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Development of a new generation of low groove density blazed echelle gratings optimized for MIGHT]I, a
space borne spatial heterodyne interferometer operating in the visible and near infrared is described.
Special demands are placed on the wavefront accuracy, groove profile, and efficiency of these gratings.
These demands required a new ruling for this application with significant improvements over existing
gratings. Properties of a new generation of highly efficient, plane gratings with 64 grooves/mm blazed at

8.2° are reported.
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1. INTRODUCTION

The Ionospheric Connection Explorer (ICON) project is a NASA
sponsored Explorer class satellite mission. It aims to explore the
boundary between Earth and space by probing the extreme variability
of Earth's ionosphere with in-situ and remote-sensing instruments. A
principal instrument on ICON is the Michelson Interferometer for
Global High-resolution Thermospheric Imaging (MIGHTI) built at the
Naval Research Laboratory and tasked to remotely measure the
neutral wind field and temperatures at altitudes between 90 and 300
km [1].

The MIGHTI instrument uses the Doppler shift of the naturally
occurring atomic oxygen red (630.0nm) and green (557.7nm)
lines to measure wind velocities. The temperature in the lower
thermosphere is derived from the spectral shape of the
molecular oxygen A band around 760nm [2, 3], which is
sampled by narrow band interference filters at the MIGHTI
array detectors. The wind vectors are derived by making two
perpendicular line of sight wind speed measurements 45° and
135° in azimuth from the satellite ram direction. MIGHTI uses
two identical field widened Michelson interferometers and uses
the fringe phase shifts resulting from the Doppler shifts of the

emission lines to derive the line of sight wind velocities. This
concept is fundamentally similar to the technique employed by
the highly successful WINDII instrument on UARS [4], which
used an interferometer with a movable mirror in one
interferometer arm to sample several phase points of a
monochromatic fringe.

MIGHTI uses a modified Spatial Heterodyne Spectroscopy (SHS)
technique called Doppler Asymmetric Spatial Heterodyne
(DASH) spectroscopy, which eliminates moving interferometer
parts by replacing the interferometer mirrors with fixed tilted
gratings and which produces an interferogram around the
optical path difference for which the Doppler shift sensitivity is
the largest [5-10]. One can think of the individual grating facets
as small mirrors, all at different optical path differences, that
are imaged on the array detector, where many dozens of optical
path difference samples of the interferogram are recorded
simultaneously. Figures 1 and 2 give schematics of the DASH
interferometer .

The DASH technique provides several advantages, including the
monolithic design and the ability to simultaneously observe a



calibration line. However other instrument aspects have to be
addressed so they do not outweigh the advantages. The main
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Figure 1. Schematic of a DASH interferometer for MIGHTL
Light from the sky enters from the left and is imaged onto two
identical gratings at the ends of the beamsplitter (BS) arms.
Diffracted light passes back through the arms to the
beamsplitter where it recombines and the resulting
interference fringes are imaged on an array detector such as a
CCD (Charge Coupled Device). A Dichroic prism in the output
optics separates the green 557nm light from the red and
infrared light.
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Figure 2. 3D schematic of the MIGHTI DASH interferometer.
The non-polarizing N-Bk7  beamsplitter is ~50%
transmitting/reflecting. The field widening prisms are of SF57
glass and are attached to the cube by angled spacer blocks. The
gratings are on fused silica blanks and are attached to the field
widening prisms by fixed plane parallel spacer blocks. By using
the spacer blocks, we avoid having additional glass in the light
path and allow for the thermal mismatch between the different
optical glasses used [11].

challenge of the field widened DASH interferometer is the lower
efficiency compared to a classical Michelson interferometer
with flat, rooftop or corner cube mirrors, for which the absolute
efficiency is typically determined by the reflectivity of the
mirror surface coatings and beamsplitter efficiency only. The
absolute efficiency of gratings on the other hand is not only
determined by the coating reflectivity, but also by other
parameters including the effective area that is lost to the

backsides of the facets, the blaze angle, the facet flatness, the
angular beam shape and the overall beam angle.

