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• Reflection gratings for high resolution in the IR 
• Immersion gratings 

• silicon 
• germanium 

• Motivation for a germanium immersion grating instrument 
• Potential application to SOFIA
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Grating resolving power

• Theoretical maximum resolving power for a diffraction grating is the optical path 
difference (in waves) between first and last groove. 

• Slit width will reduce resolving power 
• Beam shape reduces delivered resolving power (Erickson and Rabanus, 2000)
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• At longer wavelengths, larger gratings are required for high resolution 
• TEXES & EXES: 36-40” long 

• R~100,000 at 10 microns

Large gratings for IR
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• At longer wavelengths, larger gratings are required for high resolution 
• TEXES & EXES: 36-40” long 

• R~100,000 at 10 µm 
• AIRES: 42” long 

• R~70,000 at 20 µm 
• R~5000 at 200 µm

Large gratings for IR
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Figure 5.  The echelle lead-screw drive assembly. 

Figure 4.  The AIRES echelle.  Reflections are seen from both facets. 

The echelle is pictured in Figure 4 with Mr. Bernard Bach, President of Hyperfine, who perfected the machining 
technique11.  Hyperfine also attached the pivot beam to provide precision rotation of the grating through its operating 
range from 62 to 79°. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 10.  AIRES Mechanisms 

Filter Wheel 1 K-Mirror Filter Wheel 2 Predisperser Slit Predisperser Grating Carousel Echelle Slit Echelle Grating 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                              
 

Generally the instrument design philosophy was to 
keep the instrument simple, reliable, and as easily 
maintainable as possible.  For example, the 7 
articulating mechanisms are driven from motors 
outside the cryostat to simplify repair, to reduce heat 
generation inside the cryostat, and to minimize down 
time if repair is needed.  The reliability of 
mechanisms is a serious concern; we note that 
designers of cryogenic astronomical space 
instruments minimize the number of mechanisms 
employed. AIRES’ mechanism are driven open-loop 
to reduce electronics inside the cryostat.  Adequate 
reproducibility and precision are obtained using 
AGMA 12 gearing.  AIRES’ mechanisms are listed in 
Table 10, in order (left to right) of the light 
progression.  Note that in Figure 1, Filter Wheel 1 is 
not labeled, and Filter Wheel 2 is labeled “F”. 
 
 

In the case of the echelle, a resolution (in 
equivalent Doppler velocity) of <20 km/s 
and reproducibility of <1.6 km/s are the 
requirements 
(ATN.030403.EFE.EchelleSystemSpec).  
To articulate the echelle, a sine-bar 
mechanism was selected using a lead 
screw actuator instead of a worm drive.  
The former gives somewhat more reserve 
on the drive precision, and facilitates 
assembly and calibration before 
installation in the cryostat.   Figure 5 is a 
ProE model of the lead-screw drive-
mechanism assembly. Table 11 shows the 
analysis for the echelle drive.   
 
We show a few other ProE assemblies of 
the Opto-Mechanical system to give the 
reader an impression of the system design 
and status.  Figure 6 shows the 
preliminary model of the D1 camera, with 
optical rays imported from the Code V 
model. Figure 7 shows the K-mirror 
assembly, and Figure 8 shows the 
predisperser.  
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• Recognized in 1950s that the resolving power of a grating would increase by 
immersing the grating in a high index medium

Immersion gratings
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LETTERS TO THE EDITORS 

The Editors do not hoU themselves responsible 
for opinions expressed by their co"espondents. 
No notice is taken of anonymous communications 

Measurement of Length and Angle in 
Quantum Mechanics 

I WISH to point out that in the accepted theory 
the a.ssocia.tion of opera.tors a.nd observations is very 
intricate precisely in the simplest cases. You give 
me a splinter of a. diamond crystal. Its state function 
is to be an antisymmetric function of the co-ordinates 
Xk of the n carbon nuclei the specimen contains. 
Ca.n this function give information on the shape of 
the splinter ? The label k is not connected with a.ny 
location, with a.ny point of the crystal lattice ! Let 
the splinter be needle-shaped. I ca.n measure its 
length. What opera.tor is associated with this measure-
ment ? We must remember that only opera.tors 
symmetric with respect to a.11 the Xk a.re meaningful. 

