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ABSTRACT
We have designed and fabricated a suite of grisms for use in FORCAST, a mid-infrared camera scheduled as a
first-light instrument on SOFIA. The grism suite gives SOFIA a new capability: low and moderate resolution
spectroscopy from 5µm to 37µm, without the addition of a new instrument. One feature of the optical design
is that it includes a mode using pairs of cross-dispersed grisms, providing continuous wavelength coverage over
a broad range at higher resolving power. We fabricated four silicon (n = 3.44) grisms using photolithographic
techniques and purchased two additional mechanically ruled KRS-5 (n = 2.3) grisms. One pair of silicon grisms
permits observations of the 5 − 8µm band with a long slit at R∼ 200 or, in a cross-dispersed mode, at resolving
powers up to 1500. In the 8 − 14µm region, where silicon absorbs heavily, the KRS-5 grisms produce resolving
powers of 300 and 800 in long-slit and cross-dispersed mode, respectively. The remaining two silicon grisms cover
17 − 37µm at resolving powers of 140 and 250. We have thoroughly tested the silicon grisms in the laboratory,
measuring efficiencies in transmission at 1.4 − 1.8µm. We report on these measurements as well as on cryogenic
performance tests of the silicon and KRS-5 devices after installation in FORCAST.

1. INTRODUCTION
When the Spitzer Space Telescope runs out of cryogen in early 2009, astronomers will lose a valuable tool
for infrared observations. Water vapor in Earth’s atmosphere absorbs heavily in the mid-infrared, making
observations at some wavelengths impossible for ground-based telescopes. One way to circumvent this obstacle
is to place the telescope above the water vapor. Spitzer and other space telescopes are outside the atmosphere
and suffer no telluric absorption. However, a space telescope has limitations in telescope size, mission lifetime,
and instrument complements. SOFIA (Stratospheric Observatory For Infrared Astronomy) is an airborne 2.5 m
telescope scheduled for a 20 year lifetime and several generations of instruments. The altitude at which SOFIA
will fly (> 40, 000 feet) puts it above ∼ 99% of the water vapor present at sea level. The first generation of
instruments being built for SOFIA covers a wide range in wavelength and resolving power (see Figure 1).
The Faint Object infraRed CAmera for the SOFIA Telescope (FORCAST) is a mid-infrared (5-40 µm) camera
being built at Cornell University.1, 2 While the sensitivity of Spitzer exceeds that of FORCAST, the angular
resolution afforded by the 2.5 m telescope improves by a factor of ∼ 3 over that of Spitzer at λ > 15µm. The
camera provides a 3.2’ x 3.2’ field of view and contains two channels: a “red” channel, which is sensitive from
25-40 µm, and a blue channel which operates from 4-25 µm. Each channel contains two filter wheels which
contains both broad and narrow band filters. Figure 2 shows the optical path layout of a single FORCAST
channel.
One capability which the current SOFIA instrument complement lacks is mid-IR spectroscopy at moderate
resolving power (R ∼ 100−1000). We report on the fabrication and testing of a suite of grisms for the FORCAST
instrument. The grism suite allows observers to use FORCAST as a low to medium resolution spectrometer, a
capability which, if absent would represent a significant gap in SOFIA’s wavelength-resolving power space (see
Figure 1).
The addition of grisms to FORCAST will enable investigations of many different areas of astronomy including
star and planet formation, galactic chemical evolution, and galaxy evolution. Infrared observations are important
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Figure 1. Resolving power vs. wavelength for the first generation of SOFIA instruments. The FORCAST grism suite
(polka-dotted region) adds low to medium resolution spectroscopic capabilities to the instrument complement.

for studying Polycyclic Aromatic Hydrocarbons (PAHs) and silicates, key components of interstellar dust. Dust
grains play a vital role in the formation of H2 and help shield the interiors of molecular clouds from ionizing
radiation, allowing clumps of cool dust and gas to coalesce and eventually collapse to form stars. Absorption
spectra of molecular clouds containing these dust grains against background stars show the composition and
environment inside molecular clouds. Forming stars heat circumstellar dust grains via UV photons until the
grains are hot enough to thermally radiate in the infrared. Low resolution spectroscopy will aid studies of
star formation by providing infrared spectral energy distributions (SEDs) of individual young stars. SEDs can
probe the geometry and evolution of circumstellar disks, providing constraints for theories of planet formation.
Moderate to high resolution spectroscopic measurements of this dust and PAH emission can tell astronomers
the composition of the circumstellar material. Spectroscopic studies of dust can also determine properties of
extra-galactic objects. Dust and PAH emission trace star formation rates in nearby galaxies. Once low mass
(< 8MSun ) stars have completed their main-sequence lifetimes, they evolve into red giants. Dust grains form
in the outer atmosphere of these stars as they expel their outer layers back into the ISM, completing the cycle.
Spectroscopic studies of red giants and planetary nebulae with grisms on FORCAST will help astronomers
explore the life cycle of cosmic dust and how matter is returned to the ISM.

