists of three spherical concentric mirrors: two concave and one convex,
sometimes with an added concentric meniscus lens. The object and image surfaces
are typically in a common plane that includes the common centre of curvature (Prieto-
Blanco et al., 2006). Lobb’s configuration uses a single concave spherical mirror (from
which light is reflected twice) and a spherical meniscus lens. The convex mirror is
replaced by a convex spherical diffraction grating. The spectrally-dispersed image
is again in the same plane as the common centre. The grating pattern lines are in
equi-spaced parallel planes orthogonal to the focal plane (Lobb, 2004). A schematic
diagram of such a system is given in Fig. 1. This concept could allow for a high perfor-
mance imaging spectrometer of a considerably reduced size compared to equivalent
instrumentation (in a Czerny-Turner configuration for example).

The beam from the entrance slit is folded at a flat mirror and passes through the
meniscus lens, where it is then reflected by the concave mirror, and falls on the grat-
ing. A first order diffracted beam forms the useful spectral image from the second
reflection at the concave spherical mirror and second transmission through the menis-
cus lens. The design requires a grating frequency in the order of >2000 cycles/mm
for UV/Visible applications and features relatively large diffractive deflections, which
makes the system compact with an intrinsic stability of wavelength calibration. This
optical arrangement inherently leads to near zero spherical aberration (Lobb, 2004).
Full details can be found in (Lobb, 1994, 2004) and (Bovensmann et al., 2002, 2004).

The concentric spectrometer concept could provide a compact and powerful instru-
ment for differential optical absorption spectroscopy (DOAS) applications for ground
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based observations, high altitude platforms (HAP) or for satellite imaging. This pa-
per details the characterisation of the first DOAS demonstrator of this novel concentric
spectrometer system, including details on the optical components and an appraisal of
the performance of the instrument in comparison to target specifications.

2 Experimental design

A concentric spectrometer was first proposed for space flight as part of a ESA study
(Bovensmann et al., 2004), however the technology had not been practically demon-
strated. The specifications for this design were predicated on potential flight opportuni-
ties for such an instrument and as such the demonstrator was designed as a represen-
tation of a low earth orbit space based system with daily global coverage (swath width
2600 km).

To demonstrate the operational capabilities of this design the demonstrator was con-
ceived as a broadband imaging spectrometer with the primary objective of the detection
of the key air quality significant atmospheric species: NO, and tropospheric O3 over
an operational bandwidth of 300-450 nm. This bandwidth also permits the detection
of other important trace gases, such as HCHO, glyoxal and BrO and provides a mea-
sure of the aerosol optical thickness through retrievals of the oxygen dimer, O,. The
emphasis on the detection of atmospheric compounds with significance to air quality
monitoring resulted in this novel spectrometer being attributed with the acronym Com-
pact Air Quality Spectrometer, or CompAQS.

A driver for the design was that of representing a LEO (Low Earth Orbit) imaging sys-
tem with global daily coverage suitable for air quality applications. To produce a 5x5 km
ground pixel over a 2500 km swath width, a spatial resolution of 90 um over the 52 mm
length of the entrance slit was specified, giving over 500 resolved elements. The tar-
get along-track resolution and orbit constrains the sampling time to be less than 0.8 s.
A spectral resolution of 0.5 nm is sufficient for DOAS retrievals of the target species,
while a sampling factor of 7 pixels per FWHM provides sufficient detail to assess the
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instrument line shape in both spectral and spatial domains. Taking these factors into
account the CompAQS demonstrator was designed with a focal plane consisting of
2048 spectral pixels, giving spectral sampling of 0.075nm per pixel, and 4096 spatial
pixels with a corresponding spatial sampling of 13 um (650 m from LEO) per pixel. The
relative aperture at the slit is /3.06 in the spectral domain, /1.25 in the spatial do-
main, and the spectrometer has unit magnification, such that the width of the entrance
slit is the same as the FWHM of a resolved spectral element on the focal plane. The
target operational specifications described above determine the size and layout of the
CompAQS demonstrator. The conceptual driver for the spectrometer is such that the
size of the optical components, including the radius of curvature of the grating, lens
and mirror, scale linearly with the size of the focal plane.

