
PROJECT DESCRIPTION:
OP: SOAR–ADAPTIVE–MODULE OPTICAL SPECTROGRAPH

(SAMOS)

1 INTRODUCTION

As soon as the Large Synoptic Survey Telescope (LSST) achieves first light (2019), an immediate response
to astrophysical transients and long-term follow-up capabilities will become a necessity. The SOAR tele-
scope, located in the immediate vicinity of LSST, can play a strategic role if equipped with a rapid-response,
medium-resolution spectrograph. We propose to build the SOAR Adaptive-Module Optical Spectrograph
(SAMOS) to satisfy this need. SAMOS is a R » 2000 slit spectrograph that can fully exploit the Ground
Layer Adaptive Optics (GLAO) laser guided system of SOAR (SAM) to achieve ultimate sensitivity, but can
also efficiently operate in regular seeing limited conditions.

SAMOS’s unique capabilites are enabled by Micro-Electro-Mechanichal-System (MEMS) technology.
Using a Digital Micromirror Device (DMD), SAMOS can acquire, in a few seconds, the position of any tar-
get in its 31ˆ31 field-of-view, placing the slit with pinpoint accuracy without acquisition moves, and setting
automatically the optimal slit width according to the seeing conditions or required resolving power. The
DMD also delivers a parallel imaging channel, providing real time monitoring of the optimal slit alignment
and accurate photometry for absolute flux calibration, needed for long-term monitoring of transients. Fed
by SAM, which routinely delivers exceptional image quality at visible wavelengths (FWHM „ 0.32 on the
„ 25% of nights over its 31 ˆ 31 field-of-view), SAMOS is a very powerful multi-slit spectrograph capable
of taking hundreds of spectra in parallel with minimal acquisition overhead; SAMOS can perform spectro-
scopic studies of crowded fields like e.g. the Magellanic Clouds, globular clusters, the galactic bulge, galaxy
clusters entirely impractical, if not impossible, with any other instrument. SAMOS represents the prototype
of a new class of MEMS-based astronomical spectrographs that can greatly enhance the capabilities of 8m
and future 30m-class telescopes. This proposal leverages a NASA funded program to qualify DMDs for a
cosmic environment, as an enabling technology for future space science research.

2 SAMOS AT SOAR

2.1 SOAR AND LSST

LSST is expected to detect about 10 million time-variable events each night. An event broker will discrim-
inate those that may require immediate follow-up and issue alerts. Special attention will be given to true
transients, defined as completely unknown sources that raise suddenly above the LSST detection threshold
(about V=24.5 mag per image pair). These enigmatic objects, and many others, will require initial classifi-
cation and regular follow-up observations from different facilities. The recent NRC report “Optimizing the
U.S. Ground-Based Optical and Infrared Astronomy System”, [1], states that “SOAR, with its 4-meter aper-
ture, rapid response, and Southern Hemisphere location, could play an important role (with appropriate
spectroscopic capabilities) in follow-up observations of moderate-brightness LSST transients”.

SOAR is probably the ideal facility to work in synergy with LSST. The telescope has been designed to
deliver the best image quality among all 4m class observatories in the world. To achieve this goal, SOAR has
been equipped with a low-order adaptive optics module (SAM) that compensates ground layer turbulence
using an artificial guide star created by a 355 nm Rayleigh beacon [2]. SAM seeing improvements are up to
a factor of 2 over its 31 ˆ 31 field of view (FoV) for 50% of the clear nights, delivering I-band images with
FWHM » 0.32 about 25% of the time.In these conditions, SOAR’s sensitivity approaches that of an 8-m
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Figure 1: Gravitational arcs in the galaxy cluster Abell 370 as observed by SDSS, HST, and SOAR+SAM in Jan. 2014.
Note that SOAR’s image quality is comparable to HST. Only » 3% of the corrected field is shown.

telescope under typical seeing conditions. SAM is now producing some of the finest images ever obtained
in the visible by a ground-based telescope over a relatively large FoV (Fig. 1).

The optimal LSST follow-up instrument at SOAR should have distinct characteristics. (i) It should be
able to obtain a sharp image of the target of interest, trying to resolve its structure and the possible presence
of diffuse emission, like e.g. a host galaxy. (ii) It should be able to collect a wide-band spectrum matching
the LSST sensitivity and spectral coverage, i.e. the LSST discovery space. (iii) It should reach moderate
resolution of few thousand, to adequately resolve lines in, e.g., supernovae spectra. (iv) It should be rapidly
configurable, with the capability of placing the slit on the target in the minimum amount of time, with
great accuracy and optimal slit width; not only to enable prompt response to alarms, but to increase the
observatory efficiency by allowing the monitoring of several sources each night. (v) It should be capable
to obtain absolute spectrophotometry to track the temporal decay over long periods. (vi) It should provide
some multi-object capability to characterize not only individual targets but also their surroundings, e.g.
supernovae in rich galaxy clusters.

SAMOS satisfies all these needs. In addition, its versatility provides SOAR with a great workhorse
instrument enabling a multitude of studies in imaging and spectroscopy, and transformational science
through spectroscopic studies of crowded fields.

2.2 INTRODUCING SAMOS

The key element in SAMOS is the slit selection mechanism: a Digital Micromirror Device (DMD) produced
by Texas Instrument (TI). A DMD consists of an array of individually addressable tiny mirrors, that can
be tilted between ”on” and ”off” states. By tilting individual mirrors ”on” it is possible to send light from
individual sources to the spectrograph. The remaining mirrors reflect the rest of the field ”off” to an ancil-
lary CCD camera for field acquisition, slit alignment and monitoring. The slit viewing camera can provide
absolute flux calibration and/or parallel deep imaging.