2. GRISM SUITE DESIGN AND FABRICATION
FORCAST is optimized as an imaging instrument. An ideal spectroscopic retrofit of such an imaging system
should introduce as few extra optics as possible, and the beam path should be undisturbed. Grisms, which
are transmissive dispersive elements consisting of a prism-grating hybrid, provide the spectroscopic capabilities
without significantly altering the beam path, ensuring that the only necessary additions to FORCAST are slits
in the aperture wheel, and grisms and blocking filters in the filter wheels (see Figure 2). The grisms are blazed

Figure 2. The optical path of the short-wavelength FORCAST channel. Light enters the camera through the Dewar
window and is focused on the field stop. An aperture wheel is located at the field stop and contains apertures for imaging
and slits for spectroscopy. After passing through the aperture/slit, the light is then collimated by the collimating mirror
and sent to a fold mirror. The fold mirror steers the light through a dichroic filter. The dichroic reflects short wavelength
(λ = 5 − 24µm) light into the short-wavelength channel (SWC) and transmits long wavelength (λ = 25 − 40µm) light into
the identical (but reversed) long-wavelength channel (LWC). The dichroic is useful for simultaneous observing in both
the SWC and LWC, but can be changed to a mirror to direct all light into the SWC, or removed completely to direct all
light into the LWC. After the dichroic, a fold mirror directs the collimated light through a Lyot stop. Two filter wheels
are mounted at the Lyot stop, one on each side. The filter wheels contain filters and our grisms. Camera optics focus the
light on the focal plane array after it passes through the filters/grisms/Lyot stop.

Grism
1
2
3
4
5
6

Material
Si
Si
KRS-5
KRS-5
Si
Si

Physical Characteristics
σ = 25µm, δ = 6.16◦ , m = 1
σ = 87µm, δ = 32.6◦ , m = 1
σ = 32µm, δ = 15.2◦ , m = 1
σ = 130µm, δ = 36.8◦ , m = 1
σ = 87µm, δ = 6.16◦ , m = 1
σ = 142µm, δ = 11.07◦ , m = 2

Wavelength Range
5 − 8µm
5 − 8µm
8.1 − 13.7µm
8.1 − 13.7µm
17.1 − 28.1µm
28.7 − 40.0µm

Resolving Power
200
1200
300
800
140
250

Slit Size
3’ x 2”
2” x 15”
3’ x 2”
2” x 15”
3’ x 2”
3’ x 3”

Table 1. FORCAST Grism Suite Design Parameters. The physical characteristics in column 3 are defined as follows: σ =
groove spacing, δ = prism angle, m = order in which grism will operate

so that light at the center of the wavelength band of interest passes through the grism undeviated to the detector
array.3
The grism suite (see Table 1 for design parameters) covers the entire wavelength range of the camera (5-40
µm) with low resolution modes, using long slits which cover the length of the detector (2” x 3’ and 3” x 3’).
A combination of a short slit rotated by 90◦ , a low resolution cross dispersing grism, and a high resolution
grism achieves higher resolution in the shorter wavelength regime (5 − 13µm). This combination produces a
cross-dispersed spectrum on the 256x256 detector (see Figure 5). Grisms 1, 3, 5, and 6 are low resolution grisms
which can be used independently with the long slits. Grisms 2 and 4 are higher resolution grisms for use with a
rotated short slit and grisms 1 and 3 as cross-dispersers, respectively.

Since the resolving power of a grism is proportional to (n − 1) where n is the index of refraction of the
material, the use of high index of refraction materials produces higher resolution grisms for a given beam size.
The high index of silicon (n = 3.4), good infrared transmissive qualities, and mature processing techniques, make
silicon an attractive material for the grisms. Grisms 1, 2, 5, and 6 were fabricated out of silicon. Due to silicon
lattice absorption which peaks at ∼ 16µm, and oxygen absorption at ∼ 9µm, Si is not a good choice of grism
material between 8 − 17µm. Grisms 3 and 4, which are designed to operate between 8.1 − 13.7µm, were made
out of KRS-5 (Thallium Bromoiodide). KRS-5 has excellent transmission at optical to mid-IR wavelengths, and
was selected as the material for grisms 3 and 4. However, the smaller index of refraction for KRS-5 (n = 2.4)
reduces the maximum possible resolving power of the grism for a given prism angle.

