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ABSTRACT 

This paper addresses the performance of a suite of grisms as part of an Astrobiology Science and Instrument 

Development (ASTID) Program to implement a moderate resolution spectroscopic capability in the mid/far-IR facility 

instrument FORCAST for the Stratospheric Observatory For Infrared Astronomy (SOFIA). A moderate resolution mid-

IR spectrometer on SOFIA will offer advantages not available to either ground or space-based instruments after the 

Spitzer Space Telescope ceases operation in ~2008. SOFIA will begin operations in 2008 and will have an operational 

lifetime of ~20 years. From aircraft altitudes, it will be possible to cover a wide range of wavelengths, particularly in the 

critical 5-9 micron band, where detection of astrobiologically interesting molecules have key spectral signatures that are 

not accessible from the ground The FORCAST grism suite consists of six grisms: four monolithic Si grisms and two 

KRS-5 grisms. These devices will allow long-slit low-resolution (R = 100-300) and short-slit, cross-dispersed high-

resolution spectroscopic modes (R = 800-1200) over select wavelengths in the 5-40 µm spectral range and enable 

observing programs to gather both images and spectra in a single SOFIA flight. The silicon grisms demonstrate a new 

family of dispersive elements with good optical performance for spectroscopy from 1.2-8 µm and beyond 18 µm. After 

SOFIA flies, the grism modes in FORCAST will complement other first generation instruments on SOFIA and provide 

follow-up capability of bright sources observed with Infrared Spectrograph (IRS) on Spitzer. This paper highlights the 

design of the grism suite for FORCAST and the current laboratory cryogenic performance of the silicon grisms. 
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1.  SCIENCE MOTIVATION FOR MID-INFRARED R=100-1000 SPECTROSCOPY 

One of the key objectives of astrobiology is to understand and characterize organic and inorganic matter that may signal 

the existence of habitable environments. The Astrobiology Roadmap
1
 has outlined several types of astronomical 

observations to investigate the creation and processing of interstellar molecules to follow their evolution toward 

complexity in different cosmic environments. The Roadmap also calls for studies into how solid planets form, and this 

can be best addressed observationally by studying the formation, processing, and coagulation of dust grains. Both 

molecules and grains possess unique mid-infrared (5-40 µm) spectral signatures, which are very useful for establishing 

their identity and abundance and studying their environments and conditions of formation and destruction. 

Laboratory and observational infrared (IR) spectra have revealed that creation of astrobiologically significant molecules 

begins with the formation of relatively large hydrocarbon molecule chains and rings in the envelopes of dying stars that 

are then ejected into the interstellar medium (ISM) via planetary nebulae (PNe) winds. They are composed of mostly C 

and H atoms because the weaker bonds of other species are destroyed in the harsh radiation environments of PNe. These 

hydrocarbon chains and rings are eventually swept up with other material into dense molecular clouds that harbor active 

sites of star formation. Approximately 10% of the accessible carbon in the universe is found in polycyclic aromatic 

hydrocarbons (PAHs; aromatic hydrocarbon rings) alone, making them the single largest reservoir of carbon in the ISM.
2
 

Hydrocarbons such as PAHs have strong spectral features over the 3.3-16 µm range (Figure 1), and these are commonly 

seen in regions of star formation (in emission and sometimes in absorption). The 6-9 µm PAH spectrum is particularly 
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important because it contains strong features that are from ionized species, which are diagnostic of radiation 

environments.
3,4

 

 
Figure 1. (Left): Kuiper Airborne Observatory (KAO) R~100 spectra from proto-planetary and planetary nebulae, diffuse ISM, and 

HII regions show strong PAH emission features at 6.2 µm, 7.7 µm, 8.6 µm, and 11.2 µm.
4
 Figure 2. (Right): Infrared Space 

Observatory (ISO) spectrum of massive embedded protostar W33A. All features except the silicate bands are due to organic ices in 

grain mantles.
5,6,7

 

The spectral absorption signatures of silicates and simple molecules such as H2O, CH4, and NH3 are also frequently seen 

along lines of sight towards luminous protostars embedded in molecular clouds (Figure 2). Most of these molecules are 

in icy mantles on dust grains, while most PAHs are in the gas phase (i.e. when seen in emission from UV excitation). 