The only answer I can find to the la.st question is 
this. Let Tlcl ;;i,.. 0 be the distance between the kth 
and the zth carbon nucleus (k =I= l). Let F be a. sym-
metric function of the n (n - 1)/2 va.ria.bles rkl, the 
value of F being equal to the biggest of its arguments. 
(This does not contra.diet its symmetry ; for example, 
for n = 3 we should have F a function of the three 
variables r 12, r 23, r 81, constant on the half-surfaces of 
certain cubes, its value being the edge of the cube.) 

This function F (rki) might be associated with the 
measurement of the length of the needle. In order to 
account for the whole observed shape of a solid, the 
construction could be extended in an obvious way, 
by using as the argun:ients of F not the mutual dis-
tances, but the Cartesian co-ordinates of the nuclei 
with respect to the centre of gravity. But is this 
answer satisfactory ? 

In the case of a. crystal, the elements of shape that 
interest us most are the angles between the various 
plane domains of its surface. The measurement of 
the angle between two crystal planes is certainly the 
one most frequently performed on a crystal concern-
ing its external shape. Even an X-ray investigation 
of a single crystal is usually preceded by carefully 
orientating it with respect to a given frame; this 
amounts to angle measurements of a similar kind. 
For all these purposes no measurement of length in 
the crystal is required, nor is any usually ma.de. It is 
hard to see how the accepted theory would associate 
a Hermitic opera.tor with this very common kind of 
laboratory performance. 

E. SCHRODINGER 
Dublin Institute for Advanced Studies. 

Ja.n. 5. 

Diffraction Gratings in Immersion 
AT the London Optical Conference in 1950, it was 

suggested1 that the resolving power R of diffraction 
gratings might be increased by immersing the grating 
in a medium of high refracting index µ;. Thus: 

R 2 W sin oc. = ). . µi, (1) 

where W is the ruled width of the grating a.nd where oc. 
applies for the case of a.utocollima.tion of incidence 
and diffraction, This idea., which is a strict pa.ra.llel 

~, 
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w 

Fig. 1 

to that of the immersion microscope, was further 
developed• in accordance with Figs. la and b. 

If we bring a piece of coverglass into optical 
contact with a plane grating with an immersion film 
(Fig. la), two kinds of spectra can be observed: one 
produced by the uncovered grating, as indicated by 
the dotted line, and the other produced by the 
'immersion' -grating. These two spectra will coincide 
in all orders in accordance with Snell's law of re-
fraction. They will, however, exhibit great differences 
in intensity, as the immersion spectrum is produced 
at a steeper angle of incidence oc. than the angle of 
incidence y occurring a.t the uncovered surface : 

sin y = µi sin oc.. (2) 

Thus a grating characterized by a. 'blaze' in an order 
m will have this blaze shifted into the range of 
µim when it is used as an immersion grating. Striking 
illustrations of this effect were obtained from photo-
graphs of the grating surface. Thus a piece of cover-
glass, which was fastened to the grating by an 
immersion oil, appeared in bright or dark contrast 
to the uncovered pa.rt of the grating, when illuminated 
in different orders of monochromatic light. 

Some experiments were also ma.de with ruling 
gratings on transparent films of antimony trisulphide 
and zinc sulphide, evaporated in vacuum on the 
'back' surface of plane glass plates, afterwards 
aluminizing the ruled surfaces for reflexion. These 
films of very high refractive indices (µ > 2) were, 
however, very brittle, so that the grating surfaces 
soon began to crack. (The proper name "refraction 
grating" given earlier• refers only to this special 
application of the immersion principle with diffraction 
gratings.) 