The detector package used in the demonstrator was an e2V CCD48-20 Back lllu-
minated CCD sensor with a 1.3x1.3cm active area detector, comprising an array of
1024x 1024, 13x13 um pixels, with an associated electron capacity of up to 100000
electrons per pixel. This pixel size determined the focal plane to be 27.6x55.2mm in
size. The CCD was translated through a 2x array to map the full focal plane. Owing to
the spatial relationship between the optical components and the size of the focal plane
the resultant dimensions for the arrangement of the optical components and the focal
plane result in a volume which is little over 20 cm cubed.

2.1 Diffraction grating

Of the bespoke optical elements the diffraction grating had the most exacting man-
ufacturing tolerances owing to its impact on instrument throughput, with the lowest
transmission of all the optical components and the strongest potential for stray light
if not manufactured accurately. To provide the necessary spectral sampling over the
bandwidth of the CompAQS demonstrator the grating required a grating frequency of
2350+1 cyclessrmm. The grating was manufactured by Carl Zeiss Optronics GmbH
from a fused silica substrate provided by Comar Instruments (UK), polished to an
RMS smoothness of 0.40 nm across the optical surface. The diffraction efficiency was
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relatively uniform for non-polarised light across the bandwidth, with a mean efficiency of
60% from the half-sinusoidal profile. Analysis performed by Carl Zeiss showed that the
error in the groove direction was +0.06 degrees. The micro-roughness of the grating
surface was evaluated by Carl Zeiss using AFM measurements made across the sur-
face. The mean micro roughness, o, was 0.93 nm with an intrinsic error of £0.1 nm rms.
To provide a cursory evaluation into the quality of the grating the total integrated scat-
ter ([4710//1]2) from the grating surface was calculated across the bandwidth and was
shown to vary smoothly from approximately 0.15% at the lower end of the target band-
width to approximately 0.07% at the upper end of the bandwidth. The grating marks
a significant achievement in that a high-quality, technically demanding grating can be
manufactured on a convex surface with a relatively small radius of curvature for imple-
mentation in this novel technology.

2.2 Spherical meniscus lens, concave spherical mirror and fold mirror

The spherical lens and mirror were manufactured by the Florida based company
Coastal Optical Systems (US), fabricated from fused silica. The lens was anti-reflection
coated; measurements on each side of the lens showed that the reflectivity was below
0.5% over the majority of the bandwidth, with a local minimum of approximately 0.01%
between 350 and 400 nm and a maximum of approximately 0.9% at 450 nm, at which
point the reflectivity rose sharply outside of the demonstrator bandwidth. The mirror
was coated with a dielectric-protected aluminium layer provided by Universal Thin Film
Labs. The reflective coating gave a total reflectivity of between 91 and 93% over the
bandwidth, with the local maximum at approximately 350 nm. The optical surfaces of
each item were analysed by Coastal Optical Systems using optical interferometry. The
front surface of the lens was measured to have a RMS micro-roughness of 0.417 nm
while the rear surface had a value of 0.276 nm. While there has been no appraisal
of the subsurface quality of the lens the total integrated scatter has been reasonably
assumed to be less than 0.1% across the bandwidth accounting for light passing twice
through the lens in the instrument (from source to grating, from grating to detector). The
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RMS micro-roughness of the finished optical surface of the concave mirror was found
to be 0.491 nm, giving a total integrated scatter under 0.09% over the bandwidth, again
accounting for light reflecting twice off the mirror surface.

The fold mirror was provided by SP3 Plus (UK), again made from fused silica with a
reflective aluminium and protective dielectric coating, with a specified surface polish of
1 nm. The total reflectivity was measured to be between approximately 92 and 92.5%
across the bandwidth, with the local maximum appearing at approximately 440 nm.
The combined total integrated scatter for the current instrument is given in Table 1.