Laboratory simulations have recently shown that when PAHs freeze onto grains they can react with molecular ices in 

grain mantles if exposed to UV or other ionizing radiation.
6
 Oxygen, hydrogen, and other elements and radicals from the 

ices become incorporated in the PAH structures, producing significant amounts of new biologically important 

compounds, including aromatic ketones, alcohols, quinones, and ethers. Amino acids have also been produced in ices in 

similar laboratory experiments.
7
 

Infrared astronomical spectra are needed in order to determine whether these physical and chemical pathways for the 

assembly of pre-biotic molecules actually occur in interstellar environments. Although many molecules are also 

detectable (and uniquely identifiable) via their millimeter wavelength rotational spectra, the vast majority of pre-biotic 

molecules either have very weak rotational dipole moments or else are frozen in ices and thus not free to rotate. 

Interstellar mineral grains also have a variety of spectral features in the 5-40 µm wavelength region, and spectroscopic 

observations with ISO have revealed new grain constituents (such as forsterite Mg2SiO4) and have shown that grains 

may be processed as they migrate to circumstellar environments around young stars.
9
 This has been demonstrated by the 

similarity in solid-state features in the 10-37 µm range in both comets and some Herbig AeBe stars (Figure 3), and 

further observations would help better link matter from pre-planetary disks to developed planetary systems. 

In addition to the organic and mineral features noted thus far, there are a number of broad mid-IR atomic lines found in 

high velocity environments (widths ~100-1000 km/s) such as stellar ejecta and around AGNs (active-galactic nuclei) and 

massive star clusters which are used as diagnostics of abundances and excitations. R~1000 spectroscopy is ideal for 

these lines because the resolution is well-matched to their line widths (for optimal sensitivity). For example, in PNe, 

strong mid-IR excitation lines such as HI Br!, 4.49 µm [Mg IV], 4.53 µm [Ar VI], 5.61 µm [Mg V], 6.99 µm [Ar II], 

7.65 µm [Ne VI], and 8.99 µm [Ar III] are more robust abundance indicators, compared to UV and optical diagnostic 

lines, as these lines are less sensitive to extinction and temperature dependence.
8
 Mid-IR spectroscopic excitation lines in 

novae and supernovae (SNe) show heavier elements, such as Al, Si, Ne and S in the 3-8 µm region and Ni and Co at 6-

16 µm, respectively. The Ni and the 20-30 µm Fe lines are used to trace production of iron-group elements in SNe. 

Similar mid-IR atomic emission lines can also be used to diagnose excitation in galaxies, particularly in heavily 

obscured regions where little or no visible light escapes. Such lines can be used to discern hidden AGNs from starbursts 

and quantify the excitation in these regions (Figure 4). 



 

Figure 3. (Left): ISO spectra of comet Hale-Bopp and Herbig AeBe star HD 100546 show similar grain spectral features.
9
  Figure 4. 

(Right): Using Mid-IR atomic lines as star formation diagnostics, as revealed by ISO CVF spectra from the brightest ISOCAM IR-

knot (medium grey) and from the nuclei of NGC4038 (light grey) and NGC4039 (black) merging galaxies in the Antennae. When 

slightly redshifted, the 13-15 µm forbidden Ne lines and shorter wavelength lines (6-11µm) indicate star formation activity, indicating 

this region’s luminosity is caused by a burst of star formation and not AGN activity.
10

 

2.  TECHNICAL IMPLEMENTATION 

2.1. SOFIA is an Excellent MIR-Spectroscopic Platform for Astrobiology 

The SOFIA (Stratospheric Observatory For Infrared Astronomy) infrared observatory is an airborne observatory within 

a Boeing 747SP aircraft modified to accommodate a 2.5 meter diameter reflecting telescope, becoming operational in 

2008.
11

 Its current suite of instruments covers wavelengths from the optical through the submillimeter. Because of the 

high infrared background generated by a warm telescope, some of SOFIA’s greatest relative advantages come into play 

for spectroscopy. Figure 5 shows the wavelength range and resolving power of the first-generation SOFIA instruments. 

