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ABSTRACT:

A new facility designed to characterize the spéctadiometric and geometric properties of hypecsad airborne sensors was
established at the German Aerospace Center (DLR)bierg@affenhofen. This laboratory will serve as Galtion Home Base

(CHB) for the airborne imaging spectrometer APEX baime Prism Experiment), which is currently beireyeloped under the
authority of the European Space Agency (ESA). IrEXRonfiguration (wavelength range: 380 to 2500 mmetantaneous field of
view: 0.48 mrad, field of view: £14°) spectral megsnents can be performed to a wavelength unctrtaint0.15 nm, geometric

measurements at increments of 0.0017 mrad acrask &#nd 0.0076 mrad along track, and radiometriasmements to an
uncertainty of £3 % relative to national standa@dmputer control of major laboratory equipment wloautomation of time

consuming measurements. The facility can be adaptsithilar sensors including such with thermatanéd detectors.

1. INTROCUCTION

The Calibration Home Base (CHB) is a new optical
laboratory for the calibration of airborne hyperspa
sensors and field spectrometers. It is operatieimae 2007.
A photo is shown in Figure 1.

Figure 1. CHB components. 1 = Optical bench, 2 =lifg|
mirror, 3 = Large integrating sphere, 4 = Smalkgrating
sphere, 5 = Rack with power supplies for 18 lampS@f3,
6 = Control electronics for No. 2, 7 = Monochroma®r
Mechanical interface, 9 = Sensor (ROSIS).

*Corresponding author.

The CHB was partly funded by ESA to establish sbcation
facility for the airborne imaging spectrometer APBXen et
al. 2008), but is used for other optical sensonselk It is the
only facility in Europe which allows precise chaex¢sation
of the radiometric, geometric and spectral propertif bulky
and heavy instruments up to 500 kg (including meidz
interface) in a wide spectral range from 380 nmldoum
(Gege et al. 2009).

2. PREMISES

The CHB is located close to DLR’s airfield in
Oberpfaffenhofen and accessible to bulky instrumehtis
installed in a large room (12.8 x 9.0 m2, 8 m high crane

is mounted on the ceiling for handling of heavy poments.
The room can be darkened. An air condition keeps th
temperature at 22 + 1 °C. Relevant environmentalnpeters
(temperature, pressure, humidity, ambient light)e ar
monitored and included automatically to each measent
protocol.

3. FOLDING MIRROR CONCEPT

A folding mirror design facilitates angle-dependgabmetric
and spectral measurements of heavy instrumentsséatep
is shown in Figure 2. The sensor is mounted on ssiva
optical bench using a mechanical interface whiclowa
alignment of the sensor's along track position igsmgaw and
pitch angles. After alignment, the sensor is kepftfiked
position downward looking like in the airplane. latfmirror
(12 x 18 cm?) reflects the beam at a well-definegjla
(x0.007 mrad uncertainty) to the sensor aperturbis T
‘folding mirror’ can be tilted in order to alignéhsensor's roll
angle and to set the angle of incidence during asomement,
and it can be moved in horizontal direction (+37) tonadjust
the across track position to the current incidergi@in order
to meet the entrance aperture.



Figure 2. Folding mirror set-up. 1 = Pillar bearthe
instrument, 2 = folding mirror, 3 = assembly foogeetric
measurements, 4 = assembly for spectral measurement

4. FLAT-FIELD MEASUREMENTS

The sensitivity of imaging sensors is usually notstant
across the field of view due to response differenoé
individual pixels, variations of the entrance slitdth, and
vignetting of optical components. Figure 3 showshsu
sensitivity variation at the example of the imaging
spectrometer AISA (Kuhlbach 2008). The sensor' fif
view was illuminated homogeneously using the CHB'albm
integrating sphere. The plot shows the dark curcentected
signals of AISA's 364 pixels for 4 spectral chasnel
normalized to the channel's average signal. In tase
sensitivity changes about + 10 % across the fiéldeav, and
the effect is wavelength independent.
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Figure 3: Example of a flat-field measurement
(Kuhlbach 2008).

In particular for instruments with large aperturdarge field
of view, a large integrating sphere (1.65 m diamete

available to measure these variations quantitativéhe

sphere is illuminated from the interior by up to stabilised
lamps and provides very homogeneous radiance farea
of 55 x 40 cm2 (variations <0.5 % rms). The radiaxitance
can be changed from 57 to 1524 W rfor adjustment to
instrument sensitivity and to measure detectoralig A

photodiode inside the sphere monitors intensitygka.

