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Abstract
A Digital Micromirror Device (DMD)-based Multi-Object Spectrograph (D-MOS) 
with an integrated imager has been developed. The optical performance of the MOS 
is evaluated through comprehensive laboratory calibration and on-sky observations 
using the 1.3-meter J.C. Bhattacharya (JCB) Telescope at the Vainu Bappu Ob-
servatory (VBO). The system is designed to assess the viability of using a DMD 
as a programmable slit mechanism for future ultraviolet-optical space missions. A 
complete imager-cum-spectrograph assembly was constructed using off-the-shelf 
optical components and configured for operation in the optical band, employing a 
DLP9500 DMD with a 1920×1080 micromirror array. Calibration experiments es-
tablished the DMD-to-detector coordinate mapping and validated the strategies for 
object selection and slit placement. On-sky tests in crowded stellar fields confirmed 
successful slit targeting, precise object alignment, and multiplexed spectral acqui-
sition. The spectrograph achieved a peak efficiency of 32%, a spectral resolving 
power of R∼1000 at 6000Å, a multiplexing capability of up to 46 slits (extendable 
to 85), and a contrast ratio of ∼ 6000. These results demonstrate the robustness 
and effectiveness of the DMD MOS system under real observational conditions and 
raise its TRL level for use in next-generation spectroscopic space missions.

Keywords  Digital micromirror device · Multi-object spectroscopy · Astronomical 
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1  Introduction

The Digital Micromirror Device, a micro-electro-mechanical system (MEMS) devel-
oped by Texas Instruments, comprises a matrix of micromirrors that can tilt between 
two fixed angular positions (typically ±12◦, ON and OFF states), enabling dynamic 
control of light reflection. Originally designed for digital projection and display tech-
nologies, the DMD has more recently emerged as a promising technology in astro-
nomical instrumentation, particularly in multi-object spectroscopy [1, 2].

In MOS systems, a configurable slit unit (CSU) is used to select multiple astro-
nomical targets within a telescope’s field of view (FoV), directing their light toward 
a spectrograph while rejecting unwanted background light. Traditional CSU imple-
mentations have relied on mechanical slit masks [3–7] or fiber-optic systems [8–14]. 
While effective, these approaches face limitations in flexibility and real-time adapt-
ability. DMD-based CSUs overcome these limitations by allowing programmable 
and rapid reconfiguration of slit positions, offering significant advantages in flexibil-
ity, multiplexing efficiency, and operational simplicity.

Several ground-based DMD-based MOS systems have been developed and tested, 
including RITMOS [15] on the C.E.K. Mees telescope, BATMAN, developed for 
the Galileo telescope [16] ], is currently awaiting installation, SAMOS on the SOAR 
telescope [17], and IRMOS for the Kitt Peak National Observatory [18]. These 
instruments have demonstrated the feasibility of using DMDs for optical and near-
infrared spectroscopy.

On the space-based front, missions such as EUCLID, CASTOR, SUMO, and SIR-
MOS have explored the potential of DMDs for MOS applications in space envi-
ronments [19–23]. DMDs have successfully passed critical space qualification tests, 
including total ionizing dose tolerance [24–26], thermal cycling, and shock and 
vibration tests [27, 28], underscoring their readiness for space-based deployment.

Efforts have also been made to adapt DMDs for use in the ultraviolet (UV) regime, 
where challenges such as surface scattering and limited window transmission arise. 
Solutions include replacing the standard protective window with UV-transparent 
alternatives and enhancing reflective coatings for improved UV efficiency [29]. 
These advancements further establish the DMD as a viable and flexible slit mecha-
nism for future space-based UV spectroscopy missions.

In India, the successful deployment of AstroSat [30], the country’s first multi-
wavelength space observatory, and the operational success of its Ultra Violet Imag-
ing Telescope (UVIT) [31–36], have paved the way for the INdian Spectroscopic 
and Imaging Space Telescope (INSIST) [37]. Proposed as a meter-class space tele-
scope, INSIST aims to deliver high-resolution photometry in UV, u, and g bands, and 
includes a DMD-based MOS as one of its key instruments [38, 39].

To advance the Technology Readiness Level (TRL) of DMDs for INSIST, it is 
essential to validate their performance under realistic observational conditions. For 
this purpose, the DLP9500 DMD, featuring a 1920×1080 micromirror array with 
10µm mirror pitch, was selected for evaluation. Although the final application targets 
UV wavelengths, initial performance testing was conducted in the optical band to 
assess the DMD’s baseline functionality. Laboratory experiments focused on critical 
parameters including diffraction and reflection efficiency, contrast (light leakage), 
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Point Spread Function (PSF) alignment relative to micromirror gaps, and micromir-
ror tilt repeatability.

