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1.0 Introduction
The aim of this document is to provide an overview of the James Webb Space Telescope
(JWST), its science goals, and its instruments from the perspective of an astronomer
interested in using or calibrating JWST instruments. Most of the information presented
here is available in other documents. The reference document for JWST science goals is
the Science Requirements Document (SRD, prepared by the Senior Project Scientist and
the Science Working Group) while a review of JWST instruments and a description of
their operation are in the Mission Operations Concept Document (MOCD) prepared by
STScI.
Section 2 describes the JWST science goals and Section 3 is devoted to a description of
the JWST observatory and its components. Section 3 contains also a discussion of the
natural backgrounds relevant for JWST and how they can affect field selection. Section 4
describes the four JWST instruments and their expected sensitivity. Section 5 highlights
the main observational capabilities of JWST as well as those capabilities of HST that are
not supported by JWST. Finally, Section 6 lists a number of information resources.

2.0 JWST Science Goals
The James Webb Space Telescope Science Working Group has developed the Science
Requirements Document to describe the scientific objectives for the JWST mission and
the performance capabilities necessary to meet them. The objectives fall into four
themes that span many orders of magnitude in time, space, and size.
•

First Light (after the Big Bang)

•

Assembly of Galaxies

•

Birth of Stars and Protoplanetary Systems

•

Planetary Systems and the Origins of Life

These themes require observations specified in the JWST Program Plan Mission Success
Criteria (Level 1 Baseline Science Requirements):
•

Measure the space density of galaxies to a 2 mm flux density limit of 1.0 x
10-34 W m-2Hz-1 via imagery within the 0.6 to 27 mm spectral band to
enable the determination of how this density varies as a function of their
age and evolutionary state.

•

Measure the spectra of at least 2500 galaxies with spectral resolutions of
approximately 100 (over 0.6 to 5 mm) and 1000 (over 1 to 5 mm) and to a
2 mm emission line flux limit of 5.2x10-22 Wm-2 to enable determination of
their redshift, metallicity, star formation rate, and ionization state of the
intergalactic medium.
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•

2.1

Measure the physical and chemical properties of young stellar objects,
circumstellar debris disks, extra-solar giant planets, and Solar System
objects via spectroscopy, and imagery within the 0.6 to 27 mm spectral
band to enable determination of how planetary systems form and evolve.

First Light

Theory and observation have given us a simple picture of the early universe. The Big
Bang produced (in decreasing order of present mass-energy density): dark energy (the
cosmic acceleration force), dark matter, hydrogen, helium, cosmic microwave and
neutrino background radiation, and trace quantities of lithium, beryllium, and boron. As
the universe expanded and cooled, some hydrogen molecules were formed, and these in
turn enabled the formation of the first individual stars. The first stars formed in those
regions that were the most dense. According to theory and the Wilkinson Microwave
Anisotropy Probe (WMAP), the universe has expanded by a factor of 20 since that time,
the mean density was 8000 times greater than it is now, and the age was about 180
million years. Also according to theory, these first stars were 30 to 1000 times as massive
as the Sun and millions of times as bright and burned for only a few million years before
meeting a violent end. Each one would produce either a core collapse supernova (type II)
or a black hole. The supernovae would enrich the surrounding gas with the chemical
elements produced in their interiors, and future generations of stars would all contain
these heavier elements (“metals”). The black holes would start to swallow gas and other
stars to become mini-quasars, growing and merging to become the huge black holes now
found at the centers of nearly all galaxies. The distinction is important because only the
supernovae return heavy elements to the gas. The supernovae and the mini-quasars
should be observable by the JWST. Both might also be sources of gamma ray bursts and
gravity wave bursts that could be discovered by other observatories and then observed by
JWST.
The JWST First Light key objective is to find and understand these predicted first light
objects. To find them, the JWST must provide exceptional imaging capabilities in the
near IR band. To verify that they are indeed first light objects, mid-infrared observations
are required.