The estimated total integrated scatter of the instrument is shown to decrease with
increasing wavelength, and these values can provide a rough estimate of the total frac-
tion of stray light that may be generated from the optical components, with 0.51% to
0.28% of the total incident photons deviating from the intended light path, of which a
portion may terminate at the focal plane. Stray light is a significant issue for scattered
sunlight systems. As a demonstrator for a LEO system CompAQS was designed to
work with typical Earth spectral radiance levels, which increases over the operational
bandwidth by some three orders of magnitude (Kelder et al., 2005) from 1.7x10"" to
1.5x10™ photons/[cmz.s. sr. nm]. Therefore stray light from longer wavelength radia-
tion can obscure the weaker, lower wavelength radiation, leading to poor quality data
from the UV channels. This current iteration of the concentric spectrometer was in-
tended primarily as a demonstrator of the concentric spectrometer concept and as
such the overall quality of the components is not necessarily representative of the re-
quirements of a true space instrument nor the ultimate performance achievable for such
items.
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3 Results

The following section describes the experiments to investigate and characterise the
demonstrator system, and the outcomes of this analysis in comparison to the target
performance.

The demonstrator did not include an entrance telescope system. Light enters the
instrument through a square-conical baffle with the entrance slit at the apex of the
cone. Two entrance slits were used with widths of 65 and 78 um. Owing to the tight
spatial constraints in front of the focal plane, it was not possible to provide a cover
window over the CCD surface, and the CCD system could not be evacuated and was
cooled to ~12°C by a Peltier cooler.

The concentric components were initially aligned by adjusting the position of each
component to optimise the detection of mercury emission lines, and the alignment
refined through the use of an adapted autocollimator. For the initial alignment experi-
ments light from an Ocean Optics HG-1 Mercury Argon Calibration Source was passed
through a 1 mm diameter optical fibre positioned approximately 30 mm from the centre
of the entrance slit, such that the light filled the entrance slit. This light provided a
means of checking the alignment of the instrument in terms of bandwidth covered by
the focal plane, the focus of the instrument, the instrument line shape and wavelength
calibration. The 65 and 78 um slits were fitted and experiments carried out with both
using an integration time of one second.

Through an iterative tuning process the spectrometer was optimised to record spec-
tra showing the 365.02, 366.33, 404.66, and 407.78 nm lines of the mercury spectrum,
and on moving the CCD in the spectral domain the 435.84 nm line.

It was possible to assess the instrument line shape by examining cut sections of the
CCD image, such as those shown in Fig. 2 for the emission lines recorded using the
78 um slit. Each emission line was examined in detail with Fig. 3 showing the 365 nm
peak recorded using a slit width of 65 and 78 um respectively. The 65 um (0.065 nm)
slit offers a finer resolution, with a FWHM of between 4 and 5 pixels. Using the 78 um
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(0.078 nm) slit the 365.02 and 365.48 nm lines could not be resolved, although the
FWHM matched the expected 6—7 pixels for this slit width. Fig. 3 also shows Gaussian
fits made to each peak, generated with MicroCal Origin V6 software. The R? values for
each fit are mostly in excess of 0.99, confirming the stability of the Gaussian line shape
across the spectral domain, a key requirement for DOAS. Figure 4 shows similar plots
with the 404 and 407 nm lines.

The wavelengths of the emission lines were attributed to the location of the peak
centres on the CCD, and from this data a wavelength calibration for the instrument
for both slit widths was determined, as given in Fig. 5. The calibration data demon-
strates a strong linear relationship between the line position on the CCD and wave-
length, with the data from the 65 um slit having a slightly better correlated linear fit
than that from the 78 um slit. From this data it was possible to determine the spec-
tral sampling characteristics for both slits: the effective sampling of the instrument with
the 65 um (0.065 nm) slit was 0.07044 nm/pixel, and 0.07000 nm/pixel with the 78 um
(0.078) slit. The spectrometer bandwidth covered 150 nm in around 2150 pixels in a
spatial distance of approximately 27.7 mm, marginally larger than the design specifi-
cation of 27.6 mm. Applying the wavelength calibrations to the recorded data allowed
evaluation of the spectral resolution of the recorded emission lines. Figure 6 shows
the corresponding wavelength calibrated data recorded with the 65 um slit, with new
Gaussian fits giving a spectral resolution of approximately 0.3 nm. The corresponding
spectral resolution for the 78 um slit was approximately 0.45 nm.