A second method of testing the immersion principle 
will now be reported. In the ordinary dense-ruled 
gratings, the blaze generally appears in the first or 
second orders of spectrum, corresponding to angles 
of in'(idence less than 20°. In the coarse-ruled gratings, 
however, the blaze sometimes appears at high angles 
of incidence 60°. When applying the method of 
immersion to a grating of this type, it is advantageous 
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If we bring a piece of coverglass into optical 
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and zinc sulphide, evaporated in vacuum on the 
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however, very brittle, so that the grating surfaces 
soon began to crack. (The proper name "refraction 
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application of the immersion principle with diffraction 
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A second method of testing the immersion principle 
will now be reported. In the ordinary dense-ruled 
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of in'(idence less than 20°. In the coarse-ruled gratings, 
however, the blaze sometimes appears at high angles 
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Hulthen	and	Neuhaus	(1954)



• Recognized in 1950s that the resolving power of a grating would increase by 
immersing the grating in a high index medium  

• 1984, Sica patented idea of using prism with grating formed on a reflective surface

Immersion gratings

7

Sica,	Jr.	1984,	US	Patent	
#4475792



Immersion gratings

• Recognized in 1950s that the resolving power of a grating would increase by 
immersing the grating in a high index medium  

• 1984, Sica patented idea of using prism with grating formed on a reflective surface 
• Many crystals are transmissive in the IR
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From	Edmund		
Optics	website

Germanium	(n	=	4)
Silicon	(n	=	3.5)

Zinc	Selenide	(n	=	2.4)

Potassium	Bromide	(n	=	1.5)

6	µm
10	µm 30	µm



Silicon Immersion gratings

• Jaffe group at UT long history 
• chemical etching of Si
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fect of the details of the groove profile on the grating
efficiency.

2. Etched Diffraction Grating
Anisotropic etching techniques provide a simple way
to manufacture a high-quality IR diffraction grating.
When etchants are used that act much faster perpen-
dicular to the {100} crystal lattice planes than perpen-
dicular to the {11 1} planes, the etching process selec-
tively exposes the {111} planes of the crystal. We
produce a diffraction grating on a polished monocrys-
talline silicon wafer by covering parallel, equidistant
stripes with a photolithographically produced SiO2
mask that protects them from being etched. Be-
tween these stripes the crystal material is etched
away until the {11 1} lattice planes are exposed, which
effectively stops further etching. The groove profile
of the etched diffraction grating is thus determined by
the crystal geometry (Fig. 1). The angle between the
{100} planes and the {111} planes is arccos(1/3)1/2 =
54.74°. This angle sets the blaze angle of our sam-
pling grating, which was etched into a wafer cut
parallel to the 100} planes. Different blaze angles
can be achieved by use of wafers cut at a nonzero
angle relative to the {100} planes (e.g., Ref. 4). The
apex angle of the grooves is fixed by the angle between
opposite pairs of 111} planes, which is equal to
70.53°. This apex angle is likely to modify the
diffraction efficiency of this grating type compared
with conventional, ruled gratings, which usually have
an apex angle of 900.

Our sample gratings were fabricated from 200-im-
thick, single-side-polished (1001 silicon wafers covered
with 6000 A of thermally grown SiO2. Two chrome
masks were prepared, both consisting of parallel
metal stripes with a 25-pim perod filling a (20 mm x
40 mm) rectangle. One mask had 2-pim-wide stripes,
and the other had 3-tim-wide metal stripes. A grat-
ing produced with the 3-pm mask was used for the
measurements described in Section 3.

The unpolished side of the wafer was coated with a
protective layer of photoresist, while the polished side

-1 0
4~

was coated with a positive photoresist for patterning.
The mask was aligned to a cleaved wafer edge (stripes
along a (111) direction), and a contact exposure was
made. The developer removed the photoresist from
the areas between the stripes and exposed the SiO2
underneath. A buffered hydrofluoric acid solution
then removed this exposed oxide, completing the SiO2
etch mask. The remaining resist was stripped, and
the wafer was ready for etching.