2.2

Assembly of Galaxies

Galaxies are the visible building blocks of the universe. Theory and observation also give
us a preferred picture of the assembly of galaxies. It seems that small objects formed first,
and then were drawn together to form larger ones. This process is still occurring today, as
the Milky Way merges with some of its dwarf companions, and as the Andromeda
Nebula heads toward the Milky Way for a future collision. Galaxies have been observed
back to times about one billion years after the Big Bang. While most of these early
galaxies are smaller and more irregular than present-day galaxies, some early galaxies are
very similar to those seen nearby today. This is a surprise.
Despite all the work done to date, many questions are still open. We do not really know
how galaxies are formed, what controls their shapes, what makes them form stars, how
the chemical elements are generated and redistributed through the galaxies, whether the
central black holes exert great influence over the galaxies, or what are the global effects
of violent events as small and large parts join together in collisions.
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The JWST Assembly of Galaxies key objective is to observe galaxies back to their
earliest precursors (z ~ 7) so that we can understand their growth and their morphological
and metallicity evolution. The JWST must provide imaging and spectroscopy over the 0.6
to 27 mm band to meet this objective.

2.3

Birth of Stars and Protoplanetary Systems

While stars are a classic topic of astronomy, only in recent times have we begun to
understand them with detailed observations and computer simulations. A hundred years
ago we did not know that they are powered by nuclear fusion, and 50 years ago we did
not know that stars are continually being formed. We still do not know the details of how
they are formed from clouds of gas and dust, or why most stars form in groups, or how
planets form with them. We also do not know the details of how they evolve and liberate
the “metals” back into space for recycling into new generations of stars and planets. In
many cases these old stars have major effects on the formation of new ones.
Observations show that most stars are formed in multiple star systems and that many
have planets. However, there is little agreement about how this occurs, and the discovery
of large numbers of massive planets in very close orbits around their stars was very
surprising. We also know that planets are common around late-type (cooler and less
massive than the Sun) stars, and that debris disks might reveal their presence.
The JWST Birth of Stars and Protoplanetary Systems key objective is to unravel the birth
and early evolution of stars, from infall on to dust-enshrouded protostars, to the genesis
of planetary systems. The JWST must provide near and mid IR imaging and spectroscopy
to observe these objects.

2.4

Planetary Systems and the Origins of Life

Understanding the origin of the Earth and its ability to support life is a key objective for
all of astronomy and is central to the JWST science program. Key parts of the story
include understanding the formation of small objects and how they combine to form large
ones, learning how they reach their present orbits, learning how the large planets affect
the others in systems like ours, and learning about the chemical and physical history of
the small and large objects that formed the Earth and delivered the necessary chemical
precursors for life. The cool objects and dust in the outer Solar System are evidence of
conditions in the early Solar System, and are directly comparable to cool objects and dust
observed around other stars.
The JWST Planetary Systems and Origins of Life key objective is to determine the
physical and chemical properties of planetary systems including our own, and investigate
the potential for the origins of life in those systems. JWST must provide near and mid IR
imaging and spectroscopy to observe these objects.
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3.0 The JWST Observatory and its Elements
3.1