Beyond component-level testing, a complete DMD-based imager-cum-spectro-
graph system was designed and built in the optics laboratory. This system enabled 
system-level testing of the DMD as a programmable slit unit. Key aspects investi-
gated include:

	● DMD-imager coordinate mapping,
	● target selection and object masking methods,
	● Light blocking efficiency,
	● Throughput and spectral efficiency,
	● Wavelength calibration,
	● Spatial and spectral resolution dependence on slit width,
	● Multiplexing capability
	● Spectral contamination due to object overlap and
	● Effective Field of View .

After laboratory validation, the integrated instrument was mounted on the 1.3-meter 
J.C. Bhattacharya Telescope (JCBT) at the Vainu Bappu Observatory. Observations 
were conducted in the optical band, targeting crowded star fields to assess on-sky 
performance under real observational conditions.

This paper presents a comprehensive report on the laboratory characterization and 
on-sky performance of the DMD-based Multi-Object Spectrograph. The results dem-
onstrate the DMD’s potential as a flexible and efficient slit mechanism for future UV 
and optical astronomical missions.

2  DLP9500 DMD

The DLP9500 DMD procured from Texas Instruments, along with the controller, is 
shown in Fig. 1. The DMD consists of a 2D array of 1920 × 1080 micromirrors, each 
with a size of 10µm and a pitch of 10.8µm. The micromirrors are aluminium-coated 
and protected by a Corning 7056 window. Each mirror in the DMD can be addressed 
and flipped individually or in a group to ±12◦ when it is powered. The flip axis passes 
through the diagonal of the individual mirror. The specifications of the DMD [40] are 
summarized in Table 1.

3  DMD MOS and imager concept

The working principle of the Digital Micromirror Device as a configurable slit mech-
anism for MOS is illustrated in Fig. 2. The optical telescope assembly (OTA) focuses 
the celestial field onto the DMD, which is mounted perpendicular to the optical axis. 
The imaging channel is positioned at +24◦, while the spectrograph channel is aligned 
at -24◦ relative to the optical axis. By default, all micromirrors are set to the ON state 
(+12◦), reflecting the entire field toward the imaging channel for broad-field obser-
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vation. For spectroscopic analysis, selected micromirrors–corresponding to target 
objects–are switched to the OFF state (-12◦), directing their light to the spectrograph. 
This enables simultaneous imaging and spectroscopy, where only the spectra of des-
ignated sources are recorded while the remaining field continues to be monitored. 
The DMD-based MOS proposed for INSIST adopts an Offner spectrograph configu-
ration [41], comprising two concave spherical mirrors (OM1, OM2) and a convex 
ruled blazed grating for dispersion. The imaging arm utilizes the same Offner mirrors 
(OM1, OM2) along with a convex mirror (M) for wide-field detection.

Parameter Value Units Remarks
Array 1920x1080 micromirrors
Mirror width 10 µm -
Pitch 10.8 µm -
Mirror tilt angle ±12 degree ±1 

degree
Fill factor 94 % mirror 

gaps 
and via

Mirror Coating Al - -
Mirror 
Reflectivity

89 %

Array Diffrac-
tion Efficiency

87 % -

Window Corning7056 - -
Window 
Transmission

96 % double 
pass

Design 
Wavelength

4000-7000 Å -

Table 1  DLP9500 DMD 
specification
 

Fig. 1  The Texas Instruments DLP9500 Digital Micromirror Device used in the construction of the 
spectrograph and for performance evaluation in the optical band. The enlarged view illustrates the 
micromirror array, showing individual mirror size and pitch. The orientation of the mirrors in the ON 
(+12◦) and OFF (-12◦) states is also depicted

 

1 3

16  Page 4 of 26



Experimental Astronomy (2025) 60:16

The target selection and spectral acquisition procedure follows these steps:

	● Field Imaging:  Set all DMD micromirrors to ON (+12◦) to capture the full field 
in the imaging channel.

	● Target Identification:  Select astronomical targets and record their detector co-
ordinates (XD, YD).

	● Coordinate Mapping:  Convert detector coordinates to DMD mirror positions 
(XDMD, YDMD) using pre-calibrated alignment data (Detector-DMD mapping 
data).