2. GRATING REQUIREMENTS

Since MIGHTI is operating at 630.0nm, 557.7nm and around
760nm, the MIGHTI gratings require high efficiency at all of
these wavelengths. The oxygen red line is the most challenging
measurement, especially at the bottom side of its nighttime
airglow layer where the atmospheric signal is weak, which is
why the MIGHTI gratings have been optimized for 630.0nm
rather than for 557.7nm or 760.0nm. The bright Oz band at 760
nm is used to determine atmospheric temperatures using the
band’s rotational structure, which is sampled with narrow
interference filters at the detector without the need for
resolving DASH fringes.

Planning of the experiment showed that all of the above wavelengths
and mission requirerments could be achieved by building an
interferometer with high efficiency plane gratings with a groove
density of 64 1/mm operating on blaze in 8t order for the green line, 7th
order for the red line, and 6t order for the molecular oxygen band in
the near infrared.

To meet the ICON science requirements, the grating
requirements of MIGHTI exceeded the specifications of any
commercially available grating, so an effort was made to
construct the necessary gratings. This paper presents the
details of producing and evaluating two generations of gratings
to achieve our goals. Table 1 summarizes the specifications for
the MIGHTI gratings, as negotiated with grating vendors to be
within state-of-the art capabilities.

Table 1. MIGHTI Grating Specifications

Item Detail

Wavelengths of 630nm, 558nm Interferometric

interest 750 — 780nm Signal only

Substrate Fused silica, 42 x 32.3 mm x 8mm. Grating
substrates polished flat and square on all sides.

Ruling Central 29 x 18 mm of front face, leaving an outer

bare fused silica zone for bonding grating to the
interferometer. Grooves parallel to long edge of
substrate to better than 5.0 arc min

Groove density 64.285 lines/mm

Blaze angle 8.2 degrees nominal, blazed for 558nm (8™ order),

630nm (7" order), and 760nm (6" order)

Following best practices, optimized for 7" and 8"
orders

Efficiency

Diffracted wavefront | Flat to A/10 wave at 558nm

Grating coating Gold

Parallelism between Following best practice
blank and grating
surface

The grating blanks were fused silica and were specified to be
flat, with the side faces polished flat and perpendicular to the
front face and to each other. The side faces were used as a
reference for aligning the grating grooves and for orienting the
gratings when assembling the interferometer. In addition, on
the front face a clear 5 mm wide border (Fig. 3) was left outside
the grating rulings to permit bonding the gratings to the
interferometer arms. Conventional gratings ruled in gold were




indicated to allow blazing for maximum efficiency at 630nm.
As DASH uses the gratings in the Littrow configuration, a
triangular groove profile with a blaze angle of 8.2° was
specified.

Bare fused
64 1/mm silica area for
luin
31x20 mm // & &
(Centered)

Figure 3. Diffraction grating blank and ruled area - schematic.
Grating blank is 42 mm x 32.2mm.

Two additional requirements arise from the interferometer
application: first, the diffracted wavefronts from the two gratings need
to be flat within ~1/10 wave to keep the fringes straight, and second,
the grooves of the two gratings need to be aligned such that the grating
dispersions are in the same plane. The first requirement is managed
by ruling on a flat substrate and by careful replication technique. The
second is managed by using a side face as a reference for the direction
of the ruling engine. Knowledge of the master ruling direction is 1 arc
min or better. Thereafter, the side faces are used to orient a grating
blank and master parallel to each other during replication. This was
accomplished by using a replication fixture to hold the master grating
and product substrate, maintaining alignment while the epoxy cures.
To achieve the precision needed for the MIGHTI gratings, the working
surfaces of the fixture were ground to achieve the needed planarity, the
polished substrate sides were the reference surface and micrometers
were used for incremental adjustments. Once the master and replica
substrates were mated in the fixture, the return image of an
autocollimator was used to align the reference surfaces. The whole
apparatus was then subject to the curing cycle. Once the epoxy cured,
the replica “sandwich” was transferred to a standard fixture used to
separate the master from the product. The side and bottom faces of the
replica gratings are subsequently used as reference surfaces for
aligning the grooves when assembling the SHS interferometers.

3. GRATING EFFICIENCY

The absolute grating efficiency is limited by several factors including:
reflectivity of the coating, facet angle, backside facet angle, and facet
surface quality, which is important for minimizing scattering, ghosts,
and unwanted orders. A gold coating was selected as it has, among
suitable materials, the best reflectivity at 630nm (=93%), the
wavelength of the weakest thermospheric emission line of interest.
Moreover, it shows acceptable reflectivity for the green line and the
molecular oxygen band. Likewise, the facet angle was selected to put
630.0nm on blaze. By choosing 7t order for 630nm, the other
wavelengths, 557nm and 760nm, are also on blaze in 8t and 6t
orders, respectively. The steepest practical backside angle is sought as
light striking this side of the grooves is lost into high negative orders.