Proposal Cycle

JWST will be operated similarly to HST. The STScI will issue a Call for Proposals
annually. Each proposal will consist of a scientific justification and a technical
specification. The observations in a proposal will be divided up into logical units called
“visits”. For a small program a visit will include all of the activities required to obtain all
of the data at one general location in the sky with a single instrument. Larger programs
will require multiple visits. During the initial portion of the proposal process (Phase I),
the astronomer will only be required to enter the information that is required for scientific
and technical assessment of the proposal. Once the proposal is selected, the scientist will
provide the missing details that would be required to execute the observations on JWST
(Phase II). In Phase I for example, a proposer intending to carry out multi-object
spectroscopy with NIRSpec would need to define the pointing position, gratings, and
exposure times so that sensitivities could be estimated, but, except for general selection
criteria, he/she would not need to define which specific targets in a crowded field would
be observed. Similarly to what is currently available for HST, proposers will use an
integrated planning tool, consisting of a graphical user interface and associated widgets,
including simple exposure time calculators as well as tools for importing sky maps and
accurately positioning the JWST apertures on targets.
Following program selection, the STScI will construct a long term observing plan that
will identify approximately when each approved visit is to be carried out. The long-range
plan will consist of not only the approved science programs for JWST, but also the
calibrations and most maintenance activities for the Observatory. Observers and planners
at STScI will use the long-term schedule for detailed planning. Using the integrated
planning tool, observers will fill in all of the missing information needed to carry out
their approved programs. Although most of the information to complete the planning of
observations will be available within the planning tool, a small team of user support staff
will assist in resolving the inevitable scheduling problems and resource conflicts. Once
the visit information in a proposal is complete, the visits will be released for scheduling.
The observer will be able to monitor the process of his/her visits through detailed
scheduling and data taking, but he/she should not need to be actively involved again, until
either the data are obtained or an anomaly or change in the long-range schedule requires
modifications to the visits.

3.2

Archive

The JWST archive will be a part of the Multi-Mission Archive at Space Telescope
(MAST). This archive was developed originally for HST but now houses data from a
variety of NASA space astronomy missions, including IUE, EUVE, GALEX, and FUSE.
The JWST archive will contain the data stored there in its raw form, the calibration files
necessary to calibrate the data, and databases that describe the data. All of the raw data
and calibration files will be stored on “spinning disks” and reprocessed “on-the-fly” each
time the calibrated data are requested. Users will request data from the archive using
web-based tools similar to those that have been developed for HST. Although there will
be some users who will want their data on physical media, most will retrieve data directly
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to their home institution via the Internet. This will be quicker for them, and since no
physical handling is required, less costly for the mission. Data retrieval will be restricted
to the observers who proposed the program for a proprietary period (probably 1 year), but
after that the data will be available to any registered archive user.

3.3

Orbit

JWST will conduct normal operations after being placed in an orbit about the Sun-Earth
L2 Lagrange point. The Sun-Earth L2 Lagrange point is located about 1.5 million km
from Earth (four times the distance to the Moon), and JWST will orbit about this point at
a distance between about 250,000 km and 800,000 km with a period of about 6 months.
The launch trajectory and L2 orbit for JWST are shown in Figure 1.

Figure 1. Launch Trajectory and L2 Orbit for JWST at Sun-Earth Lagrange (L2) equilibrium point.

3.4

Backgrounds and L2 Environment

At the IR wavelengths relevant to JWST, the primary sources of background are zodiacal
light, thermal radiation from JWST itself, and Earth/Moon scattered light (see Section
4.2). The zodiacal light is dominated at short wavelengths (<3.5mm) by scattered
sunlight and at long wavelengths (> 3.5mm) by thermal emission from the same dust.
This background is lower at high ecliptic latitudes (looking out of the dust disk) and in
solar opposition. Visit the JWST simulator website to obtain estimates of the zodiacal
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background and JWST instrument sensitivities. To reach the sensitivity limits required by
the JWST science program, the effects of thermal radiation from JWST must be smaller
than the effects of zodiacal light, at least at wavelengths shorter than 10 mm. As a result,
the telescope and instrumentation must be maintained at cryogenic temperatures (<100
K). Depending on the target coordinates and on the wavelength, infrared cirrus in our
own galaxy will also contribute a significant background component. Some of the
existing HST deep fields (like the GOODS/ UDF/ CDFS area) are located in low cirrus
areas (see Figure 2). The quality of fields of interest for JWST can be checked by
inspection of the extinction maps in Schlegel et al. (1998, ApJ 500, 525) which were
obtained from all-sky IRAS and DIRBE data.