	● Slit Definition:  Assign slit dimensions (width/height) based on scientific re-
quirements (e.g., source brightness, spectral resolution).

	● Mirror Selection:  Generate a configuration file specifying the micromirrors to 
be switched OFF (-12◦) around each target’s (XDMD, YDMD) position.

	● Slit Configuration:  Upload the configuration FILE to the DMD controller, cre-
ating virtual slits under the targets.

	● Spectral Acquisition:  Begin spectrograph exposure to record target spectra.
	● Field Tracking:  The imager continues monitoring the field during spectroscopy, 

enabling real-time telescope tracking to maintain slit-target alignment.

The bottom row of Fig. 2 illustrates the process of object selection in the DMD-based 
spectrograph system: the celestial field as it falls on the DMD, the placement of 

Fig. 2  Concept of the Digital Micromirror Device application in an astronomical telescope as a config-
urable slit mechanism for Multi-Object Spectroscopy. Top: The Optical Telescope Assembly focuses 
celestial objects onto the DMD, which directs light to the imager and spectrograph positioned on either 
side of the optical axis at (+24◦) and (-24◦) respectively. Bottom Left: The celestial field as captured 
by the telescope. Bottom Middle: Slits positioned over objects of interest for obtaining spectra. Bot-
tom Right: Spectral image of the objects selected by the DMD slits
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virtual slits over the target objects, and the resulting spectral images of the selected 
objects recorded by the spectrograph.

4  DMD based MOS and imager: Optical design

The optical layout of the imager and spectrograph, as described in the previous sec-
tion, represents the proposed design for the upcoming INdian Spectroscopic and 
Imaging Space Telescope (INSIST) mission. This system is fully optimized for ultra-
violet (UV) wavelengths in the range of 1500Å–3000Å and is based on a simplified 
Offner configuration, where a convex grating serves as the dispersive element. The 
primary advantage of this all-reflective Offner-type design lies in its inherent freedom 
from chromatic aberration, diffraction-limited image quality, and a naturally flat focal 
plane.

However, due to the unavailability of a convex grating for current implementation, 
a laboratory version of the spectrograph and imager was designed using achromatic 
doublets and a transmission grating. This setup was customized to match the specifi-
cations of the 1.3-meter JCB Telescope at Vainu Bappu Observatory.

The 1.3-meter aperture JCB telescope delivers an f/8 beam at its Cassegrain port 
with the plate scale of 50µm/′′. The DMD DLP9500 at the telescope focal plane 
covers the FoV of 6.8 x3.8  with 0.2′′/micromirror. The design parameters of the 
spectrograph, imager, and the JCB Telescope are summarized in Table 2. The opti-
cal configuration, created using ZEMAX/Optics Studio, is illustrated in Fig. 3. The 
system is divided into three functional arms:

	● the spectrograph arm
	● the imager arm and
	● the calibration arm.

The imager arm, aligned at +24◦ with respect to the optical axis of the telescope, 
consists of collimator and camera optics with an effective focal length (EFL) of 150 
mm. Due to the mechanical constraint imposed by the limited distance between the 
mounting and focal planes, a fold mirror is incorporated to redirect the beam to the 
detector. When the DMD mirrors are set to +12◦(ON state), the incoming light from 
the sky is reflected directly into the imager, enabling imaging. The optical design is 
optimized for the field covered by DMD in 1:1 imaging. The detector presently avail-
able (CMOS, 2560x2160 pixels, 6.5µm pixel) covers a limited FoV (∼4 x3 ) with 
0.13”/pixel coverage.

The spectrograph arm, aligned at -24◦, also uses a 150 mm EFL collimator-camera 
pair, operating in a 1:1 imaging mode. A 600 lines/mm transmission grating, blazed 
at 8.3◦ for 5000Å, is used to disperse the incoming light. A fold mirror is added 
to accommodate mechanical layout constraints. The grating operates in first order, 
covering the 5000Å–7500Å wavelength range for the central DMD field. When the 
DMD mirrors are set to -12◦ (OFF state), light from selected objects is directed into 
the spectrograph. The design is optimized for the spectral resolution R∼2000 at 
wavelength 5000Å with the slit formed by 2x2 mirrors. The FWHM of the spectral 
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image on the detector covers 3pixels with each pixel subtending 0.13′′. The extend of 
the spectra of full wavelength coverage occupies ∼3000 pixels on the detector. The 
presently available detector will be able to cover 90% of wavelength coverage for the 
object at the center of the DMD. Also, the detector limits the over all FoV of the spec-
trograph. In future, a large format detector is proposed to be used in the spectrograph 
to cover the maximum FoV and the full wavelength coverage.