The nearly instantaneous target acquisition and monitoring system allows one to adapt the slit position
and width to the actual AO performance, optimally exploiting the fraction of nights with superb seeing.
Variations of the PSF across the field, of the atmospheric dispersion with hour angle, of the plate scale with
temperature, can all be naturally accommodated. The operator at the SAMOS consolle can immediately
acquire a target in the field by a simple point-and-click on the field image displayed on a monitor. The slit
is set in a fraction of a second; there is no need for telescope offset, source pick-up or blind offsets. Multiple
targets can be equally acquired nearly instantaneously; if their number is large, an automatic image analysis
algorithm can determine in real time the centroids of the targets cross-matched to a source list; there is no
need for pre-imaging and mask preparation weeks in advance. DMDs maximize efficiency and simplify
operations and instrument mechanical design, reducing mass, construction time, and cost. Our team has
unique experience in this area, as it includes the PIs of the two DMD-based spectrographs, RITMOS [PI:
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Ninkov, 3] and IRMOS [PI: MacKenty, 4] built using the first, now obsolete, generation of DMDs. Our
baseline is to equip SAMOS with a blue (350-600 nm), a red (600-950 nm) and a Ca-Triplet (840-900 nm)
grating. The main parameters are listed in Table 1.

2.3 SENSITIVITY

Using the basic instrument parameters listed in Table 1 we have developed an exposure time calculator
(ETC) to predict SAMOS sensitivity across its entire spectral range. To provide generic users with a reliable
and well developed Graphic User Interface, we have adopted the infrastructure of MOSFIRE XTcalc1, a
GUI-based ETC written in IDL by G. Rudie.

We have modified the original source code to include optical wavelengths and made all changes re-
quired by SAMOS and SOAR/SAM. For the SOAR telescope we assumed 3 Al-coated surfaces, 1 m diam-
eter central obstruction, and 90% transmission through SAM as suggested by A. Tokovinin. We have used
the sky spectrum from the VLT/UVES web page and the atmospheric extinction curve from the Gemini
web page (Mauna Kea). For SAMOS we have included losses from all of the optical components, including
the efficiency of the VPH gratings, and the DMD, these last two due to a) the Al-coated mirrors, b) the
double-pass through the case window with standard AR-coating provided by TI, c) the 90% filling factor
(gaps between mirrors), and d) the extra background due to the 1 : 50, 000 contrast achieved by DMDs, as
measured at NASA Goddard (Z.Ninkov, priv.comm). For the detector we used SAMI’s published Quan-
tum Efficiency, dark current (2 e/hr) and read noise (3.8 e). Figure 3 (top) shows our estimated throughput
curves from telescope aperture to detectors included. Finally, to be conservative in our sensitivity estimates,
we added an extra 15% throughput loss to account for slit losses and all other unknowns. This extra factor
is not shown in the figure. The impact of a 80% throughput loss from the use of a DMD, plus another
10% due to the passage through the SAM optics, can be compensated by reducing the slit width by 15%
SAM routinely provides much higher gain in angular resolution: SAMOS has a definite advantage over
conventional spectrographs in terms of observing efficiency, spatial resolution and sensitivity.

The results of our calculation are shown in Fig. 3 (bottom); with a 0.5” slit, SNR=5 median value in 3600s
is reached at AB=22.9 and AB=23.5 mag for the blue and red modes, with resolving power R=1700 and 1350,
respectively. The other spectrograph at SOAR, Goodman, with its smallest 0.46” slit delivers R » 12, 600
paying a hefty price in sensitivity per resolution element. Goodman, in fact, is normally used with » 0.9”
slits, with half the resolving power and quadruple the sky background. SAMOS and Goodman are fully
complementary.

1Publicly available at http://www2.keck.hawaii.edu/inst/mosfire/etc.html
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Telescope aperture 410 cm
SAM corrected FoV 31

ˆ 31

DMD type Cinema 2K, 2048 ˆ 1080 mirrors

DMD mirror scale 0.1672/mirror
31

ˆ 31 over 1080 ˆ 1080 mirrors
SAMI CCD E2V 4096 ˆ 4112 pixels

SAMI pixel scale 0.1332
ˆ 0.1332

31
ˆ 31 over 1350 ˆ 1350 pixels

Slit width
0.332, 2.5 CCD pixels/slit (2 DMD mirrors)
0.502, 3.7 CCD pixels/slit (3 DMD mirrors)
0.672, 5 CCD pixels/slit (4 DMD mirrors), etc.
3500-5500Å, R » 2500 (blue channel, Rθ “ 833)

Spectral coverage and resolutions 5500-9500Å, R » 2000 (red channel, Rθ “ 667)
(for 2 DMD = 0.332 slits) 8300-9100Å, R » 10, 000 (Ca triplet, Rθ “ 3332)
Length of the spectra 4090-1350 = 2740 pixels
Max nr. of spectra » 200, assuming 7 CCD pixel separation between spectra.

Slit-viewing camera SBIG STT-3200ME with KAF-3200ME (2184 ˆ 1472 ˆ 6.8µm)
1.36 pixels per DMD mirror

Table 1: SAMOS main parameters.

2.4 COMPARISON OF SAMOS WITH OTHER MULTI-OBJECT SPECTROGRAPHS

A DMD based instrument like SAMOS not only maximizes observing efficiency and sensitivity exploiting
adaptive optics, but has a versatility that cannot be matched by conventional single-object spectrographs.
It would be more appropriate to compare SAMOS with the multi-object or integral-field spectrographs
operating at other major observatories. However, it would take too much space to review the strengths of
multi-object spectrographs like e.g. GMOS (Gemini N-S), MODS-1/2 (LBT), LRIS (Keck-I), DEIMOS (Keck-
II), FMOS (Subaru), VIMOS and GIRAFFE (VLT) that benefit from telescope aperture and field of View
(FoV) larger than SAMOS. But what we can say is that their typical setup time is of the order of several
minutes and that they generally operate under natural seeing, with slits of the order of 0.8”-1”. Therefore,
using smaller slits to exploit the best seeing conditions is difficult: 0.52 slits require predicting the position
of multiple targets in the focal plane at the time of observation with 0.12 precision, and mask alignment
accurate to a few microns. This increases instrument complexity, mass, and cost.