One obvious gap in the coverage of these first generation instruments is a capability for R = 100-1000 spectroscopic 

observations in the 5-40 µm range. This is now being filled-in by the grism suite described in this paper, and indicated 

by the hatched box. 

A moderate resolution (R ~ 100-1000) mid-IR spectrometer on SOFIA will offer advantages not available to either 

ground or space-based instruments after the Spitzer Space Telescope ceases operation in ~2008. SOFIA will begin 

operations in 2008 and will have an operational lifetime of ~20 years. The long program lifetime of SOFIA means that a 

mid-IR spectroscopic capability can be available as new advances are made in laboratory spectroscopy, an important 

component in interpreting the spectra of key astrobiological molecules. 

From aircraft altitudes, it will be possible to cover a range of wavelengths, particularly in the critical and 

astrobiologically significant 5-9 µm band, that are not accessible from the ground (Figure 7). Furthermore, the 

FORCAST grism modes, described in detail in this paper, will be very close in wavelength coverage and spectral 

resolving power to the Spitzer Infrared Spectrograph (IRS)
12,13

 instrument, so that among many other possible 

observations, SOFIA can now enable follow-up studies of the brighter objects that Spitzer has observed and enable 

studies of sources that were too bright for observation with Spitzer (Figure 6). In the " = 5-10 µm range, which contains 

many PAH and other important atomic and molecular lines, FORCAST with grisms will have a factor of ~13 higher 

spectral resolving power than the Spitzer IRS. 

2.2. FORCAST 

The Faint Object infraRed CAmera for the Sofia Telescope (FORCAST) is a dual-channel high-sensitivity, wide-field 

camera designed to perform continuum and narrow band imaging in the infrared from 5-40 µm. Details of the 

FORCAST optical design and its current performance are found in the references.
14-16

 FORCAST is a facility-class 

instrument for the SOFIA observatory. 



 

Figure 5. (Left): Observational capabilities of SOFIA expressed in terms of spectral resolving power vs. wavelength. FORCAST 

imaging modes (Solid box at lower center) and the new grism spectroscopy modes (Hatched Box at center).  Figure 6. (Right): 

Comparison of the FORCAST Grism Suite (dark boxes) with the Spitzer IRS instrument (light boxes). The suite provides sufficient 

resolution for the detection and characterization of organics, ices, and grains in space, and complements the Spitzer IRS instrument. 

The instrument has two 256!256 pixel detectors, one Si:As and one Si:Sb. Each pixel maps to 0.75" (arcsec) on the sky, 

providing a total 3.2' (arcmin) square imaging field-of-view. The camera can be configured in such a way to provide for 

short wavelength channel (SWC) " < 28 µm imaging, or long wavelength channel (LWC) " > 25 µm imaging, or 

simultaneous 17-25 "m and 25-40 "m imaging via a cold dichroic beamsplitter splitting the incoming telescope beam. 

Filter selection in each channel is through dual six-position filter wheels allowing 10 separate filters and/or grisms per 

channel. A pupil is located between the two halves in each filter wheel assembly, and allows for the use of commercial 

off-the-shelf filters in addition to custom interference filters. This design allows for very simple and quick changes to the 

filter complement for specialized astronomical observations, and the FORCAST filter-complement is an on-going 

process based on the input from the SOFIA science community.
16  

The FORCAST team was aware of the gap in R = "/#" ~100-1000 spectroscopy over the 5-40 µm region in the SOFIA 

first-light instrument complement (see Figure 5). During their instrument design they determined that leaving room for 

grisms in the filter wheels can provide grism spectroscopy as a future upgrade to FORCAST without any alteration to the 

existing FORCAST hardware.
17

 These grisms and their slits will fit in the existing filter wheels and field stop wheel, 

respectively, within the FORCAST cryostat. 