The calibration arm provides wavelength and flat-field calibration using Neon and 
Xenon light sources, respectively. Light from each source is coupled into optical 
fibers and delivered to the DMD through dedicated collimation optics. The calibra-
tion unit’s layout is shown in Fig. 4, and the complete optical layout, including the 

Description Specification Remarks
JCB Telescope Parameters
Aperture 1.3m 0.3 obscuration
Working F/# 8 Fold cassegrain 

port
Corrector 3 Elements BK7 glass
Image Quality Seeing limited Seeing < 1.5′′

Feld of View 45 Unvigenetted
Plate scale 19.8′′/mm ∼50µm/′′

DMD Slit-MOS design parameters
DMD Array 1920×1080 micromirrors 20.7mm×11.6mm
Mirror size 10 µm ×10 µm 0.2′′x0.2′′

DMD Field 
coverage

6.8 x3.8 45 degree rotated 
on sky

Camera-Colli-
mator f/#

8 telescope f/# 
Matching and 1:1 
imaging

Wavelength 
Coverage

5000-7500Å for the object at 
DMD center

Spectral 
Resolution

2.5Å@ 5000Å[R∼2000] slit width set by 
2x2mirror

Spectral 
Resolution

6.0Å@ 6000Å[R∼1000] slit width set by 
5x5mirror

Spatial 
Resolution

3.6′′ for slit length 3′′

Multiplexing >50 for slit length 3′′

Detector 2560x2160 CMOS array 16.6mmx14.0mm, 
6.5µm pixel

Detector field 
coverage

4 x3 limited by detec-
tor size

Imager design parameters
Camera-Colli-
mator f/#

8 telescope f/# 
Matching and 1:1 
imaging

Detector 2160x2560 CMOS array 16.6mmx14.0mm, 
6.5µm pixel

Detector field 
coverage

4 x3 limited by detec-
tor size

Pixel scale 0.13′′ -

Table 2  Primary optical 
specification of DMD-based 
Slit-MOS/Imager designed for 
1.3meter JCB Telescope
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spectrograph, imager, and calibration unit integrated with the JCB Telescope, is pre-
sented in Fig. 5.

5  MOS and imager integration and testing

5.1  Imager integration and testing

The mechanical structure for the spectrograph/imager assembly was designed using 
the SolidWorks CAD software and is shown in Fig. 6. The entire assembly is con-

Fig. 4  DMD Slit-MOS Calibration Unit: Left: Optical layout of Neon source for wavelength calibra-
tion and Xenon for flat fielding coupled into the optical fiber is depicted. The output end of the fiber 
is taken in the calibration arm, and the DMD through set of optics in the calibration arm. Right: il-
lustrates the mechanical model of the calibration unit

 

Fig. 3  DMD-based multi-object spectrograph cum imager optical layout. The typical design of the 
spectrograph and imager follows the Offner configuration with all reflective optical components
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structed from aluminium, chosen for its mechanical and thermal stability. The cali-
bration unit, which houses both the wavelength calibration (Neon) and flat-fielding 
(Xenon) lamps, is positioned at the top of the structure for ease of integration and 
accessibility.

All optical components of the imager, spectrograph, and calibration arms were 
integrated into the mechanical assembly, as illustrated in Fig. 7. Initial alignment 
of the system was performed in the laboratory using a series of laser beams to 
ensure proper alignment of all optical elements with respect to the DMD. After 

Fig. 6  The DMD MOS/Imager mechanical structure designed in SolidWorks is shown. The calibration 
unit is located at the top of the structure

 

Fig. 5  DMD-based Slit-MOS mounted on JCB Telescope. MOS with three arms: Spectrograph Arm, 
Imager Arm and Calibration Arm are illustrated
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the alignments, the detector (Andor NEO 5.5 CMOS) was mounted at the focal 
plane of the imager.

To verify alignment and optical performance, a 10×10 grid of slits was generated 
on the DMD. Each slit was composed of 5x15 micromirrors, corresponding to an on-
sky coverage of ∼1′′x3′′, with a spacing of 100 micromirrors between adjacent slits. 
These slits were programmed with the DMD in the +12◦ (ON) state and illuminated 
using a Xenon flat-field source. The resulting image of the slit grid was captured on 
the imager and used to align the detector and optimize the focus in the imager arm.