The steepness of the backside angle is limited by the ruling process and
by the difficulty it imposes on the separation of replicas from the
master during processing. The roughness of the grating facets and
edges and irregularity of grooves all contribute to light losses through
scattering and grating ghosts.

The ideal efficiency was calculated using the PCGrate simulation code
[12] (described below) of an ideal gold-coated grating having perfectly
flat and smooth blazed groove facets at 8.2° angle, 90° peak corner
angle, and 81.8° opposite facet angle. In this ideal case the efficiencies
would be 93%, 90%, and 75% in the 6t order at 760 nm, 7t order at
630 nm, and 8% order at 558 nm, respectively. These values represent
the theoretical limit of what is achievable.

On this basis, a prototype grating was ruled and two replicas produced.
These replicas were measured, tested, and assembled into a prototype
interferometer block. While meeting the nominal specifications stated
in Table 1, these gratings only produced an efficiency of ~50% at
630nm. PCGrate simulations using the groove profile measured by
atomic force microscopy (AFM) showed that it was likely that a more
efficient grating could be produced by improving the facet roughness
and the groove shape, directly resulting in a significant improvement of
the MIGHTI performance.

After additional experimentation with ruling stylus shape and
pressure, gold thickness and deposition, a second grating master was
produced. This grating had smoother facets and a steeper backside
angle. Eight fourth generation replicas of this master have been
produced for the MIGHTI flight instrument (FM-n), for an engineering
model (EM-n), and for two flight spares. In the following sections, the
measurements and properties of these flight gratings, which are all
replicas of the same master, are presented.

4. GRATING SURFACE PROFILES AND GROOVE
MODELING

After the replicas were produced, AFM measurements of the
groove profiles were made at Bach Research and at St. Cloud
State University. Figure 4 shows the AFM profiles of an
engineering model grating replicated from the final master
ruling. The Flight Model (FM) gratings are also replicas of this
master.

The efficiencies were modeled with the PCGrate code which
solves Maxwell’'s equations for an electromagnetic wave
incident on the grating groove and accounts for the measured
irregular shape, the measured roughness of the groove profile,
and the index of refraction of the coating and the grating
substrate. The Fresnel reflectivity and transmissivity
coefficients are calculated at each interface of the coating on the
groove and at the underlying grating substrate. The code has
proven to be accurate for a variety of master, replica, and
multilayer coated gratings [13, 14]. The primary inputs to the
code are the groove profile and the optical constants of the
coating and the substrate. In the case of MIGHTI, the groove
profile was measured by atomic force microscopy (AFM), and
the optical constants were from Palik [15]. Since gold is opaque
in the visible, only one interface was modeled, the top gold
coating.

The EM-1 groove profile with a pristine gold coating was used
to calculate the efficiency. The efficiency calculations were
performed by setting the angle of incidence on the grating to
the Littrow condition for 7t order and 632.8 nm wavelength



(assumed to be 8.16° for the calculations). For the
measurements described below, the grating was also rotated by
0.4° out-of-plane so the detector could be scanned through the
diffracted orders without occulting the incident beam. This
angle was included in the calculations.
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Figure 4. AFM image of MIGHTI grating grooves.

The groove model was constructed from AFM data considering the
following information:

(a) The surface data of EM-1 shown in Figure 5 was corrected for
leveling by adding an angle of 0.059".

(b) Quadratic curves are fit to the blaze facet and the
backside facet.

(c) The standard deviation from the quadratic curves is *
7.6 nm. Away from the rounded vertex and trough, the
deviation from the smooth quadratic fitted to the working
blaze facet is 4 nm.

(d) Average fitted angle on the blaze facet was 7.38°, and
the backside facet angle (beyond the rounded vertex)
varies from 20° to 60°. This AFM groove shape was input
into the PCGrate code and the calculated efficiency was
compared to 633nm measured efficiencies, which peak in
the 7th order with values ranging from 70.0% to 73.4%.