 

Figure 7. 5-40 µm atmospheric transmission for SOFIA (solid/dark color) and Mauna Kea (dashed/light color). The ATRAN models 

assume 7.3 µm H2O, 45º elevation angle at 12500m, and 1.2 mm H2O, 0º elevation angle at 4200m, respectively. The FORCAST 

Spectroscopy Package wavelength coverage is shown in gray above the plot. 



2.3. FORCAST Grism Spectroscopy Package  

Grisms are blazed diffraction gratings, mounted on prism-shaped substrates and used in transmission.
18

 Using a grism, 

rather than using a transmission grating or prism alone, allows a direct transmissive system with high dispersion, 

especially when the grism is fabricated in a high refractive index material. Grisms can provide a compact dispersive 

element that does not deviate the chosen wavelength of the incident beam allowing them to be mounted on a “filter 

wheel” in a suitably designed camera where they can be placed in the beam by a simple rotary motion. A suite of grisms 

can be used in a single imaging instrument in this way to provide a variety of spectral resolutions and center 

wavelengths, making it possible to add a low to moderate resolution spectroscopic capability at a modest cost. 

Table 1 summarizes our FORCAST Spectroscopy Package, a set of six grisms designed to target suitable resolutions and 

wavelength coverage for astrobiology astronomical observations on SOFIA. The grisms occupy positions in the 

FORCAST filter wheels, along with a suite of 1-inch diameter blocking filters designed to block unwanted higher orders. 

It should be noted that FORCAST is designed to have interchangeable filters so that new scientific applications are 

possible. The grisms can be removed to make room for new filters and replaced again with ease. The FORCAST 

spectroscopy package presented here consists of four Si and two KRS-5 grisms provided by the University of Texas at 

Austin and Carl-Zeiss, Jena, Germany, respectively. 

The grisms designed actually provide higher resolution for an infinitely narrow slit. However, to map at least two pixels 

per spectral resolution element in FORCAST (which has 0.75" pixels), we require slits >1.5" in width. The aperture 

mechanism in FORCAST has four remaining positions for slits, in addition to their open and dark positions. Our adopted 

designs of 2" and 3" wide long (3') slits, and 2"!15" and 3"!15" slits for cross-dispersed mode, result in the slit-limited 

resolution products reported in Table 1. 

Grism Grism 

Ref. 29 

Wavelength 

band (µm) 

Resolving 

Power 

Grism 

material 

Grism physical 

properties 

"blaze 

(µm) 

Spectral Feature Examples 

1 G2 4.9-8.1 200
a
  Si #=25µm, $=6.16º, 

m=1 

6.37 

2 G3 4.9-8.1 1200
a 
 Si #=87µm, $=32.6º, 

m=15-23
c
 

 

Ion PAH IR emission (6.2 & 

7.6/7.7µm); hydr. PAHs (7.0µm), 

aliphatic hydrocarbons (chains), 

amino acids 

3  8.0-13.3 200
a 
 KRS-5 #=42µm, $=9.75º, 

m=1 

10.93 

4  8.0-13.3 800
a
  KRS-5 #=129µm, $=36.75º, 

m=8-13
d
 

 

Ion/neutral PAH IR emission 

(8.6µm/11.2µm), amorphous 

silicates (10µm) 

5 G4 17.1-28.1 140
b
  Si #=87µm, $=6.16º, 

m=1 

22.12 crystalline silicates (18,23,28µm) 

6 G5 28.6-37.4 250
b
 Si #=142µm, $=11.07º, 

m=2 

32.31 crystalline silicates (28,33µm) 

Table 1. Proposed FORCAST Spectroscopy Package and their top level design parameters. The physical parameters summarized here 

are the grating blaze angle (or wedge angle) $ in degrees, groove spacing # in microns, blaze wavelength in microns for the orders 

mentioned. In Ref. 29, which describes the manufacture and bench performance of the Si parts, they are identified by a slightly 

different numbering scheme. 
a
2 arcsec wide slit. 

b
3 arcsec slit. 

c
Grism 2 X-dispersed by Grism 1, 

d
Grism 4 X-dispersed by Grism 3. 