2.1 Grism Fabrication
The silicon grisms were fabricated using silicon micromachining techniques.4–6 The process begins with a 75 mm
diameter single-crystal boule. The boule was oriented along crystal planes using X-ray crystallography, sliced
into thick (∼ 10mm) disks and polished to λ/10 flatness. A layer of silicon nitride was then deposited on the
surface to serve as a passivation layer. In preparation for lithography, we deposited a layer of photoresist. We
used a photo-lithographic process to transfer patterns of parallel lines from a mask to the photoresist so that the
lines lie along the crystal planes of the silicon disk (see Figure 3). The exposed regions of the photoresist and
underlying nitride layer were removed by a developer and reactive-ion etch. Then, a solution of KOH was used
to anisotropically etch the groove pattern into the silicon disk, exploiting the geometry of the crystal planes to
create the groove sides. The wedge was then cut from the thick silicon piece, and the entrance face polished to
optical flatness.
We contracted with Carl-Zeiss to produce the KRS-5 grisms. The KRS-5 grisms were fabricated by direct
ruling the lines.

2.2 Anti-Reflection Coatings
We developed two broad-band anti-reflection coatings with a commercial vendor. Primarily, anti-reflection
coatings reduce reflections off the faces of optical parts. Fresnel losses off a single uncoated silicon are ∼ 30%,
making the maximum possible efficiency of a perfect piece 49%. The first coating operates between 5-9 µm and
was deposited on the entrance face of grisms 1 and 2. The second coating was optimized to reduce reflections
between 17-40 µm but has not yet been applied to the entrance face of grisms 5 and 6. Grisms 3 and 4 were
purchased with an anti-reflection coating already applied to the entrance face.

3. GRISM TESTING
3.1 Bench Testing
Before installation in FORCAST, the grisms were tested on a laboratory optical bench.7 In order to determine
the blaze profiles of the silicon grisms (see Figure 4), we measured throughput efficiencies at several different
wavelengths (1.4-1.8 µm) of monochromatic light by collimating light from the output of a scanning monochromator into a 10mm diameter beam centered and normal to the grism entrance face. We scanned a single-element
detector along the dispersion axis of the grism to measure the intensity of light exiting the grism as a function
of output angle. The efficiency of the grism at a particular wavelength is then the intensity of the light integrated over several orders divided by the intensity measured with no grism in place. We did not measure the
blaze function of grism 2 because the output of the monochromator was a significant fraction of the grism’s free
spectral-range. Table 2 shows the measured efficiencies of uncoated grisms 1, 5, and 6. Assuming 30% Fresnel
losses at each surface and considering geometric losses appropriate to each grism, the measured efficiencies agree
well with predicted efficiencies. The geometric losses are due to groove tops and groove shadowing, and are
typically on the order of 10% for small wedge angles, but increase with the wedge angle.

3.2 FORCAST Testing
In November 2006 and again in March 2008, The grisms were mounted in FORCAST filter wheels and cooled
to cryogenic temperature, The grisms were co-mounted with blocking filters to eliminate unwanted orders of
longer/shorter wavelength light. We performed wavelength calibration and resolution measurements. Figures 5
and 6 show some results from our testing.

Figure 3. A detailed description of the process of chemically ruling grooves into Si is described elsewhere.6, 7 A silicon
boule is oriented using X-ray crystallography. In panel a) silicon disks are cut from the boule and polished to optical
flatness. The angle at which the disks are cut to the axis of the boule is given by the desired wedge (blaze) angle of the
finished part (δ = 6.16◦ in this schematic). Thin lines are patterned onto the surface of the disk. A solution of KOH
then anisotropically etches the groove pattern into the silicon crystal. Panel b) shows a schematic side view of the wedge
inside the silicon disk before it is cut. The entrance face is the large face opposite the grooved face, and is polished to
optical flatness. Panel c) shows an SEM cross-section of grooves biased at 6.16◦ .8 The groove tops are all that is left of
the original silicon surface, and the groove sides are defined by major crystal < 111 > planes in silicon. The piece is then
cut out of the silicon disk.