Spectroscopy with the few laser-guided AO systems operating in the visible like MagAO at Magellan is
generally considered to be in the realm of integral field units (IFUs). Taking spectra of each single pixel in
the FoV has great value, but requires accepting a compromise between spatial sampling and field size. Even
the superb 24-channel IFU of MUSE at the VLT has a FoV 9 times smaller than SAMOS in its seeing-limited
and GLAO modes. Most probably, none of these instruments will spend a significant fraction of time
doing regular LSST follow-up; SAMOS therefore occupies a well defined niche, with minimal competition
from other facilities. SAMOS will efficiently perform LSST follow-up observations as well as many other
measures that are completely impractical, if not unfeasible, with other instruments.

2.5 MEMS AS ENABLING TECHNOLOGY IN ASTROPHYSICAL RESEARCH

Astronomical applications play a key role in the development of cutting-edge Photonics. Controlling and
detecting a few photons that may have travelled for most of the history of the Universe is a monumental
challenge that pushes to the limits the technologies we find in our daily life, from the smartphone cam-
eras, to telecommunications, to healthcare devices. The frontier of nano-techonolgy, however, in particular
MEMS systems, is still scarcely exploited by astronomers. Our joint team has realized the potential of this
enabling technology, developing the first two instruments using TI DMDs as optical switches to select the
information to be analyzed. Our approach is ideal for diffraction limited imagery, i.e. in space conditions
and on the ground with Adaptive Optics systems. We are working with NASA to qualify DMDs for space
applications (TRL6), exposing DMDs to extreme environments, well beyond their recommended operating
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Figure 3: Top panels: SAMOS total throughput, atmospheric transmission, together with source and sky counts de-
tected in 3600 s on a AB=22.9 and AB=23.5 point source with 0.5” slits for the blue (left) and red (right) gratings.
Bottom panels: screen captures of SAMOS ETC showing that, in 3600 s and with a 0.5” slit, SAMOS achieves median
SRN=5 per pixel at AB = 22.9 mag and AB = 23.5 mag in the blue (left) and red (right) modes.

conditions. We have also recently delivered to Gemini a Feasibility Study for a powerful DMD based spec-
trograph covering from 350 to 2400 nm. SAMOS can thus be regarded as the prototype of a new class of
spectrographs for the next generation of telescopes, of great interest also for non-astronomcal applications.

3 ASTRONOMICAL SCIENCE DRIVERS

3.1 FOLLOW-UP OF LSST TRANSIENTS WITH SAMOS

LSST will detect an enormous amount of astronomical transients. To illustrate the scope of SAMOS as a
follow-up instrument, we will briefly mention a few selected categories of transients, pointing the reader to
the LSST Science Book for further details.

• Transients and New Physics - LSST will discover relativistic transients which can decline in a few hours.
SAMOS will be able to track the optical afterglows of the most violent ones, the Gamma Ray Bursts, and
in general fast-declining events associated with black hole births, strong shocks in supergiant stars and
common envelope mergers. LSST may also identify the optical counterparts of the first LIGO gravita-
tional wave detections. The limited horizon radius of gravitational wave astronomy (50 Mpc to 200 Mpc
for expanded- and advanced-LIGO) both reduces the number, and increases the brightness, (V » 21 and
V » 24 mag, resp.) of candidates that will require agile spectroscopic follow-up, looking for signatures
of strong interactions between two massive, compact bodies. SAMOS can provide a firm detection and
characterization of optical counterparts, vital to understanding the physics of the progenitor system.

• Supernovae - LSST will discover about 1,000 Supernovae (SNe) each night, and the most exotic ones will
need both immediate spectroscopic follow-up and long-term monitoring. The spectroscopic light curves
of their expanding shells provide us with a 3D movie of the chemical enrichment of galaxies, including
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the production and decay of radioactive materials and dust grains which are a prerogative for the exis-
tence of life. Prompt detection by LSST and spectroscopic follow-up is key to answering major questions
about their progenitors and environments. Early observations of Type Ia SNe can constrain the progenitor
radius and distinguish single- and double-degenerate origins. Rapid spectroscopy of core collapse SNe
identifies progenitor signatures in the flash-excited circumstellar medium. Alerted by LSST, SAMOS can
perform spectroscopic follow-up of SNe within 24 hours from their explosion and, subsequently, follow
with great accuracy their decline.

• AGN Variability - Active Galactic Nuclei (AGN), powered by supermassive black holes at the center of
most galaxies, are known to be variable at all wavelengths. This phenomenon can be exploited to, e.g.,
estimate the black hole masses using reverberation mapping techniques. In very few cases, however,
are the variations so dramatic that AGN can completely change their appearance by switching from
Seyfert 2 class objects to Seyfert 1, or viceversa. A recent example is the case of AGN NGC 2617 [5]
that was previously classified as Seyfert 1.8 and now shows very broad Hα and Hβ emission. This
change occurred after a strong outburst, with optical luminosity increasing by a factor of „3. Comparing
optical spectroscopic observations to archival data confirms that the source had changed its Seyfert class.
Whether the luminosity outburst and the type-change are connected remains unclear. LSST will easily be
able to detect AGN outbursts of such strength, and spectroscopic follow up and monitoring with SAMOS
could clarify the relation between outburst and change of AGN type.