2.4. Silicon (Si) Grisms 

Over the past decade, several techniques and methods have been proposed and developed for micromachining or 

anisotropic etching of silicon (Si) to create ruled surfaces for use as a grism, or immersion grating, taking advantage of 

the increase in resolving power due to the high index (n~3.4) of refraction of silicon.
19-25

 The Si grisms for FORCAST 

are fabricated using processes developed by D. Jaffe’s group at the University of Texas (UT) at Austin. The techniques 

they have developed are accurate enough for use in immersion at near-IR wavelengths.
26-28

 The key issues in the 

production process are groove position accuracy, groove surface quality and blaze control, and ability to manufacture 

devices with appropriate blaze angles. In recent experimental work, all of these issues have been dealt with successfully. 

Additionally they have been able to make gratings on thick substrates with good surface figures. Recent optical and NIR 

testing results of their silicon grating and grism devices are described in sister papers in these proceedings.
28,29

 At the 

time of this paper, Grisms 2, 5, and 6 have been successfully etched, cut and polished and are complete except for the 

application of commercial broadband anti-reflection coating (Figure 8). In early 2006, Grism 1, whose grating surface 



had been made successfully at UT, had been cut incorrectly by the contracted industry partner and yielded an unusable 

part. Fortunately, UT has maintained spare Si raw material suitable for the Grism 1 etch-mask and is reprocessing a new 

Grism 1 for the FORCAST application. 

 
Figure 8. (Left): Grism 2 (4-8 µm, 32.6° blaze, 87 µm line spacing) under test at UT Austin. (Right): From left-to-right Grisms 6 

(28-37 µm, 11.07° blaze, 142 µm line spacing) and Grism 5 (17-28 µm, 6.16° blaze, 87 µm line spacing). 

2.5. KRS-5 Grisms 

We chose KRS-5 as an attractive alternative to silicon to cover the " = 10-13 µm region, as silicon has a non-optimal 

transmission over those wavelengths. Offsetting this advantage is the lower refractive index (n = 2.6-2.2 for this 

wavelength range), which then requires deeper and coarse grooves and high apex angles to achieve higher dispersion. In 

this material, grooves are made by direct ruling under oil on the substrates. KRS-5 grisms have been implemented on 

several NIR (I, J, H, K and L band)
30-33

 and MIR
34-36

 ground-based cameras and the SOFIA FLITECAM 1-5 µm 

instrument.
37

 We have chosen Carl-Zeiss. Jena, Germany, to manufacture these grisms for our application. 

In our application, our Grism 4 is a challenging part to manufacture as its groove profile (t=$*sin($)*cos($)) is quite 

steep (~62 µm), and current KRS-5 ruling technologies have been tested to groove profiles as deep as 40 µm. A recent 

test ruling made by Carl-Zeiss reached a profile depth of 80 µm using their machining techniques.
38

 The KRS-5 grisms 

are presently being manufactured and will be tested in FORCAST in late 2006/early 2007. 

3.  MIR GRISM PERFORMANCE RESULTS 

Three of the four Si grisms (G2, G5, G6) from the FORCAST grism suite have been tested at room temperature in the 

labs at University of Texas at Austin using a number of benchtop optical measurements at visible and near-infrared 

wavelengths. These parts met design specifications, and the surface quality was excellent.
29

 

In late March 2006, we achieved first light with the silicon grisms at 4 K within the FORCAST instrument in the labs at 

Cornell University. At this time in the program, we had a single mount manufactured to hold Grism 5, R~150, " = 17-

28µm, m=1.  Grism 5 in its mount, was inserted into the FORCAST SWC filter wheel #5 as shown in Figure 9. A 

18.5µm long-pass filter from the IRS filter suite (SN03_544667_001), in conjunction with the long-wavelength response 

cutoff of the Si:As array in the FORCAST SWC channel, was used for the band-pass performance measurement and to 

block higher orders. The slit complement used was a key-hole design that illuminated the grism with a 2.0 and 2.9 pixel 

wide slit and was inserted into the FORCAST aperture wheel as shown in Figure 10. 