Lockman
CDFS

Figure 2. North (left) and South (right) galactic caps in Lambert coordinates. The red color
represents the distribution of galactic dust, the green dots are RC3 galaxies and the blue circles mark
the locations of deep extragalactic surveys. The locations of the Lockman Hole and of the CDFS are
labeled.

The JWST will be subject to the effects of energetic particles produced by the Sun, the
Earth’s geotail (rarely), and the Galactic cosmic ray background. This energetic particle
flux can cause several types of damage, including single event upsets (SEU) to electronic
memory and logic components; changes in material and electronic properties due to the
total ionizing dose from cumulative penetrations; and changes in the transmission and
reflection properties of optical components. Energetic particles also add noise to science
observations, either by direct impact with detectors or by production of cascading particle
radiation from impact with spacecraft components near the detectors. Intense particle
fluxes are produced by solar ejection events, solar flares (which occur frequently) or the
more intense coronal mass ejections (which occur several times per year). During these
events the solar ion fluxes can exceed the Galactic cosmic ray background by factors of
103 to 104 for short periods lasting from hours to days. These events will not only
overwhelm observation data with noise due to particle impact, but also significantly
increase total ionizing dose and have highest probability of inducing SEUs.
The typical radiation background of JWST is worse than that of HST but this is offset by
the fact that, unlike CCDs, all JWST instruments have detectors capable of multiple non-
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destructive reads so that the effect of cosmic ray hits can be partly corrected even within
a single exposure.

4.0 The Telescope and Spacecraft
The JWST Observatory consists of three elements:

4.1

•

The Optical Telescope Element (OTE),

•

The Spacecraft Element (spacecraft bus and sunshield subsystem), and

•

The Integrated Science Instrument Module (ISIM) Element, which
includes the instruments themselves.

Optical Telescope Element

The OTE will be a deployable three-mirror anastigmat (TMA) with a large aperture that
collects light equivalent to a 25-m2 clear aperture but provides slightly higher angular
resolution than a circle of that same area. The OTE will provide diffraction-limited
performance at 2 mm and a mechanical and optical interface to the ISIM.
The OTE will consist of a Primary Mirror, Secondary Mirror, Tertiary Mirror and Fine
Steering Mirror. The Primary Mirror consists of 18 hexagonal beryllium mirrors mounted
on a hexapod with an additional radius of curvature control permitting independent
adjustment of each mirror segment in tip, tilt, piston, and radius of curvature. The
primary mirror segments will be aligned and adjusted to achieve optical performance by a
ground-controlled, image-based wavefront sensing and control (WFS&C) process. The
Secondary Mirror will be mounted on a deployed tripod with actuators that provide six
degrees of freedom for optical alignment and focus. The tertiary mirror will be fixed
within the aft optics subsystem and will provide the optical reference for the OTE. The
aft optics subsystem will also include a central baffle that will not obstruct the science
instrument focal plane assemblies (FPAs), and the Fine Steering Mirror (FSM). The FSM
will be used in a 2-Hz fine guidance control loop to provide milliarcsec pointing control
for image stability.
The NIRCam will be used for WFS&C. It will be equipped with appropriate optical
elements to enable either Dispersed Hartmann Sensing (DHS) or Dispersed Fringe
Sensing (DFS) for wave-front control.
Key features of the Telescope and of the Optical Telescope Element are shown in Figure
3a and 3b.
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Figure 3a. The JWST observatory. Visible are the deployed sun-shield (bottom), the segmented
primary and the deployed secondary.