5. RADIOMETRIC CALIBRATION

Absolute radiometric calibration requires a souofewell-
known spectral radiance. CHB operates two sourceshwhi
are certified against German national standard (FoB)he
spectral range 0.35-2.5 pm:
Integrating sphere (50 cm diameter, 4 x 20 cm?
opening). The radiance spectrum and its uncertairgy
shown in Figure 4.

Halogen lamp in combination with a reflectance pane
(18 x18 cm?). The uncertainty (k=2) is 2.3 % frof04
1700 nm; it increases towards shorter and longer
wavelengths.
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Figure 4. Spectral radiance of small integratinigesp
and uncertainty (k=2) according to PTB calibration
in November 2007.

Both sources are monitored at each usage by meams of
stable spectrometer. If the measured radiancerslitie any
wavelength in the range 450—-900 nm more than 3% fre
initial value, the source is re-calibrated at PTB.

6. SPECTRAL MEASUREMENTS

A sensor is spectrally fully characterised by thpecéral
response functions (SRF) of all detector elemertis. SRFs
comprise the more convenient parameters centrelerayé,

full width at half maximum (FWHM, identical to speal
resolution), spectral sampling distance, and spkamile
(change of centre wavelength across the field efvyi To
measure a SRF, a spectrally narrow-band beam ditialiis
required which overfills both the entrance apertaned
instantaneous field of view of the pixel under istigation.
Such a beam is provided at CHB by means of a
monochromator Oriel MS257. After passing a paraboli
mirror (focal length 119 mm) it is reflected at tfading
mirror at a well-defined angle to the sensor. The
monochromator can be used in CHB for the wavelength
range 0.38-14 um using different gratings. A quarnmsten
halogen (QTH) lamp is used as light source from-2800
nm, and a ceramic element from 3-14 um. Wavelength
uncertainty is +0.15nm. Spectral bandwidth, beam
divergence and geometric cross-section at sens@mee are
set by tuning width and height of the monochromatar slit.
Spectral bandwidth depends further on the selegtating.
The minimum spectral bandwidth is 0.1 nm from 0B8&-
pm, 0.25 nm from 1.4-3 pm, and 2 nm from 4.5-14 Tihe
divergence of the beam is typically 0.8 x 8 mratfe
geometric cross section at sensor entrance inrther of 3 x

4 cm? (at 100 um slit width, 1 mm slit height).

An example of a spectral measurement is showngdnrgi5
for the sensor ROSIS (Harder 2008). The SRFs ofethre
adjacent channels (no. 27, 28, 29) were determiaedhe
nadir pixel by tuning the monochromator in stepHaf nm
at a spectral band width of 0.5 nm (slit width: 158). Since
the line shapes are close to Gaussian functionsctrs
sensor parameters were determined in this casealgsian



fits of the SRF functions. Results were centre wangdte of
each channel (495.2, 499.1, 503.1 nm), spectralplsagn
distances (3.9, 4.0 nm), and FWHMSs (6.3, 6.2, 2. n

Wavelength [nm]

Figure 5: Example of SRF measurements
(Harder 2008).

Spectral smile of selected channels was determiogd
repeating the measurements for several pixels sithesfield
of view. In Figure 6 the centre wavelength of cheln?8 is
plotted versus the viewing angle: it changes frod8.2 to
501.3 nm, i.e. the change is 3.1 nm (78 % of samgpli
distance).
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Figure 6: Example of a spectral smile measurement
(Harder 2008).

7. GEOMETRIC MEASUREMENTS

The purpose of geometric measurements is to assigte
coordinates to each detector element and to gyaintfge
sharpness by determining the line spread functi®¥). For
this, selected sensor pixels are illuminated wiplecsrally
broad-band radiation. A suitable beam is forme&dB by
means of a lamp-slit-collimator combination. Thigiés of
different width (50, 100, 1000 um) are mounted tartlly
and three identical slits radially on a turnableeehin the
focal plane of a collimator. This set-up producelseam of
well-defined divergence which is parallel to thens®’s
along track or across track direction. Due to tb#irnator’'s
focal length of 750 mm the beam divergence is Q.06I3 or
1.3 mrad in its narrow direction. The geometricssrgection
is 12 cm. The beam is reflected to the sensomatlladefined
angle by means of the folding mirror. For typicahsors the
beam with 0.067 mrad illuminates a fraction of wehiwhile
the beam with 1.3 mrad overfills the pixel. Duriray
measurement the incident angle is changed in dntelvals

either by stepping the folding mirror (minimum ieonent
0.0017 mrad) or the slit wheel (0.0076 mrad).