3.2 REGULAR/SCHEDULED SCIENCE PROGRAMS

Other than being an extremely efficient machine for LSST spectroscopic follow-up, SAMOS will be a pow-
erful, versatile and unique resource for the broad astronomical community. In the following we illustrate
some possible applications of SAMOS, reflecting the expertise of our group:

• Exoplanets in the Galactic Bulge - The farthest known exoplanets were identified in the Galactic Bulge
by the SWEEPS program, through continuous monitoring of 180,000 stars for 7 days with HST [6].
SWEEPS identified 16 candidate planets with orbital periods between 0.45 and 4.2 days and orbital
radii R ă 1RJup. However, photometric transit observations alone are insufficient to distinguish be-
tween planetary, brown-dwarf, and low-mass stellar companions because these all have similar radii.
Radial-velocity (RV) measurements provide unambiguous confirmation since the expected RV amplitude
is „28 km/s due to a 0.1Md companion of a 1Md star, and „2.8 km/s for a planet of 10 MJup. Among
the 35 SWEEPS candidates, 15 are brighter than V “ 22.5 mag, and SAMOS, because of its high image
quality and throughput, can be used for a systematic RV study of this entire sample. Since the SWEEPs
field is comparable to the SAMOS FoV, all the planet candidates can simultaneously be observed with
SAMOS, allowing us to determine the physical properties (such as mass and radii) and the frequency of
exoplanets in the Galactic bulge, and compare them to those of the local neighborhood.

• Formation And Evolution Of The Galactic Bulge - To disentangle the possible formation scenarios
of the Galactic bulge (classical collapse, dynamical disk instability or mixed-origin) a combination of
kinematic and chemical information is needed, across a large area. SAMOS, providing high spectral
resolution around Ca-Triplet region, is the ideal instrument for undertaking a spectroscopic survey of
the crowded fields in the Galactic bulge. Full spectral modeling of this spectral region, containing many
Fe lines, as well as numerous α-elements lines (Mg, Si, Ti), allows the determination of [Fe/H] and
[α/Fe].Line-of-sight velocities can be obtained by cross-correlation with template spectra; at our target
SNR we expect uncertainties of a few km/s. Thanks to the AO module, SAMOS will be less affected by
crowding and will be able to target fainter sources and closer to the Galactic Plane, compared to fiber-
fed spectrographs, which are limited by the fiber size. SAMOS will compensate for its smaller FoV with
its greater sensitivity, reaching much fainter targets in the same exposure time, thus still having several
hundreds possible targets per pointing (Fig. 4). Estimating 8 nights dedicated to this project, and an
average of 8 pointings per night, with 200 stars per pointing, we will be able to survey „ 12000 stars
across the whole bulge. Moreover, SAMOS will also obtain simultaneous deep multi-band photometry
of the same fields to estimate their average reddening and star formation histories, thus completing the
picture and allowing a study of the Bulge ages, total metallicity, α-elements and kinematics as function
of latitude and longitude.
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Figure 4: Source counts along different
Galactic Bulge sightlines (color lines). The di-
agonal lines indicate the SNR per resolution
element, using the high resolution mode cen-
tered at λ “ 8700Å (PSF FWHM of 0.252, slit
width of 0.332 or 2 DMDs). The star counts
are estimated using near-infrared Vista-VVV
data [7], converted to I band using stellar
models by [8] (age “ 10 Gyr, distance 8 kpc).
Extinction is estimated by fitting the J-K color
of the red giant branch for each line of sight.
Even for the less crowded fields, far from the
Galactic midplane, SAMOS will be able to ob-
serve „ 100 sources at SNR=70 in just 1h.

Figure 5: HST image (left), and
Spitzer/HST combined image (right)
of NGC 602 in the Small Magellanic
Cloud from [12]. This region can fit
into the SAMOS FoV and spectra of
all YSO candidates and young mas-
sive stars can be obtained in one night.

• Star Formation In The Magellanic Clouds - Thousands of pre-main sequence (PMS) stars and Young
Stellar Objects (YSOs) have been identified in the Magellanic Clouds [9, 10, 11, 12, 13, 14]. By the time
SAMOS will be operational, we will have in hand the largest and most complete census of young stars
in an extragalactic environment. Confusion, contamination, and reddening vs. temperature degeneracy,
however, hamper progress when using only photometry, even from HST. Spectroscopy allows one to
characterize the spectral type, measure accretion, and discriminate between optically bright YSOs and
post-asymptotic giant branch stars, as demonstrated by [15] using the AAOmega spectrograph. These
spectra span the 3700–8800 Å range with R „ 1300, comparable to SAMOS. Unlike AAOmega, SAMOS
will be capable of taking spectra in the youngest, richest and most crowded clusters like NGC 602 (Fig. 5),
allowing detailed studies of star formation in low metallicity environments.

• Clusters of Galaxies - Deep SAMOS observations of strong-lensing clusters, such as the Frontier Fields,
can probe highly magnified galaxies at z „ 1 and beyond. Spectroscopic z of these sources are powerful
constraints on the lensing maps; moreover, their high magnifications (factors of 2 ´ 20) allow detailed
spectroscopic studies of galaxies at higher spatial resolution, fainter than those typically probed by blank
field studies. Abell 2744 has„ 10 background galaxies at 0.3 ă z ă 1.5, magnified to I „ 20´22 mag, and
other „ 15 magnified to I „ 22´ 23 mag. SAMOS [OII]3727 maps of z „ 1 galaxies magnified by a factor
of 3 would yield star-formation and kinematic maps on kpc scales. Deep ”blind” observations of the
cluster critical curves –regions of highest magnification– could potentially yield detections of intrinsically
faint high-equivalent-width (" 100 Å) Lyα emitters at z Á 3.5 [16]. Although these detections will be
rare, they will place important constraints on the Lyα escape fractions of faint galaxies similar to those
responsible for reionzation.
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4 TECHNICAL DESCRIPTION

4.1 INSTRUMENT REQUIREMENTS

Requirements on instrument capabilities flow down from the science cases laid out in Section 3. Other
requirements driving the design flow from the optical and mechanical interfaces imposed by the telescope.
The major technical requirements driving the instrument design are listed below.