Using the measured 7.38° blaze angle of the EM-1 groove, the
calculated on-blaze order number is 6.3 and the efficiency at
632.8 nm wavelength is shared between the 6t and 7t orders
and the calculated 632.8nm efficiencies were much lower than
the measured efficiencies. To bring the calculations into
agreement with observations, EM-1 groove height was
increased by 10%, increasing the facet angle to 8.1°. With this
one adjustment, practically all of the efficiency at 632.8 nm
appears on blaze in the 7th order. While the AFM accurately
measured the 180 nm depths of holes on a calibration sample, it
apparently under-measured the much larger 1.73 pm grating
groove depth by 10%. While the 70% calculated efficiency in
the on-blaze 7th order is a few percent lower than the measured
efficiencies, the calculated and measured efficiencies are
otherwise in good agreement.

The AFM is an excellent tool with which to determine groove
shape and roughness due to its ability to image features as
small as a few angstroms. The hope that it could become the
ultimate standard for predicting grating performance has not
so far proven to be the case. Since it looks only at a ~100

micron area at a time, its results have to be verified by spectral
measurements over a wider range to determine the actual
blaze and groove depth achieved. With that information, one
can manipulate the ruling diamond shape and weight to arrive
at the desired blaze.

(a)

0.0 / . . . .
0.03 T ———————————
(b)
0.0z

ol VARSI

-0t E A k—:

Deviation {micron)

-0.02

-0.03E N . \ .,

Angle {dag)

PR TP S - PR Rr— -

a 2 4 [ a 10 12 14
Distance {micron)

Figure 5. Groove profile derived from AFM scans of a replica
from the FM master grating. Panel (a) is the measured profile
and the fitted profile, which is almost identical, panel (b) is the
deviation from a quadratic fit, and panel (c) is the facet angle
across the groove.

5. GRATING EFFICIENCY MEASUREMENTS

Two sets of efficiency measurements were made, one, the “MIGHTI
configuration” was made with a fixed angle of incidence as in the
MIGHTI instrument, and the second “Littrow configuration” was made
with a fixed detector and variable angle of incidence so that the



measurement was always made at the Littrow angle for the order in
question.

Various unpolarized lasers operating at 632.8, 557.7 and 543nm were
used to measure the grating efficiency in the red and green bands.
Figure 6 shows a schematic of the measurement geometry. The lasers
reflect from near the top edge of a mirror and onto the grating. In this
“MIGHTI configuration”, the grating is aligned to put 7t (red) or 8t
(green) order at the Littrow condition for an angle of 8.2°. The grating
was also tilted out of plane by 0.4° so diffracted rays can pass above the
top edge of the mirror and are then measured with a power meter
scanning the locations of the different orders. Incident laser power
was measured by moving the power meter to the dashed location in
Figure 6. Laser spots were 5-6mm in diameter at the grating and at the
power meter, underfilling the 9.5mm diameter power meter by a
comfortable margin.

Grating

Order# 10 2 28 7 & 3 4 I e

D Power Meter

'h-—-..

Table 2. Efficiency measurements of several sister gratings in the
MIGHTI configuration.

Efficiency (%)
632.8 nm 543.4 nm 557.7
nm
Order | FM-4 FM-5 FM-6 FM-7* EM-1 EM-2 FM-4 FM-5 FM-6 | FM-7*
4 1.49 1.9 1.7 0.57
5 142 22 20 1.16
6 0.09 0.10 0.06 0.63 0.1 0.1 1.53
7 71.6 71.2 70.8 69.9 721 725 2.6 23 22 0.18
8 32 32 31 5.35 38 36 50.4 50.1 51.7 61.6
9 0.18 03 0.3 838 8.5 7.9 3.72
10 0.10 0.1 0.1 0.27

Figure 6. Schematic of arrangement for measuring grating
efficiency in the MIGHTI configuration near 7t and 8t orders
for the red and green sources, respectively. A 45° mirror used
near its edge (EM) directs the laser beam to the grating. The
angle of incidence was fixed at 8.2° and the power meter moved
through the orders or to the dashed location to measure
incident power.

The Littrow configuration was similar, except the power meter was
stationary and the grating was rotated through many orders. Table 2
summarizes measured efficiencies of several of these sister replica
gratings made with lasers near the working wavelengths of the
gratings and in orders near the working orders.