The captured image of the slit grid and the corresponding Line Spread Function 
(LSF) of a single slit are shown in Fig. 8. The LSF exhibits a Full Width at Half Maxi-
mum (FWHM) of approximately 9 pixels, with each detector pixel corresponding to 
0.13′′. The variation in LSF across the detector is ∼1 to 2 pixels, and the variation is 
mainly attributed to the limitation of the achromatic doublet lenses used as collimator 
and camera.

5.2  DMD detector coordinate mapping

The selection of target objects for spectroscopy from the telescope field is performed 
using the imager, which captures the field projected onto the DMD plane. The light 
from the telescope is directed onto the DMD, and the DMD’s ON-state mirrors (+12◦) 
reflect the field to the imager detector, where a full-field image is recorded. From this 
image, the detector coordinates (XD,YD) of the desired objects are identified.

To accurately direct light from a selected object to the spectrograph, it is essen-
tial to determine the corresponding DMD mirror coordinates (XDMD,YDMD). This 
requires a detector-to-DMD coordinate mapping, which is established through cali-
bration by forming a known grid of slits on the DMD and recording their correspond-
ing centroids on the detector.

Fig. 7  The DMD-based Slit-MOS integrated and aligned within its mechanical structure is shown. 
The system features two detectors: one dedicated to the imager and the other to the spectrograph. The 
calibration unit, which provides input to the DMD, is positioned at the top of the setup
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The calibration grid is generated using 5×5 micromirror arrays to form individual 
slits at known DMD positions. The resulting images are used to derive the mapping 
between DMD and detector coordinates. A set of DMD slit coordinates and their 
associated image centroids on the detector is presented in Fig. 9.

To determine the DMD slit coordinates corresponding to a given detector coordi-
nate, an interpolation is performed using the calibration data. The residual deviations 
in both the X and Y axes–i.e., the difference between the expected and actual slit 
positions on the DMD–are calculated and plotted in Fig. 10. These residuals show a 
Maximum deviation of approximately 2 micromirrors in both axes, with the largest 
discrepancies occurring at the top and bottom edges of the DMD array.

Fig. 9  DMD-Detector Mapping. Left: Grind of slit centers formed 5x5 DMD mirrors. Right: Centroid 
coordinates of the slit images formed on the detector. The numbers in the plots indicate the slit number 
on the DMD and the corresponding slit image on the detector used for mapping

 

Fig. 8  The image of the slit grid, each formed by a 5x15 micromirror array, captured on the detector 
in the Imager Arm is shown on the left. This grid pattern is utilized to align and fix the Imager Arm 
detector focus. The insert in the right plot shows the enlarged view of a single slit image. The LSF of 
the single-slit image is shown on the right and its FWHM measured as 9 pixels (∼1.1′′)
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These residuals are accounted for during the object selection process to ensure 
accurate placement of virtual slits over the selected targets on the DMD, thereby 
improving the spectral acquisition precision and minimizing slit misalignment.

5.3  Spectrograph integration and testing

The optical components–collimator, diffraction grating, and camera lenses–are integrated 
into the mechanical structure and aligned using a He-Ne laser. The detector (Andor NEO 
5.5 CMOS) is mounted at the focal plane of the spectrograph. A set of slits, formed with 
a 5×15 micromirror array as shown in Fig. 11 (Left), is illuminated using a neon source. 
The dispersed spectral images are recorded on the detector, and the detector position 
is aligned for focus. The recorded spectral images on the detector are shown in Fig. 11 
(Right). The spectra of the neon source for the slit at the center of the field are shown at the 
left of Fig. 12, and the PSF of the spectral line in pixel coordinates is shown at the right.