1. Wavelength coverage: from „350 nm in the blue to 950 nm in the red.

2. Field of view: 31 ˆ 31 (SAM full corrected field)

3. Resolving power: „2500 (blue); „2000 (red); „10,000 in selected, narrower bandpasses

4. Image size: ă 14µm FWHM at the DMD (one micromirror); preserve SAM DIQ („ 0.32 FWHM)

5. Throughput: maximize

6. Instrument volume: fit within available envelope on existing SAM port

7. Instrument mass: minimize

4.2 OPTICAL DESIGN

The SAMOS optical design must deliver exquisite images to the DMD, across the full bandpass and 31 ˆ 31

field, to enable the use of very narrow slits with high throughput using AO. In addition, it must reimage
the narrowest slits onto the science detector with sufficient quality to provide the expected resolving power.
Finally, SAMOS had to fit within the volume available to a science instrument mounted on SAM. A great
deal of effort went into both the optical and mechanical designs to make this possible. Referring to Figure 8
in Section 4.3 and comparing the size of SAMOS (dark red) with the existing science imager SAMI (light
blue), one can appreciate the level of science capability that has been packaged into such a very small
volume.

Figure 6 shows the full optical layout. To provide parallel spectroscopic and acquisition/imaging arms,
we have adopted a symmetric design about the DMD: the two arms use the “on” and “off” reflected beams
at ˘24 degrees relative to the incident beam. At first glance SAMOS may appear to be quite complex, and
while the total element count is rather high, when broken down into its functional parts SAMOS is quite
comparable to other very successful instruments built at JHU. At f/16.5, the SAM plate scale is simply too
fine for the size of the DMD micromirrors; thus, we have to reimage the field to get the desired spatial scale
and field of view at the DMD. The spot sizes at the DMD have to be very compact and we have accom-
plished this with a field lens and very straightforward 5-element, all-spherical reimaging lens. From the slit
(DMD) forward, the spectrograph design is very similar to the SDSS/BOSS designs: Schmidt collimator,
VPH grism, all-refractive camera. BOSS employs 8-element cameras, each with an aspheric lens; SAMOS
employs a 6-element design with no aspheric lenses, while covering a much broader bandpass in a single
camera. The small beam size (relative to the science CCD), along with the desire to use the existing SAMI
cryostat, strongly tilted the camera toward an all-refractive design. One last point of reference in terms
of element count is the WHIRC instrument on WIYN; this NIR imager employs 5-element, all-refractive
collimator and camera designs. SAMOS does require several fold mirrors (three in the fore optics section
alone) just to fit within the space contraints imposed by the mounting interface. We see no way to avoid
this degree of beam folding without serious implications to other aspects of the ISC/SAM interface.

Functionally, SAMOS can be divided into four major optical units: 1) fore optics to reimage the SAM
image plane onto the DMD; 2) an off-axis Schmidt collimator; 3) a spectrograph arm with a straight-through
optical path; 4) an acquisition/imaging arm which provides real-time slit-viewing or parallel deep imaging
capability. In the following sections we discuss each of these units in detail.
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Figure 6: SAMOS optical layout. The beam delivered by SAM comes in just below Fold 1. The spectroscopic arm is
to the left of the focal reducer and DMD; the slit-viewing arm is to the right. Only rays from the on-axis field point
are shown; wavelengths covering the full bandpass are included and are evident following the VPH grism. Folding
mirrors are necessary to accomodate SAMOS into the available space.

4.2.1 FORE OPTICS

Referring again to Figure 6, light enters from the bottom via the exit port of SAM at f/16.5, approximately
104 mm in front of focus. There is just enough clearance to fold the beam ahead of the focal surface (Fold 1),
keeping the instrument profile as low as possible to minimize flexure. After passing through the field lens
and two additional folds (Folds 2 and 3), the beam enters the focal reducer. The 32/mm plate scale requires
a focal reduction of 4ˆ in order to fit the full 31 ˆ 31 field onto the DMD. The field lens forms a pupil at the
focal reducer, minimizing the beam diameter and therefore, the diameter of the focal reducer optics. The
5-element reducer uses a closely-spaced doublet-singlet-doublet lens configuration, allowing all elements
to be mounted in a single barrel. Three of the lenses are CaF2 and the other two are high-UV-transmission
glasses from Ohara. The beam exits the focal reducer at f/4.1 and comes to focus at normal incidence onto
the DMD with a scale of 12.22/mm, corresponding to 0.1672 per micromirror. Note that the DMD is rotated
45 degrees with respect to the “horizontal” plane of the optics; this is due to the fact that the micromirrors
tilt about their diagonal.

4.2.2 OFF-AXIS SCHMIDT COLLIMATOR

The fast f/4.1 beam, the large field angles into the DMD („15 degree full field of view), and the asymmetric
nature of the DMD reflection (the incident beam is normal to the DMD but the reflected beam is at a 24
degree angle), led to an off-axis, modified Schmidt design for the collimators. By imagining the DMD at
the image surface of a Schmidt camera operating in reverse, and only using an off-axis portion of the full
aperture, it is easier to understand how this system works. A classic Schmidt camera requires a curved
image surface, or – more typical in the age of electronic sensors – the use of a field flattener lens in front of a
flat CCD. We do not have the luxury of a field flattener in front of the DMD; therefore, the Schmidt mirrors
are conics (oblate ellipsoids) rather than spherical. Both collimators are identical, with a 75.5 mm off-axis
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shift and producing a 42 mm collimated beam. Also, the pupil is offset from the usual location at the center
of curvature of the mirror where the corrector resides, driven primarily by the need to have a pupil at the
focal reducer, and with the benefit of reducing the size of the dispersers and camera optics downstream.
The collimators are folded (Fold 4) to fit within the available mechanical footprint.