Figure 7 shows an example of a LSF measurementr (Suh

2008). The measurement was performed for the rpixiél

(no. 192) of the imaging spectrometer AISA. Thegatially
mounted 50 um slit was used as calibration tar§eice it
was illuminated by a broad-band light source, Birmels of
pixel 192 receive light, i.e. a narrow 'line ofHigis projected
to the focal plane. This line was moved acrosspittel by

turning the folding mirror in steps of 0.01°. Thermalised
signals of 5 channels are shown as a function efrthident
angle. These functions are called line spread fomet(LSF).
The centroid of a detector element's LSF is itosgitrack
viewing angle, its FWHM the geometric resolutionrcss
track. The LSF's Fourier transform is the modulati@nsfer
function (MTF).
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Figure 7: Example of LSF measurements
(adapted from Suhr 2008).

8. AUXILIARY MEASUREMENTS

The above-mentioned measurements are relevant
determine basic parameters required for calibratiooptical
sensors. Calibration can be
measurements of the following instrument properties
Detector linearity: radiation is attenuated in well-
defined steps using neutral density filters.
Spectral stray light:spectral filters block radiation in
well-defined spectral intervals. Sensor signalghese
regions are caused by stray light inside the instmnt.

Spatial stray light:selected pixels are illuminated using

the set-up for geometric measurements. Signaloof n
illuminated pixels are caused by stray light insttie
instrument.

Polarisation sensitivity:a set of 3 linear polarisers is

to

improved using auxiliary

available to characterise the dependency of sensor

response on polarisation from 0.47-2.5 um.
Calibration can be checked by measuring the radiarice
coloured reflectance panels which are illuminated &
calibrated halogen lamp.

An example of spectral stray light measuremensh@wn in

Figure 8 (Damm 2007). The measurements were peefbrm

for the hyperspectral sensor ROSIS using 10 bansl fjtes's
which transmit radiation in narrow spectral intdsva
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Figure 8: Example of spectral stray light measurgme
(adapted from Damm 2007).

The filters were illuminated in transmission usi@iB's
small integrating sphere. The plots of Figure 8vslstgnals
measured in non-illuminated channels, normalisedtht®
integral signals of all nominally illuminated chasts, and
shifted spectrally such that the centre wavelengftreach
filter is assigned to the virtual channel no 0. eenthe gap
around channel O corresponds to the spectral ragiarich
the filters transmit radiation, and the curveshe left and to
the right of the gap quantify spectral stray ligtiative to the
integral signal. The curves are very similar fdrfiters, i.e.
spectral stray light can be approximated for tleisser by a
unique function which only depends on wavelength
differences, but not on the wavelength itself. Thisction is
the average of the shown curves. Using this functtbe
stray light can be estimated for any radiance spectFigure
9 shows such an estimate.
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Figure 9: Estimate of spectral stray light at
radiometric calibration (adapted from Damm 2007).

The curve of Figure 9 represents a measurement &'sCH
small integrating sphere as used routinely for aauditric
calibration. It shows that > 5 % of the signal aused by
stray light. Very critical is the strong increaseldw channel
50. If not corrected, stray light during laborataalibration
causes for this sensor significant overestimatidn the
response for < 550 nm (Lenhard et al. 2009). The necessity
of stray light correction is not specific for théensor; for
example, the atmosphere correction algorithm of\BE&
(Gordon 1995) explicitely accounts for stray liglhich is in
the order of 9 % for channel 8 (845—-885 nm).

9. COMPUTER CONTROL

Since a full measurement cycle may last many houeven
some days, major CHB components are computer caedroll
and time-consuming steps can be done automatiwitiput
operator interaction. The flow-chart of the softevés shown

in Figure 10.
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Figure 10: Flow-chart of CHB software.

Two software packages enable automated measurements
CHB SlaveControls CHB devices.
CHB Master. Implements the measurement concept,
commands both the CHB slave software and the sensor
software. Can be adapted to any sensor that sigpport
external control by XML commands.

To control the CHB devices via the CHB Master, a det o

about 60 parameters is used. This set includesel@vbups

for the sensor, folding mirror, monochromator, itoétor

and integrating sphere.

10. SERVICES

CHB is accessible to customers on request. DLR s$aff i
available to adapt the customer’s instrument meichiin to
CHB, set-up its communication with CHB Master software,
operate CHB hardware and software, assist the
measurements, and support in data interpretation.



11. SUMMARY

A new facility designed to perform calibration megesments
of airborne imaging spectrometers was establishitethe
German Aerospace Center (DLR) Oberpfaffenhofen. It wi
be kept operational for a period of at least 5 ydar the
calibration of APEX. Besides that, it will be contously
upgraded to meet the requirements of other sensors,
particular of DLR’s own airborne imaging spectromet@.g.
ROSIS, upcoming ARES) and field spectrometers.
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