Fig. 11  Left: The set of slits used for the integration, testing and alignment of the spectrograph is 
shown. Right: The spectra of the neon source registered on the detector for the selected slits are shown

 

Fig. 10  DMD-Detector Residual Distortion. Left: Deviation of DMD mirror positions (X-coordinates) 
corresponding to the image coordinates of objects in the imaging field. Right: Same as the left but for 
Y coordinates. The Maximum deviation of approximately 2 micromirrors is observed at the top and 
bottom edges of the DMD
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5.4  Spectrograph analysis

The spectra recorded from the Neon calibration source, initially in pixel coordinates, 
were converted into wavelength coordinates using a wavelength calibration procedure. 
The calibrated spectrum corresponding to the central slit in the field is shown in Fig. 
13. The spectral coverage for this slit ranges from 5250Å to 7200Å, constrained by the 
size of the detector. The dispersion across the spectral range is linear, with a measured 
value of approximately 0.66Å/pixel. The point spread function (PSF) of the spectral 
lines spans approximately 9.2 pixels, yielding a spectral resolving power of R∼1000 
at 6000Å. For objects aligned along the spatial (vertical) direction of the detector, both 
the linear dispersion and spectral resolution remain uniform across the field. However, 
objects located toward the edges of the field in the dispersion (horizontal) direction 
exhibit noticeable PSF broadening (∼10-12 pixels), leading to a decline in spectral 
resolution. This degradation is primarily attributed to the inability of the current colli-
mator and camera optics to fully compensate for field curvature at large off-axis angles. 
The region delivering consistent image quality and spectral resolution–referred to as 
the useful field of view–is approximately 4 x3 , centered on the DMD.

Fig. 13  Wavelength-calibrated spectra of the neon source for the slit at the center of the field of view

 

Fig. 12  Left: The spectra of the neon source for the slit at the center of the field are plotted. Right: The 
PSF of the single emission line is shown in pixel coordinates. The FWHM of the PSF closely matches 
the slit width (∼9.2pixels)
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To evaluate system throughput, the spectrograph efficiency was calibrated at 
selected wavelengths between 5500Å and 7500Å using a monochromatic source and 
a NIST-calibrated detector, as shown in Fig. 14. The spectrograph achieved a Maxi-
mum efficiency of 32% at 5500Å. The observed efficiency decline at longer wave-
lengths is primarily due to the reduced performance of the diffraction grating and the 
quantum efficiency of the detector.

5.5  DMD MOS multiplexing

The multiplexing capability of the MOS was tested for the JCB Telescope using two 
slit configurations. In the first test, 5x15 mirror slits (1′′ × 3′′) were arranged along 
the spatial direction on the DMD, with a gap of 3 mirrors between slits to prevent 
contamination. These slits were set to the OFF state (-12◦) and illuminated using a 
neon source. The resulting slit images on the imager and corresponding spectra on 
the spectrograph are shown in Fig. 15. This configuration demonstrated a Maximum 
multiplexing capacity of 46 slits without contamination. In the second test, 5×10 
mirror slits (1′′ × 2′′) were used, Maintaining a 3-mirror gap between slits. This con-
figuration increased the multiplexing capability to 85 with no spectral contamination 
along the spatial direction.

5.6  Contrast

The contrast measurement adopted in the laboratory closely follows the established 
methods [42, 43]. An f/8 beam was generated from the neon emission lamp using 
optical fiber, a pinhole, and a set of reimaging optics as shown in Fig. 16. DMD was 
illuminated with the f/8 beam yielding tight PSF ( ∼ 0.5′′ FWHM). All the DMD 
mirrors were set to the ON state and directed the light towards the imager arm. The 

Fig. 14  The spectrograph efficiency: The measured spectrograph efficiency at discrete monochromatic 
wavelengths was obtained using a NIST-calibrated detector in the laboratory. The efficiency plot shows 
a peak value of 32% at 5550Å, with a decline at longer wavelengths. This reduction in efficiency is pri-
marily attributed to the lower diffraction grating efficiency and the detector’s quantum efficiency (QE)
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total signal falls on the spectrograph arm detector over the exposure time TON was 
recorded, and the background-subtracted count (SignalON,λ) under each wavelength 
was extracted. Then all the mirrors were turned to the OFF state away from the imager, 
the flux falls on the spectrograph arm detector over the exposure TOFF was again 

Fig. 16  DMD contrast measurement test setup: The light from the source (Neon or Xenon lamp) is 
delivered via an optical fiber into a spatial filter (pinhole). The emerging beam is then reimaged to form 
an f/8 beam, which is focused onto the DMD to produce a tight PSF for the DMD contrast evaluation

 

Fig. 15  DMD MOS Multiplexing. Left: Slits formed by 5×15 mirrors stacked along the spatial direc-
tion on the DMD, recorded on the imager. Right: Spectra of the neon source through the slits, regis-
tered on the spectrograph. The achieved multiplexing capacity is 46
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registered, and the background-subtracted count (SignalOFF,λ) were extracted. The 
spectral images ( a portion) registered on the spectrograph detector in all mirrors ON 
and OFF states with the exposure adjustment are depicted in Fig. 17 with the color 
bar. The intensity scale of the images differ by a factor of 1000.