4.2.3 SPECTROGRAPH ARM

The SAMOS spectroscopic channel is comprised of VPH grism dispersers, a refractive camera lens, and the
existing science imager SAMI. Each grism is paired with prisms to maintain a straight-through optical path,
supporting a direct imaging mode as well as multiple dispersion modes without requiring an articulated
camera. A grism exchange mechanism accommodates up to three dispersers plus an open slot for direct
imaging. We have confirmed with C. Clemens (UNC) that the VPH gratings (N-BK7 glass with fringe fre-
quency from 339 mm´1 to 1237 mm´1) are manufacturable in his lab with very good diffraction efficiency.
The spectrograph camera is an all-refractive design with a widely spaced triplet-triplet configuration. The
focal length is 270 mm at f/6.4. Each CCD pixel samples 0.8 micromirrors (2.5 pixels per 2 micromirrors).
One final fold (Fold 5) is located between the two lens groups such that SAMI will be mounted in its origi-
nal, upright orientation. A Sci-in Tech photometric shutter will be located just in front of the dewar window.

4.2.4 ACQUISITION/IMAGING ARM

The acquisition/imaging channel has a focal length of 144 mm at f/3.4. It reimages the 31 ˆ 31 field onto
an SBIG STT-3200ME camera employing the Kodak KAF-3200ME CCD with 2184 ˆ 1472, 6.8µm square
pixels. This model contains an internal shutter and filter wheel, and is a good compromise of cost and
performance. Each micromirror is sampled by „ 1.4 pixels (2.7 pixels per minimum slit width). Finally, for
calibration SAMOS will rely on the built-in SOAR calibration assembly.

4.2.5 IMAGING PERFORMANCE

Figure 7 shows spot diagrams for SAMOS at both the DMD and the science CCD. For the DMD (left panel),
spots are shown over the full 350´ 950 nm bandpass and over one quadrant of the 31 ˆ 31 field (the optical
design is axisymmetric up to the DMD). The right panel shows the spot sizes produced at the focal plane
of the spectrograph arm, in direct imaging mode over the blue bandpass of 350 ´ 550 nm. In both panels
the boxes are 0.52 square.

The focal reducer delivers an average RMS spot diameter of 12.2µm (0.152) over the full bandpass and
field. We anticipate keeping the spots to less than a micromirror width when fabrication and alignment
tolerances are considered. In direct imaging mode in the blue, the spectroscopic channel delivers an average
RMS spot diameter of 31.4µm (0.282), and in low resolution spectroscopic mode the monochromatic spots
are a bit smaller. In the red, the average spot size is slighlty better than the corresponding blue modes. The
acquisition/imaging channel delivers an average RMS spot diameter of 17.4µm over the full field in the
red bandpass. This is just under the width of two micromirrors.

The design work done thus far demonstrates that the required optical performance is clearly within
reach. Of course, further optimization would take place throughout the early design phases. At the DMD
we would like to tighten up the spot size at the corners of the field, and in both the spectrograph and
acquisition cameras the spots are a bit soft. However, the camera designs are very straightforward at this
point and would no doubt benefit from an additional element or, likely, an aspheric surface.

4.3 MECHANICAL DESIGN

SAMOS will be attached to the SOAR Adaptive Module (SAM), which is attached to the optical Instrument
Selector Box (ISB), at the Nasmyth focus, where SAMI resides now.

It fits nearly within the footprint currently occupied by the SAMI filter/shutter box, requiring „ 35 mm
of additional height which is easily accommodated within the available volume (Fig. 8-left). The SAMOS
module occupies a volume that is roughly 830 mm x 600 mm x 130 mm tall, and has a mass of approxi-
mately 60 kg. As shown, SAMOS fits nicely within the volume available once the filter exchanger/shutter
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(a) (b)

Figure 7: SAMOS spot diagrams at the DMD and science CCD. In both panels the boxes are sized to 0.52 square,
corresponding to 3 ˆ 3 micromirrors. (a) At the DMD, over the full 350-950 nm bandpass and 31

ˆ 31 field of view.
Because the optical design is axisymmetric up to the DMD, only one quadrant of the field is shown. The on-axis field
point is at lower right in the panel; corner of field is upper left. Average RMS spot diameter is 12.2µm (0.152). (b)
At the science CCD in direct imaging mode, showing the full 31

ˆ 31 field of view (center, edges and corners). The
spectrograph channel delivers an average RMS spot diameter of 31.4µm (0.282) in the blue, 28.7µm (0.262) in the red.

assembly is removed. The location of the CCD cryostat is only slightly shifted from its original location.
By removing the filter/shutter assembly, with a mass of roughly 40 kg, the net mass added to SAM is only
20kg. Including SAMI and the Leach controller, SAMOS weighs „ 90kg.

The optics will be packaged in five discrete optomechanical modules, each module being mounted to a
common optical bench (Fig. 8-right). The optomechanical modules are designed with manufacturing and
precision in mind. We adopt a strategy here whereby the optics are located without adjustment; placement
within the tolerances required is guaranteed by the precision of the mounts. Metrology of the as-built optics
will help ensure that the required precision is met. Where needed, shims will be used to facilitate one-time
adjustments to account for manufacturing tolerance stackup. Most modern astronomical instruments are
adopting this general alignment philosophy given its proven success.

The optical bench and the module structural components will be constructed from 6061-T6 aluminum.
Aluminum is easy to machine and its strength is more than sufficient for this application. Although the
coefficient of thermal expansion is not a good match to glass, for small optics such as these, and for ambient
thermal excursions (-5 C to 25C) the extra clearance required to accommodate the CTE mismatch is not
large compared to the expected lens placement tolerances. Where required, athermal cells will be used.
Micrometer controlled flexures may be used for initial focussing of the camera optics on both CCDs, with
sporadic check-up.

Only one custom mechanism exists in SAMOS; the grism exchange mechanism. It is a simple linear stage
driven by a gearmotor (stepper motor in series with a harmonic drive gearhead). The baseline concept uses
a rack-and-pinion drive to translate the slide. Detents in the slide register grism location. Four positions are
defined, one for each of the three grisms, and a straight-through position to allow imaging of the full-field.