The spectral sampling was re-assessed using an autocollimator through a two step
process. The autocollimator (Taylor Hobson, Microptic TA50 142/12) was fitted with
an objective lens to focus the light emitted from the autocollimator. The autocollimator
was adjusted to give a single point reflection from the grating surface, such that the
point of focus was on the shared centre of curvature. The spherical meniscus lens
was then introduced into the system and adjusted to give a coincident reflection from
the meniscus lens front surface, as illustrated in Fig. 7a). The autocollimator was then
moved and a single point reflection sought from the rear surface of the meniscus lens.
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The concave mirror was introduced and adjusted so as to give a coincident reflection,
as shown in Fig. 7b).

Once aligned the other components were fitted and aligned. Using the 65 um en-
trance slit spectra were recorded using a mercury lamp (Oriel 65160 with power supply
65150) positioned 30 cm from the entrance slit, passing through a diffuser prior to en-
tering the spectrometer. Spectra were recorded in the same manner as before. A
wavelength calibrated spectrum of emission lines from 365.02—-435.84 nm is shown in
Fig. 8.

Figure 9 shows the 365 nm emission lines with an identical FWHM of 4 pixels/0.3 nm
as determined previously and the Gaussian fits applied to the emission lines have a
range of R? values between 0.95 and 0.99. The spatial sampling of the demonstrator
was appraised by passing another slit of known width perpendicular to the entrance slit
to create an entrance aperture of known dimensions. The resultant light on the focal
plane covers a set number of pixels in the spatial domain equivalent to the width of the
perpendicular slit. The same instrument configuration was used as before to allow for
a direct comparison with the previous work to assess the spectral characteristics of the
instrument. The 68 um slit was used as the entrance slit and a 91 um slit was used as
the perpendicular slit for this experiment.

The perpendicular slit was placed at fixed points along the entrance slit relative to
its centre (=20 mm, —10 mm, 0, +10 mm, +20 mm from the centre) and measurements
made. The 404.66 nm emission line was the target for these experiments. With the
perpendicular slit in place the emission line was found to retain the Gaussian spectral
line shape with a consistent fitting R? value of 0.996. Figure 10 shows the spatially
resolved peaks from the same emission line at different points along the entrance slit.
The FWHM for these peaks is 6 to 7 pixels.

The individually resolved points were imaged in 3-D to appraise their shape, both
spectrally and spatially, and the surrounding background levels of noise. Figure 11
shows such a plot for the 404.66 nm central spot. With a spatial aperture of 91 um and
a single pixel size of 13 um the FWHM of the spatially resolved element was confirmed
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as 7 pixels providing over 500 resolved elements over the 52 mm entrance slit. With the
current focal plane size and appropriate entrance optics, a LEO system with a global
coverage swath width of 2600 km would have a resultant spatial sampling of 650 m,
with an across-swath ground resolution of approximately 5 km.

One key advantage of the concentric spectrometer design is the lack of curvature in
the image of the entrance slit on the focal plane, an effect known as smile. A preliminary
measurement of the smile of the CompAQS breadboard demonstrator was made by
illuminating the full entrance slit with the Hg-Ar lamp. The resulting spectral line, imaged
across the spatial domain was analysed for linearity across the detector. The results
are shown in Fig. 12. Although some minor deviations from a linear response are
suggested, the deviations are less than half of a 13 um pixel across the entire 13 mm
CCD surface.