Similar to the spectrograph channel, the contrast measurements in the imager arm were 
also conducted over the 5000Å to 7500Å range. Monochromatic light from a Xenon lamp 
was selected by a spectrometer, then coupled into an optical fiber and reimaging optics 
setup to generate f/8 beam. This f/8 beam was focused onto the DMD for contrast test-
ing. The rest of the procedure follows the spectrograph arm contrast measurement. The 
following expression is used for deriving the contrast of the DMD at a given wavelength.

	
Contrast(λ) = TON

TOFF
×

SignalON,λ

SignalOFF,λ

The contrast of DMD measured in spectrograph channel with neon source and in 
the imager channel with the xenon lamp and spectrometer over the wavelength 
5000Å-7500Å are plotted in Fig. 18. The red squares represent the contrast of the 
DMD measured in the spectrograph arm, whereas the blue dots in the imager arm. 
The resulting contrast values in the imager and spectrograph arms are closely match 
and confirming consistent performance across both channels. The resulting contrast 
values also show good agreement with those are reported in [42, 43].

Fig. 17  Example of a portion of background subtracted spectra taken by spectrograph with a Neon 
source. The top plot shows a spectrum taken with all of the micromirrors in the “ON” state, facing the 
imaging channel. The bottom plot shows a readout of the same section when all of the micromirrors 
are in the “OFF” state, facing towards the spectroscopic channel. The intensity scale of the plots differ 
by a factor of 1000
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6  DMD MOS at JCB telescope

6.1  Observations

The integrated DMD-based MOS was mounted on the side port of the JCB telescope 
at VBO (Fig. 19) and the observations were carried out. The primary objectives were 
to verify the DMD’s ability to:

	● Select objects from the imaging field.
	● Accurately place slits over the selected objects.
	● Demonstrate its multiplexing capabilities effectively.

The observation sequence for the DMD-MOS was as follows:

	● Point the telescope towards the desired field.
	● Image the field using the imager, with all DMD mirrors set to the “ON” state (+12◦).
	● Identify the object coordinates from the imaged field for spectral acquisition.
	● Feed the object coordinates in the DMD-Detector coordinate mapping program to 

get the corresponding DMD coordinate file.
	● Input the DMD coordinates file into the slit selection program and also set the slit 

widths and heights.
	● Execute the DMD interface program to place slits over the selected objects.
	● Confirm the slit placement on the targeted objects using the imager.
	● Begin exposure on the spectrograph detector to record the spectra.
	● Use the imager to guide and track objects on the slits during exposure.

Fig. 18  The plot shows the contrast ratio of DMD measured in spectrograph and imager arm over the 
wavelength region 5000Å-7500Å. Red squares represent the contrast values at the respective wave-
lengths resulted in the spectrograph arm and the blue dots are for the image arm
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The open cluster NGC 2099 (M37) (RA = 5h 52.4m, Dec = +32◦ 33’) was selected 
for testing DMD-based MOS performance. The field was imaged using the DMD 
imager, as shown in the left panel of Fig. 20. From the imaged field, the detector coor-
dinates of objects targeted for spectral analysis were determined. A slit size of 5x15 

Fig. 20  The open cluster NGC 2099 (M37, RA = 5h 52.4m, Dec = +32◦ 33’) imaged, is shown in 
the left panel. The slits formed by a 5x15 mirror of DMD (1′′ x 3′′) and placed over the objects (five 
objects) are shown in the right panel

 

Fig. 19  DMD MOS on JCBT is shown. Left: DMD-based Multi-Object Spectrograph (MOS) mounted 
on the side port of the JCB telescope (indicated by arrow), fed by an f/8 beam via a fold mirror (not 
visible in the image). Top Right: Top view of the DMD MOS, showing two detectors–one for imaging 
and the other for the spectrograph. Bottom Right: Front view of the MOS
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mirrors (1′′ × 3′′ ) was chosen and applied to the selected objects. The slit placement 
accuracy was observed to be ∼1 pixel on the detector (equivalent to 0.13′′ ).

The right panel of Fig. 20 shows the placement of slits over five objects in the 
field. The recorded spectra of the five selected objects and the extracted spectrum of 
the brightest object are presented in Fig. 21.