These values are not adjusted for the reflectivity of the gold coating, 93% at
632.8nm, 77% at 543nm, and 83.5% at 558nm [15]. *The FM-7 measurements
were made with the frequency stabilized lasers as detailed below.

A. FM-7 Efficiency at 557.7nm, 632.8nm, MIGHTI configuration

The measurement geometry was as follows: Two frequency stabilized
and polarized lasers operating at 557nm and 632.8nm were used to
measure the FM-7 grating efficiency in wavelength bands of MIGHTL
The final setup is as in Figure 6, but a beamsplitter was introduced into
the incident beam and a second power meter added to monitor the
brightness of the lasers, which in the case of the green laser varied
significantly with time. For the green laser, a solid state device, a
collimating lens, a faraday rotator, and a narrow band filter were
added to help eliminate back reflections into the laser and to eliminate
an unwanted infra-red emission from the laser. The grating was
aligned to put either 7t or 8% order at the Littrow angle (a = 8.2°).
These lasers were aligned with their polarization at 45° to the grating
grooves. By using the two channel power meter, the data were
corrected for laser power variations. By logging the data with a
computer, more than 100 individual readings were averaged for each
data point. The accuracy achieved was better than 0.1% for all but the
faintest orders. Table 3 and Figure 7 report measured efficiencies for
all accessible orders of grating FM-7. Typical stray light levels
observed between orders were less than 0.1% of the nearby orders.



Table 3. Measured Efficiency of Grating FM-7.
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Figure 7. Measured and calculated efficiencies for grating FM-7
at a fixed 8.2° angle of incidence. Peak efficiency is in 7th
order(A) at 633nm and 8th order (B) at 558nm.

B. FM-7 Efficiency at 632.8nm, Littrow configuration

A second detailed set of 633nm efficiency measurements (see Table 4)
were made with the grating mounted on a rotary stage so it could be
scanned through many orders in the Littrow configuration with a fixed
detector. Measurements of this sort were made on FM-7 at NRL and
on EM-1 at St. Cloud State University.

Table 4. Grating FM-7 efficiency at 632.8nm (unpolarized) in the

Order Grating efficiency | Order Grating efficiency
557.7nm | 632.8nm 557.7nm | 632.8nm
-23 | 7.60E-04 5 | 1.16E-02 | 1.42E-02
-22 | 2.00E-03 6 | 1.53E-02 | 6.33E-03
-21 | 1.80E-03 7 | 1.83E-03 | 6.99E-01
-20 | 1.51E-03 | 3.24E-03 8 | 6.16E-01 | 5.35E-02
-19 | 2.44E-03 | 1.92E-03 9 | 3.72E-02 | 1.76E-03
-18 | 3.58E-03 | 3.86E-03 10 | 2.75E-03 | 1.05E-03
-17 | 1.78E-03 | 3.97E-03 11 | 9.79E-04 | 1.43E-03
-16 | 2.44E-03 | 2.77E-03 12 | 1.12E-03 | 1.48E-03
-15 | 3.06E-03 | 4.99E-03 13 | 1.32E-03 | 9.84E-04
-14 | 1.96E-03 | 3.88E-03 14 | 9.34E-04 | 4.87E-04
-13 | 1.95E-03 | 2.15E-03 15 | 3.98E-04 | 2.77E-04
-12 | 1.01E-03 | 2.68E-03 16 | 1.41E-04 | 3.22E-04
-11 | 1.24E-03 | 3.40E-03 17 | 1.60E-04 | 3.90E-04
-10 | 1.77E-03 | 2.64E-03 18 | 2.35E-04 | 4.02E-04
-9 | 1.49E-03 | 1.50E-03 19 | 2.60E-04 | 3.33E-04
-8 | 7.05E-04 | 1.22E-03 20 | 2.11E-04 | 2.45E-04
-7 | 4.82E-04 | 1.77E-03 21 | 1.42E-04 | 1.81E-04
-6 | 9.55E-04 | 2.68E-03 22 | 9.95E-05 | 1.46E-04
-5 | 1.28E-03 | 3.19E-03 23 | 7.65E-05 | 1.33E-04
-4 | 1.31E-03 | 2.58E-03 24 | 6.87E-05 | 1.33E-04
-3 | 8.33E-04 | 1.21E-03 25 | 5.91E-05 | 1.26E-04
-2 | 3.07E-04 | 6.63E-04 26 | 4.82E-05 | 1.11E-04
-1 | 4.89E-04 | 1.65E-03 27 | 3.74E-05 | 9.07E-05
0 | 1.29E-03 | 3.16E-03 28 | 2.76E-05 | 7.15E-05
1 | 1.90E-03 | 4.38E-03 29 | 2.44E-05
2 | 2.16E-03 | 6.05E-03 30 | 2.40E-05
3 | 3.00E-03 | 9.54E-03 31 | 1.96E-05
4 | 5.66E-03 | 1.49E-02
1.0E+00 ‘ |
—+—633nm Calc
1.0E-01 =
\ —s—633nm Obs
E- 1.0E-02 m /
:Lw: 1.0E-03 m'l ‘*\
1.0E-04 Mv:
1.0E-05
-30 -20 -10 0 10 20 30 40
A) Order