Anisotropic silicon etching was accomplished with
an aqueous solution of potassium hydroxide (44 g of
potassium hydroxide in 100 mL of deionized H20 at
65 C). For this mixture, Petersen8 reports the
{100}:{111} etch rate ratio to be 400:1 at 85 C. We
observed a 100) etch rate of 0.8 Jum/min and a
Si{100}:SiO 2 etch rate ratio of 150:1 (at 65 C).
Because of the highly anisotropic etch rate, the etch
essentially self-terminates once the {111) planes are
reached. The total etch time was 25 min.

To complete the grating, we stripped all remaining
SiO2 from the wafer and vacuum deposited 900 A of
gold upon the surface (70 A of chromium was prede-
posited to help the gold to adhere).

Figure 2 shows a scanning electron micrograph
(SEM) of a sample grating. The excellent surface
quality of the groove walls is immediately obvious.
No surface irregularities are resolved at 1600 x mag-
nification. The etched walls are perfectly smooth to
a scale length well below 0.1 pim. This surface
quality is far better than the surface quality of ruled
gratings (e.g., Ref. 9). Because of the high geometri-
cal precision of standard commercial photolithogra-
phy masks, etched gratings are essentially free of
grating defects resulting from variations in the groove
spacing (e.g., Refs. 10 and 11).

The combination of the mask width and the etching
time determines the details of the groove profile.
If wide mask stripes and short etching times are
chosen, the mask is not undercut by the etchant and
flat-topped grooves are formed. The width of these
flat tops can be decreased to essentially zero by using
a narrower mask and by etching longer. Although

y

~ 25 Am --x

Fd= 25 jgm-
HaH-

... ... . . ? v---;--; .....

....... (100)

Fig. 1. Groove profile of an etched grating. The angles between
the crystal lattice planes (indicated by the dotted lines) determine
the blaze angle (55°) and the groove apex angle (70°). Our sample
grating has a groove spacing d of 25 iLm. The width a of the flat
groove tops (2.4 m in our case) depends on the details of the
fabrication process.

Fig. 2. SEM of a sample grating etched into silicon. The micro-
graph shows the bottom end of two grooves at a magnification of
1600x. The three wide, dark, vertical stripes are the residual
flats between grooves. The groove bottoms are very sharp straight
lines showing the excellent surface quality of the etched groove
walls. The horizontal lines are artifacts produced by a scanning
instability of the SEM.

1 January 1994 / Vol. 33, No. 1 / APPLIED OPTICS 97
Graf	et	al	1994



Silicon Immersion gratings

• Jaffe group at UT long history 
• Si has transmission good to ~6 microns and n = 3.5
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Silicon Immersion gratings

• Jaffe group at UT long history 
• Si has transmission good to ~6 microns and n = 3.5 
• Si immersion gratings used in iSHELL at IRTF and IGRINS at Gemini, DCT, and others
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iSHELL on the NASA 
Infrared Telescope (IRTF)

IGRINS on the Gemini 
South Telescope in Chile



Germanium Immersion gratings

• LLNL (Kuzmenko) and Canon, Inc (Sukegawa) machine grooves with diamond tool 
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325x photo of Ge 
grating groves

Gold coated Ge immersion  
grating from Canon ZYGO results from Canon grating



Germanium Immersion gratings

• LLNL (Kuzmenko) and Canon, Inc (Sukegawa) machine grooves with diamond tool 
• Ge has good transmission from 2 to 12 microns and n = 4 

• illuminated beam area for given R is 16x smaller
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From	ThorLabs	website

20	cm

80	cm



2.5

Atmospheric transmission
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Mauna	Kea
SOFIA

Important	molecules:	H20,	CO2,	CO,	CH4,	N2O,	O3



Atmospheric transmission
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Mauna	Kea
SOFIA



2.5

Atmospheric transmission
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Mauna	Kea
SOFIA