Figure 3b. OTE Design
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Sunshield and the Field of Regard

The sunshield shields the OTE and ISIM from the Sun and Earth (and reduces the effects
of the moon). It prevents light from these sources from reaching the instruments and
provides a very stable cryogenic environment. At unfavorable position on the L2 orbit,
stray light from the Earth or the Moon can be scattered off the primary or secondary
mirror and generate enhanced backgrounds.
The field of regard (FOR) is the region of the sky in which observations can be conducted
safely at any given time. For JWST, the FOR is a large annulus that moves with the
position of the Sun and covers about 48.9% of the sky. The FOR, as is shown in Figure 4,
allows one to observe targets from 85˚ to 135˚ of the Sun. Most astronomical targets are
observable for two periods separated by 6 months during each year. The length of the
observing window varies with ecliptic latitude, and targets within 5° of the ecliptic poles
are visible continuously. This continuous viewing zone is important for some science
programs that involve monitoring throughout the year and will also be useful for
calibration purposes.

Figure 4. The Field of Regard for JWST.

4.3

The Integrated Science Instrument Module

The Integrated Science Instrument Module (ISIM) is the Observatory element that
contains the Science Instruments and the Fine Guidance Sensor. It provides the structure
and thermal environment for the science instruments and the Fine Guidance Sensor
(FGS), as well as their control electronics. The ISIM also provides command and data
handling for the science instruments.
The science instruments form the heart of the JWST payload. The selected instruments
provide the wide-field imaging and spectroscopic capabilities over the 0.6-27 mm
wavelength range required to satisfy the scientific goals discussed in Section 2. The
JWST instruments share the focal plane similarly to what is done for HST (Figure 5).
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Table 1 summarizes the characteristics of the Near Infrared Camera (NIRCam), the Near
Infrared Spectrograph (NIRSpec), the Mid Infrared Instrument (MIRI), and the Tunable
Filter camera (FGS-TF). The FGS guider field of view will be large enough that there
will be at least a 95% probability that the ground system will successfully schedule a visit
by selecting a guide star from the Guide Star Catalog 2 (GSC-2) for any valid pointing of
the observatory. This requirement is most challenging at high Galactic latitudes where the
areal density of stars approaches a minimum.
Table 1. Science Instrument Characteristics
Instrument

Wavelength
(mm)

Optical Elements

FPA

Plate Scale
(milliarcsec/
pixel)

Field of View

NIRCam (Short
Wave)

0.6 - 2.3

fixed filters
(R~4, R~10, R~100),
coronagraphic spots

Two 2¥2
mosaics of
2048x2048
arrays

32

2.2¢¥4.4¢

NIRCam (Long
Wave)1

2.4 - 5.0

fixed filters
(R~4, R~10, R~100),
coronagraphic spots

Two
2048¥2048
arrays

65

2.2¢¥4.4¢

NIRSpec (prism,
R=100)

0.6 - 5.0

3.4¢¥3.1¢

1.0-5.0

Two
2048¥2048
arrays

100

NIRSpec
(grating, R=1000)

transmissive slit mask:
4x384x175 micro-shutter
array, 250 (spectral) by500
(spatial) milliarcsec; fixed
slits 200 or 300 mas wide
by 4¢¢long

NIRSpec (IFU,
R=3000)

1.0-5.0

integral field unit

MIRI (imaging)

5 - 27

broad-band filters,
coronagraphic spots &
phase masks

MIRI (prism
spectroscopy)

5 - 10

R ~ 100

MIRI
(spectroscopy)

5 - 27

Short-wavelength
FGS-TF
Long-wavelength
FGS-TF2

3.0″¥3.0″
1024¥1024

110

1.4¢¥1.9¢
(26″¥26″
coronographic)

integral field spectrograph
(R~3000) in 4 bands

Two
1024¥1024
arrays

200-470

3.6″¥3.6″ to
7.5″¥7.5″

1.2 - 2.4

Order-blocking
filters+etalon (R~100)

2048¥2048

68

2.3¢¥2.3¢

2.5 - 5.0

Order-blocking
filters+etalon (R~100)

2048¥2048

68

2.3¢¥2.3¢

Notes: 1Use of a dichroic renders the NIRCam long-wavelength field of view co-spatial with the short wavelength
channel. Also the two FOVs are acquired simultaneously. 2Use of a dichroic renders the FGS-TF’s long-wavelength
field of view co-spatial with the short wavelength channel.
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Figure 5. ISIM focal plane allocation layout. The field of view of each instrument must be contained
fully within the instrument allocation.