Although entrance optics were not incorporated into the CompAQS demonstrator,
a rudimentary system was tested using a fibre optic input and convex lenses to im-
age scattered sunlight into the CompAQS instrument. The resulting spectrum is given
in Fig. 13, plotted with a Kurucz solar spectrum. Using the established WinDOAS
analysis package, the FWHM of this spectrum was measured at 0.55nm, with a lin-
ear wavelength calibration confirming the sampling of 0.0705+0.001 nm/pixel. This
demonstrates that even at this preliminary stage of development CompAQS should be
a powerful tool for future DOAS work.

4 Conclusions

The concentric spectrometer (CompAQS) concept theoretically offers exceptional spa-
tial and spectral performance at very low volume and weight budgets, and the demon-
strator has confirmed those key features: the volume of the optical components and
focal plane in the demonstrator is little bigger than 20cm cubed, and the instrument
provides sufficiently high spectral and spatial sampling intervals to allow for oversam-
pling factors of 7 pixels with a relatively high spectral resolution of 0.5nm and 5km
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across-track spatial resolution. The instrument line shape has been characterised and
shown to approximate a Gaussian profile with measured R? values typically in excess
of 0.99. Another key characteristic of the concentric concept was the self-correction
of instrument “smile”, which was demonstrated to be negligible. The measurement of
the atmospheric spectrum has also shown the potential of this spectrometer for DOAS
applications when coupled with appropriate entrance optics.

Another significant output is the demonstration that the optical components for this
type of spectrometer, principally the diffraction grating, can be manufactured to the
necessary specification. The total integrated scatter from this critical part was found to
be exceptionally good for such this component being the first of its kind, ranging from
approximately 0.15% at 300 nm to 0.07% at 450 nm.
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contribution from each component, assuming a worst case scenario of 0.1% from the lens in C. Whyte et al.
the absence of subsurface quality information.
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Abstract Introduction
Grating 0.1518 0.1293 0.1115 0.0971 0.0854 0.0756 0.0674
Lens 0.1 0.1 0.1 0.1 0.1 0.1 0.1 Conclusions References
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Fold Mirror 0.1755 0.1542 0.1289 0.1153 0.0987 0.0874 0.0780 Tables Figures
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Fig. 1. The Lobb design for a novel reduced size concentric spectrometer. This diagram is
adapted from Lobb (2004).
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Fig. 2. The mercury line spectra recorded in the first light optimisation experiments for the

78 um slits.
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Fig. 3. A closer examination of the 365nm lines recorded for slit widths of 65 um (left) and
78 um (right).
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Fig. 4. A closer examination of the 404 and 407 nm line recorded for slit widths of 65 um (left)
and 78 um (right).
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Fig. 5. Wavelength calibration plots for the 65 um slit (top) and the 78 um slit (bottom) showing
the linear fit applied to each data set.
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Fig. 6. Wavelength calibrated mercury emission lines with Gaussian fits applied to each emis-
sion line for data recorded with the 65 um slit.
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Fig. 7. The alignment of the concentric optical components using an adapted autocollimator

fitted with an additional objective lens: (a) aligning the meniscus lens with the grating and the
centre of curvature; (b) aligning the concave mirror with the grating and meniscus lens.
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Fig. 8. An example of a mercury emission spectrum recorded from the CompAQS instrument
with the concentric optical components fully aligned and confirmed.
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Fig. 9. A closer view of the 365 mercury emission lines recorded with the 65 um slit, showing
Gaussian fits to the peak shapes and a resolution of ~0.3 nm.
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Fig. 10. A collection of the spatially resolved elements from the 404.66 nm mercury emission
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line for different locations of the entrance slit.
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Fig. 11. A 3-D representation of the spatially resolved 404.66 nm mercury emission.
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Fig. 12. A measurement of the “smile” in the CompAQS spectrometer system. The overall
slope of the plot is due to a minor rotation of the CCD detector with respect to the focal plane.
Sub-pixel values were obtained using a combined smoothing/spline interpolation routine. Fea-
tures around column 620 and 710 result from artefacts on the CCD surface, and not deviation
of the image.
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Fig. 13. Example atmospheric spectrum from the CompAQS instrument, plotted with a con-
volved Kurucz solar spectrum at 0.55 nm.
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