Important	molecules:	H20,	CO2,	CO,	CH4,	N2O,	O3



Wavelength vs spatial coverage

• Focal plane area is limited 
• Tradeoff between wavelength coverage and spatial coverage in a single exposure
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EXES	cross-dispersed	data	emphasizing	slit	lengthEXES	cross-dispersed	data	emphasizing	wavelength	coverage

7	orders	
~20”	long	slit

~60	orders	
~2”	long	slit



Wavelength vs spatial coverage

• Focal plane area is limited 
• Tradeoff between wavelength coverage and spatial coverage in a single exposure
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EXES	cross-dispersed	data	emphasizing	slit	lengthEXES	cross-dispersed	data	emphasizing	wavelength	coverage

7	orders	
~20”	long	slit

~60	orders	
~2”	long	slit



Recent EXES spectral surveys

• Number of projects trying to capture large wavelength regions (5-8 µm) 
• ~15 settings with minimal overlap 

• each setting takes ≥20 minutes 
• many hours of SOFIA time 

• targets are point sources
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GIGS
• With NASA Ames, working on developing a Germanium Immersion Grating Spectrograph (GIGS) for eventual space 

mission 
• Work started with Ames CIF award.   
• Awarded an APRA for purchasing gratings and testing in lab 
• submitted a MatISSE to advance to TRL 6 

• Features a Germanium immersion grating 
• No moving parts 
• Optimized for wavelength coverage 

• 3-8 µm in a single shot 
• maybe 2.7ish?  Not sure yet 

• 2 arms with dichroic before after primary dispersion 
• R = 25,000 in red arm (5-8 µm) 
• R = 40,000 in blue arm (3-5 µm) 

• 2k by 2k detectors 
• Short slit  

• only a few diffraction-limited resolution elements 
• Prototype will be built and tested in FLITECAM Dewar
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the longest wavelengths for each arm, to be captured by 1024 detectors assuming a pixel pitch of 
25µm. To avoid light reflected at the entrance to the GIG, we included a wedge on the Ge crystal 
that, in conjunction with a quasi-Littrow configuration where the incoming light waves are at a 
slight angle to the groove normal, sends diffracted light 16° away from the incoming beam. 

The prototype GIGS (Figure 8) follows the spirit of the design of IGRINS (Park, 2014), a 
Silicon immersion grating instrument. The light from the telescope will enter the GIGS Dewar, 
pass through a cold-stop to reduce background radiation, and be brought to a focus on a slit. From 
the slit, the light expands to a collimating mirror that sends the rays to the GIG.  Diffraction occurs 
inside the GIG and the spectral orders exit the GIG and expand to a focusing mirror. At this 
intermediate focus, there is a field lens that images the GIG onto the cross-dispersion gratings (a 
“white pupil” – Barranne 1988). The beam expands to a second collimating mirror.  After that 
mirror, we separate the two arms using a short-pass dichroic and fold mirror. The collimated arms 
hit the desired cross-dispersion grating, are focused by a lens system, and land on the appropriate 
detector.  Bandpass filters prevent scattered light from hitting the detector. 

The cross-dispersion gratings are simple low-order reflection gratings as can be purchased 
from Richardson Grating Lab. The longer wavelengths of GIGS prohibits use of holographic 
gratings such as those used in IGRINS. 

Our GIGS prototype will be installed in a LHe Dewar. We have access to the FLITECAM 
Dewar used on both the 
Lick Observatory and 
SOFIA. We have not 
designed the fore-
optics for mating GIGS 
to either telescope, but 
we are confident this 
will be simple. Our 
prototype instrument 
detectors will be less 
expensive Teledyne 
H1RG arrays (as 
opposed to the larger 
H2RG arrays planned 
for the flight 
instrument). These are 
HgCdTe arrays and, as 
such, their long 
wavelength cutoff is determined by the relative amounts of Hg and Cd (Dorn, 2018). The arrays 
function well at temperatures of  35°K. We will thermally control and isolate both detectors for 
the prototype instrument. The array operational temperatures are within the reach of passively-
cooled space telescopes. To fully test the GIGS performance in the lab in Year 3, we will adjust 
the H1RG detector positions to sample the entire spectral range. 