Littrow configuration.

Order Obsj. Calq. Littrow Order Opg. Ce}lq. Littrow
Effici- Effici- angle Effici- Effici- angle

ency ency °) ency ency (°)

48 5.13E-04 715 0 325E-03 5.63E-04 0.0
47 1.13E-03 -72.9 1 3.54E-03  2.78E-03 12
46 5.31E-03 -69.3 2 435E03  T7.47E-03 2.3
45 6.59E-03 -66.2 3 6.69E-03  1.45E-02 35
44 1.73E-02 -63.5 4 1.02E02  2.74E-02 4.7
43 4.27E-02 -61.0 5 839E-03  3.70E-02 5.8
42 563E-02 -58.7 6 897E-03  1.55E-02 7.0
41 461E-02 -56.5 7 T.O00E-01  6.74E-01 8.2
40 2.40E-02 -54.4 8 6.37E-02  4.49E-02 9.4
-39 8.95E-03 -52.5 9 200E-03  1.90E-03 105
38 4.58E-03 -50.6 10 145E-03  9.93E-04 1.7
37 TA4E-03 -48.8 11 1.79E-03  1.30E-03 129
36 7.11E-03 -47.1 12 169E-03  1.06E-03 14.1
35 4.36E-03 -45.4 13 1.03E-03 9.61E-04 153
34 1.27E-03 -43.8 14 425E-04  6.72E-04 16.5
33 1.74E-03 -42.2 15 270E-04  2.59E-04 17.8
32 2.91E-03 -40.6 16 3.60E-04  2.87E-04 19.0
31 3.27E-03 -39.1 17 423E-04  1.79E-04 20.2
30 2.46E-03 -37.6 18 3.53E-04  221E-04 215
29 2.01E-03 -36.1 19 223E-04  7.71E-05 22.7
28 1.14E-03 -34.7 20 1.28E-04  5.70E-05 24.0
21 147E-03 -33.3 21 993E-05  5.84E-05 25.3
26 2.02E-03 -31.9 22 8AME05  1.32E-04 26.6




25 2.37E-03 -30.6 23 7.55E-05  1.71E-04 279
24 1.89E-03 -29.2 24 564E-05  3.37E-04 29.2
-23  1.60E-03 279 25 490E-05  3.16E-04 30.6
-22  9.60E-04 -26.6 26 5.12E-05  2.50E-04 31.9
21 9.25E-04  6.18E-03 -25.3 27 509E-05  1.19E-04 33.3
20 1.16E-03  1.17E-03 -24.0 28 531E-05  1.32E-04 34.7
-19  146E-03  6.30E-03 -22.7 29  5.02E-05 36.1
-18  1.54E-03  2.99E-03 215 30  5.22E-05 37.6
-7 1.34E-03  1.02E-02 -20.2 31 5.07E-05 39.1
-6 1.10E-03  5.31E-03 -19.0 32 4.99E-05 40.6
-5 6.92E-04  4.66E-03 -17.8 33 4.50E-05 42.2
-4 6.74E-04  9.15E-03 -16.5 34 4.14E-05 43.8
-13  4.68E-04  6.40E-03 -15.3 35  3.60E-05 454
-2 7.97E-04  2.00E-03 -141 36  3.35E-05 471
-11 9.62E-04  3.42E-03 -12.9 37 3.00E-05 48.8
-0 1.04E-03  5.07E-03 -7 38  2.81E-05 50.6
9  1.01E-03  4.42E-03 -105 39  281E-05 52.5
-8 8.37E-04  1.62E-03 94 40  2.92E-05 54.4
-7 468E-04  6.20E-04 -8.2 41 331E-05 56.5
6 4.09E-04  1.53E-03 -7.0 42 3.46E-05 58.7
-5 2.99E-04  3.13E-03 5.8 43 3.75E-05 61.0
-4 3.72E-04  4.57E-03 4.7 44 3.72E-05 63.5
-3 T7.37E-04  3.98E-03 -3.5 45  3.69E-05 66.2
-2 1.72E-03  1.84E-03 23 46 3.54E-05 69.3
-1 2.82E-03  5.06E-04 -1.2 47 3.76E-05 729
Littrow Efficiency 632nm
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Figure 8. EM-1 and FM-7 measured and calculated grating
efficiencies for Littrow configurations at 632.8nm. The peak around
order -42 is from the rear facets of the grooves. EM-1 and FM-7 are
two replicas of the same master; the red curve is data from St. Cloud
State and the blue curve is data from NRL. The black curve is the stray
light measured between orders at NRL.