First spectral images taken by FORCAST are shown in Figure 11. Spectral resolution was measured by measuring the 

line widths from ambient H2O absorption spectra. The H2O spectrum was obtained by subtracting pairs of exposures 

between the ambient room and LN2 blackbody spectra. The slight difference in the atmospheric absorption over this 

300mm path was sufficient to achieve good signal to noise as shown in Figure 11. 



 
Figure 9. 17 µm Silicon Grism #5 in FORCAST filter wheel undergoing tests at Cornell University, March-April 2006. A 25.4 mm 

(1-inch) diameter filter occupies the bay to the left of the grism in this view. 

 

Figure 10. FORCAST aperture wheel with test-slit (center) along with pinhole and aperture masks for imager tests at Cornell. 



The wavelength calibration and dispersion was measured by fitting line profiles to H2O lines between 19 and 27 µm, 

excluding known blends, as identified by aid of an ATRAN model (Figure 12). The measured dispersion for Grism 5 at 

cryogenic (4 K) temperature is approximately 0.04 µm/pixel with a slight non-linearity for the 2.9 pixel-wide test slit. 

The ZEMAX model, assuming a 2 pixel wide-slit predicted a linear dispersion of 0.84 µm/mm or 0.042 µm/pixel 

assuming the FORCAST 50 µm pixel pitch. Spectral resolutions of R ~ 140-160 were confirmed by fitting the water 

lines with Gaussians (see Figure 13) and results are summarized in Table 2. At the time of these preliminary tests, the Si 

grism was not-AR coated. Analysis of the throughput of an uncoated Grism 5 with a 20 µm bandpass filter is in 

agreement with the lab bench tests, roughly ~44-48%.
29

 

 

Figure 11. Spectral Images on 256!256 Si:As array using Grism #5 in 1
st
 order (17-28 µm) inside FORCAST. (Left): Room 

temperature black body spectrum. (Right): Spectrum looking at LN2. Both images are dark subtracted. The grism dispersion is 

vertical with the shorter wavelengths at the bottom. The left-right direction is not fully illuminated because the test slit did not run the 

full-length of the array, and the bottom shows the cut-on of the 18.5 µm IRS long-pass filter. The overlaid vertical lines, from left-to-

right, represent areas of extraction for the wide slit (2.9 pixels), narrow slit (2 pixels) and off-region. 

 

Figure 12. Grism 5 lab transmission spectrum (solid/dark) for a 2.9 pixel slit showing water absorption lines. The ATRAN calculation 

of atmospheric transmission expected from SOFIA (7.3 µm H2O, 45º elevation angle at 12500m), but binned to a spectral resolution 

of 150 is overlaid (dashed/thin). 



 

 

Line [µm] FWHM Resolution 

19.010 0.136 140 

19.300 0.178 108 

21.850 0.136 161 

23.867 0.187 128 

25.990 0.184 141 

27.030 0.179 151 

Table 2. Summary of Gaussian fits to water lines for Grism 

5. Slit is 2.9 pixels wide. The listed resolutions are lower 
limits because of blending and/or broadening of H2O lines. 

 

 

Figure 13. Example Line Fits of H2O lines at 19.01 µm and 

19.30 µm. 

4.  SUMMARY 

The FORCAST imager instrument on SOFIA is an excellent test bed for the maturation and evaluation of two MIR 

grism technologies. The grism complement described here is useful and fills a need to the SOFIA and greater astronomy 

community. The Si grisms are in hand, perform well on benchtop and are in initial tests within FORCAST. The KRS-5 

grisms are undergoing development and will be tested in the second year of this funded work. It should be briefly noted 

that the FORCAST grism mode is not currently approved as a facility observing mode on SOFIA. 
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