4.4 DIGITAL MICROMIRROR DEVICE

TI produces several types of DMDs. For SAMOS we adopt the 2048 ˆ 1080 pixels “CINEMA-2K” device
(Fig. 9) because of its large (13µm) mirror size. With each micromirror operating flawlessy for trillions of
cycles, DMDs are regarded as the most reliable mechanical devices ever built. Their cosmetic and image
quality are pristine and remain stable for the entire lifetime of the device, estimated in decades. A NASA
grant (PI Z. Ninkov, RIT) has been recently awarded to evaluate the performance of Cinema DMDs in
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Figure 8: Left: SAMOS (red box) between SAM (below) and SAMI (above). Right: 3D solid model of SAMOS with the
five modules: 1) field lens; 2) Schmidt collimator; 3) grism mechanism; 4) spectrograph optics; 5) imager optics.

Figure 9: left) typical substructure of a TI DMD; center) an early DMD array with an ant leg for comparison; 3) packaged
DMD CINEMA (2048 ˆ 1080) device.

space conditions and with window replacement, needed to push UV transmission down to 2000 Å. As
part of this tests, we are using a Carey 5000 spectrophotometer at NASA Goddard to measure contrast
when the DMD are illuminated in a configuration similar to the one used in SAMOS. We measure a visible
wavelengths contrast (scattered light) of about 1:50,000, much higher than what normally reported for
commercial projectors. We have included this effect in our ETC calculations.

4.5 OBSERVING STRATEGY AND CALIBRATION

Ease of operations is a key advantage of SAMOS. Based on our experience with RITMOS and IRMOS, we
envision the following strategy for standard observations. More complex procedures can be implemented
building on this basic method.

1. At the beginning of an observing run, a calibration image is taken to set/confirm the mapping be-
tween the DMD mirrors and the pixels of the CCD imaging camera. This requires turning-on the
flaf-field lamp of the SAM Calibration Unit to illuminate a defined grid of DMD mirrors (pinholes) to
the CCD camera. The relative CCD image provides the map of DMDs on the CCD, and viceversa.

2. Science exposures begin pointing the telescope on target (for all-sky slews the average overhead at
SOAR is 2.4min), followed by guide star acquisition and AO control loop initialization (currently
about 6 min for SAM).

3. A SAMOS observation starts with the imaging channel taking an acquisition image of the field,» 20s.
With the help of a finding chart, the user selects the target in the field with a simple mouse click; the
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control system sets the slit and the selected or appropriate width instantaneously. For multiple target,
the procedure can be made automatic running a “FIND” routine and cross-matching against an input
catalog of targets.

4. Integration on the spectroscopic and imaging channels start. The readout frequency on the imaging
channel can be set to monitor the slit(s) or to take deep images in various filters. Fotometric, spectropic
and telluric standards can be taken as usual.

5. Darks, flats and arcs are acquired in daytime. When the SAM calibration lamp are turned ON, the
sequence of configurations of slits used in the night is reproduced acquiring the relative set of images.
At that point an automatic pipeline (like the one we developed for IRMOS) can extract the 2-d spectra
of each source ready for final processing. We do not expect flexures to be an issue, but in the worst-
case scenario the calibration data can be taken at the end of each long exposure, an overhead of a few
minutes for each field.

4.6 INSTRUMENT CONTROL SOFTWARE

Like IRMOS, SAMOS will be operated by dedicated software connecting the main components via a custom
message passing system implemented on top of a TCP/IP socket layer [4]. The SAMOS Operating System
provides a command sequencer, telemetry collection, and separate threads for the operation of the sub-
systems. The user interacts with SAMOS via a GUI component allowing direct control of the instrument,
status monitoring, data display and quick look analysis. Tools to create and position slits and perform sim-
ple calibrations are provided. The original IRMOS software is mainly written in JAVA, allowing the major
components to operate on different platforms either at SOAR or remotely. The IRMOS data processing
pipeline, developed in IDL, provides a working prototype for SAMOS.

Following SOAR requirements for the control system environment, SAMOS will communicate with
SAM through TCP/IP using the SOAR Communications Library New (SCLN) protocol for interprocess
communication and control. We will implement the SCLN client-server protocol based on the examples
provided with the SCLN library package in a variety of languages. More than 80% of SOAR observing is
carried out remotely and we intend to leverage on the experience and infrastructure already in place to
enable this mode also for SAMOS.

5 PROGRAMMATIC

Following SOAR guidelines defined by SOAR Scientific Advisory Committee, our plan is to initially operate
SAMOS as a “Restricted Use Instrument” (RUI). A formal request for RUI consideration will be submitted
at PDR. Once SAMOS has demonstrated its capabilities, we will take the necessary steps to make SAMOS
a “RUI available to the community”.

6 MANAGEMENT PLAN

SAMOS will be built by a collaboration of institutions with optimal experience and infrastructure:

• Johns Hopkins University will finalize the SAMOS opto-mechanichal design, already in advanced
pre-design phase. Integration, alignment and pre-shipment tests will also be performed at JHU.

• Michigan State University, member of the SOAR consortium, will contribute to the development of
the science software.

• Rochester Institute of Technology will procure and accept the DMD subsystem and support its inte-
gration in the instrument.

• SOAR will assist with the installation at the telescope.

13



The SAMOS instrument team has substantial experience in instrument design, construction, operations
and science, both from the ground and from space.

Principal Investigator M. Robberto (15%) is responsible for the overall project. He will oversee the
entire instrument construction and commissioning process. Co-PI M. Donahue (10%) is in charge of the
data processing pipeline while acting as main interface with SOAR management. Co-PI Z. Ninkov (10%)
leads the characterizaton of the DMD subsystem. S. Smee (30%) will act as the program manager and
lead engineer. A. Tokovinin (SAM PI, 3%) is our on-site contact, advising on the interface with SOAR.
Senior Personnel S. Deustua (10%) is calibration lead for monitoring programs, and, J. MacKenty (10%)
contributes his IRMOS Instrument Control software. M. Gennaro (10%) will coordinate the science team,
from the commissioning observations to the readiness of the data pipeline. The SAMOS Science Team,
which contributes exciting science cases and trade-off oversight, is coordinated by M. Gennaro (Post-Doc
at STScI) and includes R. Bordoloi (MIT), T. Heckman (JHU), J. Kalirai (STScI), J. Lotz (STScI), M. Meixner
(JHU/STScI), E. Sabbi (STScI), J. Tumlinson (STScI) and R. Wise (JHU).