In Figure 8, two independent measurements of two sister replicas of
the master grating are seen to be in good agreement. This implies that
the groove profile is consistent from master to replica. The calculated
efficiencies are in good agreement in the peak orders, and in fair
agreement to either side of the peak. Both the measurements and
calculations show oscillations in the high order efficiencies, but the
calculations are unable to exactly match the measured values. This
may be due to the fact that the AFM sample was only 60 microns
square and the model profile constructed from this may not contain
sufficient detail to fully predict these weak orders. Also presented in
Figure 8 are measurements of the stray light between orders made at
NRL. The stray light is very low for this ruling, but does peak near the
working orders and near the backside orders. This can be understood
since the scattering from the groove facets peaks near the specular
angle at these two positions.

C. Efficiency calculations versus measured performance for
the MIGHTI spectral regions

As reported in Table 1 above, the spectral regions measured by the
MIGHTI instrument in the green (557.7nm), red (630.0nm) and near
infrared (around 760 nm) correspond to the integer rations of 6, 7, and
8, which allows the use of a low order echelle grating to achieve high
efficiency at all these spectral regions.

Figure 9 shows calculated efficiencies in orders 5 - 9 for the MIGHTI
gratings using the grating groove profile measured by the AFM. The
symbols indicate the measured efficiencies at 557nm and 630nm.
While the 557 nm and 630 nm efficiencies are dominated by the n =8
and 7 orders, respectively, there are small contributions from the n+1
orders. These weak orders are minimized in the final master ruling,
but still contribute a wavefront inclined to the main order wavefront.
As such, they create a weak, high frequency SHS fringe pattern in
addition to the main MIGHTI interferogram. These high frequency
fringes are unresolved in the MIGHTI CCD detectors, result in an
unmodulated background, and therefore do not affect wind retrievals.
The two larger rectangles in Figure 9 indicate the working range of the
IR photometer channels (754 nm to 780nm).

Figure 9 illustrates that the calculated and measured efficiencies at
557nm and 630nm are in excellent agreement for the orders shown.
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Figure 9. Calculated efficiencies from PCGrate (solid lines)
versus measured efficiencies (symbols) MIGHTI gratings in
orders 5-9. The two larger rectangles indicate the spectral
positions of the IR photometer channels (754 nm to 780nm).



6. FLATNESS OF DIFFRACTED WAVEFRONT

Since it is the interference of two wavefronts that produce the
DASH fringes, the plane gratings are specified to produce flat
wavefronts to A/10 or better after four stages of replication.
Flatness of the diffracted wavefront was measured with a Zygo
interferometer at 633nm. To achieve this, the gratings were set
on a precision rotary stage and adjusted until a flat grating edge
was perpendicular to the Zygo beam. The grating was then
rotated to the Littrow angle and the reflected wavefront
observed. Figure 10 is an example of one such profile. All flight
quality gratings had a flatness of <0.045 waves RMS at 633nm,
including unused portions of groove ends and edges.

(= W z590]

Obligue Plot

Figure 10. Surface profile map for grating FM-1. The RMS
deviation for this grating is 0.024 waves at 633nm; all gratings
had an RMS profile deviation of less than 0.045 waves. Piston
and tilt errors are removed. These deviations are measured
from the 7t order diffracted wavefront and have been divided
by two to represent the flatness of the grating.