Grism
1
5
6

Measured Efficiency
40 ± 3%
39 ± 3%
41 ± 3%

Table 2. FORCAST Grism Suite Blaze Efficiencies

Figure 4. Near-IR blaze functions for grisms 1, 5, and 6 (a, b, and c respectively).7 The blaze function of grism 2 was not
measured due the fact that its free spectral range at λ = 1.5µm was comparable to the bandpass of the monochromator

3.2.1 Wavelength Calibration
For the silicon grisms, one way to determine a wavelength calibration is to use water vapor emission lines. The
wavelength calibration for G1, G1xG2, G5, and G6 was determined using the ATRAN9 model of telluric (mostly
water vapor) lines smoothed to the specified resolution of each grism. A Dewar of liquid nitrogen (LN2) was
placed in the field of view of the camera. A path length of about 1 m of room-temperature water-vapor separated
the camera window from the LN2 surface. The much warmer water vapor is seen in emission against the 77 K
blackbody of the LN2. A piece of room temperature Eccosorb#
R held up directly against the FORCAST Dewar
window served as a flat field (see Figure 5d) for the water vapor emission spectra.
In the wavelength range of the KRS-5 grisms, (G3 and G3xG4, 8 − 13.7µm) there are no significant water
vapor lines to use as a wavelength calibration standard. Instead, we placed a hotplate at ∼ 350K and placed
a thin (1.5 mil) sheet of polystyrene across the camera window. The polystyrene has several broad absorption
features in the spectral range of grisms 3 and 4 which served as wavelength calibration standards. A spectrum
of the hotplate (without the polystyrene in place) provided the flat field for the absorption measurements.
Images were dark-subtracted and flat-fielded to remove the effects of fringing in the detector. Residual
evidence of fringing shows up in order 15 of G1xG2 and order 11 of G3xG4 (see Figure 5) because our reduction
algorithm does not apply the flat-field mask to sections of orders which do not fall completely on the detector.
A wavelength-calibrated water vapor emission spectrum produced by G1 is shown in panel a) of Figure 6.
The large features at 6.8µm and 7.3µm are most likely due to emission at these wavelengths by contaminants on
the warm Dewar window, as evidenced by a distinct “smudge” visible during our tests. The emission features
can also be seen in G1xG2 (see Figure 5), and will not be present when FORCAST flies with its flight window.
An extraction of water vapor emission spectrum in 18th order produced by grism 2 cross-dispersed by grism 1 is

Grism Mode
G1
G1xG2
G3
G3xG4
G5
G6

Slit
3’ x 2”
2” x 15”
3’ x 2”
2” x 15”
3’ x 2”
3’ x 3”

Measured Wavelength Range
4.9 − 7.8µm
4.9 − 7.8µm
8.4 − 12.0µm
8.4 − 12.0µm
17.5 − 27.8µm
28.3 − 36.6µm

Measured Resolving Power
225
1400
185
265

Table 3. Grism Suite measured resolution and wavelength ranges

shown in panel b) of Figure 6. The calibrated wavelength range of G1 and G1xG2 is 4.9 − 7.8µm. The absorption
spectrum of polystyrene is shown in panels c) (grism 3) and d) (grism 3 x grism 4) of Figure 6. G3 and G3xG4
do not show the full predicted wavelength range. This is due to the suite of blocking filters co-mounted with G3,
which cuts off abruptly at 12µm. The blocking filter will be replaced with a filter with a longer wavelength cutoff
before final installation in FORCAST. Grism 5 produces a spectrum of water emission lines from 17 − 27.8µm in
panel e) of Figure 6. A spectrum produced by grism 6 is shown in panel f), ranging from 28.3 − 36.6µm. Grism
6 operates in second order, and was tested with a blocking filters which contains spectral leaks. The spectral
leaks cause light from different orders to contaminate the second order spectrum.
3.2.2 Resolving Power Measurements
Measuring the FWHM of unresolved water lines yielded resolutions of ∼ 250 and ∼ 1400 for grisms 1 and 2 (see
Table 3). Resolution measurements were not possible for grisms 3 and 4 since none of the polystyrene absorption
lines are narrow enough to be unresolved. Grisms 5 and 6 show resolving powers of 185 and 265, respectively.

4. RESULTS
We have demonstrated the performance in FORCAST of most of the grism suite in wavelength coverage and
resolving power. Table 3 shows the results of the testing in FORCAST. The silicon grism suite surpasses the
resolving power requirements. The KRS-5 suite will require further testing to verify the entire wavelength range
and resolving power. A new blocking filter should expand the wavelength range, and the resolving power can be
verified by either looking through a telescope at an astronomical calibration object, or looking in the laboratory
at a narrow emission line source or laser. We envision this testing to occur in a future FORCAST cool down. The
grism suite promises to be a powerful addition to FORCAST and the rest of the SOFIA instrument complement.
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