Infrared Spectrographs that form the Basis for the GIGS Instrument Design 

NASA ARC and UC Davis completed and commissioned the EXES instrument for SOFIA, so 
this represents a heritage basis for this organizational pairing to advance the technology of another 
high-resolution infrared spectrograph in the form of GIGS.  Additional heritage comes from Dr. 

Figure 8 GIGS Short Wavelength (SW) and Long Wavelength 
(LW) Optical Path Diagram 

Entrance Slit

Canon	Ge	grating	spots	using	visible	HeNe

Zemax	ray	trace	of	2	arm	GIGS



GIGS on SOFIA

• We have 3 Ge immersion gratings with same 
parameters 

• Would want to have a wider and longer slit for SOFIA 
• reduce wavelength coverage (e.g. 5-8 µm) 

• covers mid-IR region most impacted by 
telluric H2O 

• reduce spectral resolution (e.g. R = 10k-20k) 
• still >3x JWST and >5x ISO 

• Retain “no-moving parts” 
• Try to modify FLITECAM Dewar in a way that 

preserves certification
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available to the GIGS team. Preliminary design work has been completed to establish the 
feasibility of enclosing the full 3-8µm optical path within the available dewar optics box volume. 
This layout of the GIGS optics path, with descriptions of the key optical elements and major 
internal dimensions, is shown in Figure 13. This graphic shows that there is ample volume within 
the dewar for space-spectrograph design that meets the proposed instrument performance levels.  

A key milestone six months from ATP is the completion of modifications to the internal optics 
box of the decommissioned dewar to support the GIGS optics path and associated instrument fore-
optics and calibration systems. This work will also address any adjustments needed to the dewar’s 
cryogenic and/or vacuum systems to accommodate the GIGS instrument. The team will then focus 
on integrating the GIGS optics and detector electronics into the dewar in preparation for 3-5µm 
lab tests. A milestone of completion of this test assembly is set nine months from ATP. 

Experience from the integration of 
optics inside cryogenic vacuum dewars 
shows that multiple iterations of 
“assembly-cooldown-test-warmup-
adjust” are required to optimize the 
performance of an infrared 
spectrograph. Three month of these 
iterative cycles have been allotted to 
achieve the end-of-Year-1 milestone of 
having the instrument adjusted and 
ready to meet the projected 3-5µm 
performance requirements. A 
blackbody calibration source that can 
be placed in front of the GIGS entrance 
window will also be installed and tested 
during this period of time.  

Year 2 activities start with 
performance characterization tests of the instrument in the lab using gas cells to validate spectral 
performance over the wavelength range of the instrument. These tests will inform planning of “on-
sky” instrument performance verification tests that will be conducted in October of 2022 using the 
Lick Observatory near San Jose, California. This date was chosen by the GIGS Science Team 
based on the availability of targets in the night sky.   

Three months into Year 2, lab performance tests of GIGS are scheduled to be complete. Parallel 
activities to prepare for the re-integration of the “FLITECAM” dewar on the Lick telescope 
instrument mount are planned to assure a smooth start to the approximately 5-6 day performance 
verification test campaign. Figure 14 illustrates why this represents the second time that this dewar 
has been integrated on Lick. In October 2003 (Smith, 2008), the FLITECAM instrument was tested 
on this ground-based telescope prior to being commissioned as a SOFIA facility instrument. Our 
plan employs the same mounting system for the GIGS ground-telescope test. 

An existing set of software tools and electronics will be used to control the positioning of the 
GIGS blackbody calibration source and collect instrument pressure and temperature status data. A 
standard Teledyne image data gathering software package will be used to collect and observe 
image data from the HAWAII 1RG array with a 5µm cut-off wavelength. Note that the plan is to 
position this 1K x1K image plane to obtain the most relevant set of spectrograph performance 
assessment results during the Lick observation. Post-processing of the image data will be 

 
Figure 13  GIGS full optics path inside the 
FLITECAM dewar 
 