While it was not possible to precisely control the thickness of the epoxy
during replication, the average thickness was 9.0 microns with a
standard deviation of 1.2 microns. The epoxy thickness was measured
at several points around the margin with a Zygo interference
microscope at Light Machinery, Inc. and the gratings were found to be
parallel to the substrate with an average deviation of 0.43 arc min, with
a standard deviation of 0.40 arc min. These small individual errors
(piston, tilt) were then compensated during the interferometer build
by slightly adjusting the thickness of the adhesive layers between the
grating substrate and the spacer to the field widening prisms (see Fig.
2) while viewing the interference fringes. In addition, the gratings
were paired for each interferometer by matching gratings with similar
angular offsets between the grating face and substrate plane.

7. ORIENTATION OF GROOVES

The alignment of the grooves started with the manufacture of the
grating substrates. The flatness and squareness of the substrate faces
had to be suitable for this task (~2 arc min). It was essential to align
the plane of dispersion to the edges of the grating blank. This was done
with autocollimators and an Ultradex rotary table. This alignment had
to be maintained through several generations of grating replication, a
challenging task.

In ruling the master, the substrate long side face was used as a
reference for the groove direction. In replication, it was used as a
reference to maintain this groove orientation on the replica.
Interference microscope measurements of the groove tilts relative to

an orthogonal face (side of the grating substrate) fell into two groups,
one clustered around 13.5 arc min and one clustered around 2.5 arc
min. A second orthogonal face (bottom of the substrate) was used as a
reference in the interferometer assembly and the resultant direction of
the grooves of the two gratings could be made parallel and the
wavefront tilts adjusted by adding small tilt corrections while
cementing the last grating in place. These small corrections to the
grating tip and roll were also made during the assembly process. Once
the fringes were straight and of the desired frequency [11], the
adhesive was set by exposing it with UV light.

11. ASSEMBLED INTERFEROMETERS

In assembling the gratings on the arms of DASH interferometers, a
setup was made in the lab where the interferometer rested on a large
optical flat. The flat grating edges were placed against this flat for
reference orientation and groove alignment. Light from laboratory
sources (HeNe laser 632.8nm, Kr [ 558nm, and Ne I 630nm lamps)
was used to produce fringes. A reflective Offner mirror assembly and a
commercial CCD detector were used to observe the progress of fringe
adjustments as they were made. Detailed adjustments to the gratings
were made to achieve the desired fringe frequencies [11] at the above
wavelengths. When straight fringes and a stable alignment was
achieved, minute drops of UV setting adhesive were introduced to wick
into the seams between the gratings and spacers, and were hardened
by overnight exposure to UV light. Figure 11 is a photo of an
assembled interferometer.

8. CONCLUSIONS

A new master echelle grating and eight sister replica gratings of
outstanding performance have been produced for the MIGHTI
instrument on ICON. Six of these gratings have been assembled into
three flight interferometers and two into an engineering model. Two
cosmetically less perfect gratings are flight spares and have been the
subject of some of the testing reported here. The gratings have near
theoretical performance, and operate in 6, 7t, and 8t orders at 760,
630, and 557nm, and the flatness of the gratings (~A/20) is sufficient
for interferometry at these wavelengths. Efficient groove shapes and
gold coatings give them highest efficiency (>70%) at 630nm, optimized
for measurements of the faint atmospheric O I 630nm line. Laser
measurements of the grating efficiency in many orders have been
made in both the Littrow configuration and in the MIGHTI working
configuration. A groove profile has been obtained from AFM
measurements and used to calculate grating efficiencies with the
PCGrate code. With a small empirical adjustment to the groove angle,
PCGrate efficiency calculations were in good agreement with
experimental measurements.



Figure 11. View looking into the entrance aperture of a MIGHTI
interferometer after assembly. The two gratings are
superimposed in this view. The rectangular blocks are
precision spacers that maintain optical gaps while allowing for
some thermal mismatch between different optical glasses [11].
A row of laser inscribed fiducial marks is seen on the lower
edge of the right grating. Since the fringe localization plane is at
the grating face, these marks will also be in focus at the detector
and allow tracking of grating image movements due to thermal
distortion etc. [16].
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