Three graduate students will be associated with the project: a) a JHU/IDG student will assist with the
integration, test and commissioning of SAMOS (2 years+thesis work on science); b) a MSU student will
contribute to the development of the user interface and data processing pipeline (2 years+ thesis work on
science); c) a RIT student will work on the acceptance and characterization of the DMD system (1 year).

7 BROADER IMPACT

SAMOS represents a breakthrough in the design of Multi Object Spectrographs. Recently, Gemini has
commissioned us with the feasibility study of a powerful wide-band (U-to-K) multi-object spectrograph,
GMOX; SAMOS represents the prototype needed to gain experience with the design and operations of
GMOX. SAMOS’s success may invigorate concept studies for future space missions exploiting MEMS tech-
nology, an area of excellence of US industry. MEMS-based spectrographs and IFUs (“ hyper-spectral im-
agers”) can also find wide application in research fields different from astronomy.

SOAR operates 80% of the time through remote observing, and we plan to collaborate with SOAR to
enable this mode also with SAMOS. The possibility of remote operations will ensure easy access to the
broad US astronomical community. Graduate students at all three member institutions will be involved in
all phases of hardware and software construction, testing, and commissioning. SAMOS will be the subject
of at least 2 Ph.D. dissertations. Research results from SAMOS will be disseminated to the community via
peer-reviewed papers, presentations at professional conferences and to the general public through press
releases, as well as the internet. Our project involves under-represented minority groups in astronomy: 1/3
of the instrument team and 4/11 of the Science Team are women, and one is hispanic.

8 TECHNOLOGY RISKS AND INFORMATION DISTRIBUTION

This proposal will fund very low-risk activities. Most of the hardware purchases and construction activi-
ties are essentially risk-free; modern machines can produce the mechanical modules with tolerances tight
enough to obviate major alignment work. Software will largely be an adaptation of previous work.

The final design of SAMOS and its measured performance will be published in the usual venues of SPIE
and PASP. All SAMOS data, raw and reduced, will be made publicly available through the NOAO Science
Archive. Research results using SAMOS will be disseminated to the community via peer-reviewed papers,
presentations at professional conferences and to the general public through press releases and the internet.

9 RESULTS FROM PREVIOUS NSF FUNDED PROJECTS

In the past 5 years, only co-PIs Donahue and Ninkov received NSF support for two programs. Details are
provided according to NSF guidelines.

M. Donahue (MSU) was co-I on:
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(a) NSF award number: AST 0908819; amount: $267,520; period of support: 9/15/2009-8/31/2013

(b) Project Title: Cooling and Star Formation in the Universe’s Largest Galaxies

(c) Summary of the results of the completed work:

Intellectual Merit: Under NSF award AST-0908819, Donahue and Voit wrote or co-authored 21 ref-
ereed papers about star formation, cooling, and the supernova heating rate in the brightest cluster
galaxies, brightest group galaxies, and ellipticals since 2009, the start of the grant.

Broader Impact While research was funded by an AST NSF award, Donahue has given 19 public
talks since 2010; has taught approximately 1500 undergraduate students in introductory astronomy
since 2010. Donahue and Voit write a broadly used introductory textbook, and they have incorpo-
rated new discoveries and insights about galaxy formation, dark matter, and clusters of galaxies from
their theoretical and observational research and from the community into this textbook, The Cosmic
Perspective, used by tens of thousands of undergraduates per year.

(d) Publications resulting from the NSF award; see ref.[17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30,
31, 32, 33, 34, 35, 36, 37].

(e) eResearch evidence was provided in the publication listing under ”intellectual merit”. No new data
acquisition was financed using these funds.

(f) if the proposal is for renewed support, a description of the relation of the completed work to the
proposed work. Not applicable. This proposal is a completely distinct project.

Z. Ninkov (RIT) was co-I on:

(a) NSF award number: EAGER program; amount: $91,512; period of support: 10/01/2012 -9/30/2015

(b) Project Title: Smart Space - Time Sampling for Recovering and Recognizing Dynamic Scenes

(c) Summary of the results of the completed work:

Intellectual Merit: We redesigned and optimized the optical system of the pixel-wise coded exposure
camera, with the goal to increase light throughput and obtain better alignment between LCoS and
camera sensor. This allows us to use the camera in outdoor scenarios. We also fully characterized the
imaging system.

We evaluated the performance and usability of a Digital Micromirror Device (DMD) for adoption as
a coded aperature for use in a single pixel camera system. Suitable electronics to operate a DMD in
such a system are being developed. An investigation into the scattered and diffractive light effects of
such a device were investigated.

Broader Impact: This work finds application in video reconstruction and motion/event detection.
It benefits data security and privacy protection for video surveillance because decoding captured
images requires knowledge of coded patterns and dictionaries. This research has applications in
surveillance, machine vision inspection, and high-speed imaging. The developed technology is being
tested for traffic monitoring and accident detection. The project trained four graduate students who
have completed their studies and taken positions in industry and academia. The PI presented results
of the work at scientific conferences and meetings, and, to a broad audience of non-experts at various
industry locations including those of Xerox, Exelis and ThermoFisher Scientific.

Publications resulting from the NSF award;see ref. [38, 39, 40, 41, 42, 43].

(d) Evidence of research products and their availability: No data produced, or originally planned, for
archival purpose or distribution.

(e) if the proposal is for renewed support, a description of the relation of the completed work to the
proposed work: Not applicable. This proposal is a completely distinct project.
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