6.2  Observation results

The results from observations conducted at JCBT using the DMD-based Multi-
Object Spectrograph are summarized in Table 3. Pixel-to-wavelength conversion 

Description Design Value Achieved Remarks
Wavelength 
Coverage

5000Å-7500Å 5200Å-7200Å Lim-
ited by 
detector

Field of View 6.8 x3.8 ∼ 4 x3 DMD 
is 45◦ 
rotated

Slit 0.4′′x3′′ 1′′x3′′ Limited 
by see-
ing disc

FWHM 9 pixels 9.2pixels 10 pix-
els at the 
edge

Spectral 
Resolution

1000 at 6000Å ∼988 at 6000Å 1′′ slit 
width

Spectral 
Resolution

2000 at 6000Å ∼1980 at 
6000Å

0.4′′ slit 
width

Spatiall 
Resolution

3′′ 3.6′′ Limited 
by 1′′

x3′′ slit
Multiplexing 50 46 Limited 

by 1′′x 
3′′ slit

Slit placement 
accuracy

<0.1′′ 0.1′′ -

Table 3  DMD MOS observa-
tional results summary
 

Fig. 21  DMD-MOS spectra of NGC2099. Left: Spectral images of the objects selected by 5x15 mirror 
slits from the NGC2099 open cluster. Right: Extracted spectra of the bright spectral image
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was performed using a neon spectral calibration source in IRAF and Python Astropy 
packages [44–48]. The observed multiplexing capability was constrained by both the 
number of objects in the field of view and the detector size.

A maximum spectral resolution of ∼2000 was achieved for bright objects using a 
0.4′′ slit width, aligning with the design expectations. Additionally, the slit placement 
accuracy was achieved as anticipated, confirming the system’s precision in object 
selection and spectral acquisition.

7  Summary

The Multi-Object Spectrograph with configurable slits using a Digital Micromirror 
Device was designed in ZEMAX [49] using off-the-shelf optical components and 
detectors. Comprehensive laboratory testing of the DMD demonstrated excellent 
performance. The mechanical structure for the MOS, including the spectrograph, 
imager, and calibration units, was designed and integrated in-house using SolidWorks 
and ACAD packages [50, 51]. Laboratory tests revealed a spectrograph efficiency 
peaking at 32% within the 5500Å–7500Å range, a linear dispersion of 0.66Å/pixel, 
and a resolution of R∼1000 at 6000Å. The MOS was installed on the JCB telescope 
at the Vainu Bappu Observatory and tested with the NGC 2099 open cluster. Field 
performance showed slit placement accuracy within 0.13′′ and also matched the 
laboratory-calibrated resolution. The MOS demonstrated a multiplexing capability 
of up to 46 slits with 5×15 mirrors, and the multiplexing increases to 86 for 5×10 
mirror slits. MOS also achieves contrast in the range ∼ 1:3000 to 1:8000 over the 
wavelength region 5000Å-7500Å. The integration of the MOS with the DMD-based 
configurable slits represents a significant achievement. The performance results, both 
in the laboratory and in the field, confirm the reliability and efficiency of the system. 
The system demonstrates high precision in slit placement, excellent contrast, and 
effective resolution for spectroscopy.

8  Future work

The current on-sky performance of the DMD-based spectrograph and imager has 
been limited, primarily due to the use of simple achromatic doublets as collimator 
and camera optics. To achieve improved imaging and spectroscopic performance, the 
optical system must be upgraded with multi-element collimators and camera lenses, 
designed specifically for wide-field, low-aberration performance.

In addition, replacing the existing transmission grating with a blazed reflection 
grating could significantly enhance spectral throughput. The present 1:1 reimaging 
system leads to field vignetting, limiting the ability to fully utilize the DMD 
area. Introducing a reimaging camera with a demagnification factor would allow 
accommodation of the entire DMD field on the detector, thereby expanding the 
effective field of view.
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The spectrograph design also requires optimization for the wavelength range of 
4000Å to 7500Å, ensuring full spectral coverage within the available detector space. 
Improving the system’s overall efficiency–currently measured at 32% peak through-
put–is a critical area for enhancement. This can be addressed through optical rede-
sign, improved coatings, and higher-efficiency gratings.

Furthermore, to improve operational efficiency during observations, particularly 
over larger fields of view, the development of automated slit selection algorithms is 
essential. This would significantly reduce manual intervention, enabling real-time 
target acquisition and enhanced multiplexing capability.
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