The ISIM instruments are located in an off-axis position, which yields excellent image
quality over the 9.4 arc-minute field, as shown by the contours of residual wavefront
error as a function of field location.

Figure 6. ISIM structure and components

The ISIM has a distributed architecture consisting of cold and warm components. The
ISIM thermal design and radiator system is illustrated schematically in Figure 6. The cold
portion of the ISIM is integrated with the OTE. This passively cooled cryogenic (37 K)
structure is mounted on the OTE backplane. It houses the science instruments and the
fine-guidance sensors. Thermal radiator panels that provide passive radiation to
cryogenic temperatures surround its exterior. A cryogen Dewar inside the ISIM structure
provides additional cooling for MIRI.

JWST Primer

14

The ISIM Electronics Compartment (IEC) is mounted on the exterior of the ISIM
structure. This provides a more thermally benign (298 K) environment for the instrument
control electronics (ICE) boxes and the Focal Plan Electronics (FPE) that control the
detector systems in the science instruments. Power dissipation in this section is limited,
however, since it is on the cold side of the Observatory.
A warm section (also 298 K) of the ISIM is located in the spacecraft on the warm side of
the Observatory. This more benign environment allows for relaxed thermal requirements
on major portions of the electronics with higher power dissipation, and it avoids
unnecessary heat loads in the cold section.

5.0 Instruments
5.1

NIRCam

The Near Infrared Camera (NIRCam) is being built by a team at University of Arizona
(UoA) and Lockheed Martin’s Advanced Technology Center and led by Marcia Rieke at
UoA. Its high sensitivity, wavelength multiplexing, and wide field of view enable deep
imaging surveys (themes 1-3). NIRCam consists of an imaging assembly within an
enclosure that is mounted in the ISIM. The imaging assembly consists of two fully
redundant, identical optical trains mounted on two beryllium benches, one of which is
shown in Figure 7. The incoming light initially reflects off the pick-off mirror.
Subsequently it passes through the collimator and the dichroic, which is used to split the
light into the short (0.6-2.3mm) and long (2.4-5.0mm) wavelength light paths. Each of
these two beams then passes through a pupil wheel and filter wheel combination, each
beam having its own separate pupil and filter wheel. After this, the light passes through
the camera corrector optics and is imaged (after reflecting off a fold flat in the short
wavelength beam) onto the focal plane arrays (FPAs).
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Figure 7. Optical Layout of one of two NIRCam Imaging Modules.

The imaging properties of the NIRCam FPAs are summarized in Table 2. The instrument
contains a total of ten 2k¥2k sensor chip assemblies (SCAs), including those in the
identical redundant optical trains. The short wavelength arm in each optical train contains
a 2¥2 array of these SCAs, optimized for the 0.6 - 2.3 mm wavelength range, with a small
gap (~3 mm = ~5″) between adjacent SCAs. The detectors arrays will HgCdTe of Hawaii
II heritage built by Rockwell Scientific. The detectors for the short arm will need to be
thinned of their substrate to extend their sensitivity below 0.85 mm.
Table 2. NIRCam Imaging Properties

Wavelength range (mm)

0.6 to 2.3
2.4 to 5

Nyquist l (mm)

2/4

Pixel Format

40962 (short l)
20482 (long (l)

Pixel Scale

0.032″ (short l)
0.065″ (long l)

Field (arc min)

2.2 x 2.2

Spectral Resolution

4, 10, 100
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The filter and pupil wheels in each optical train contain a range of wide-band and narrowband filters. Each wheel has 12 slots. The preliminary filter selection is given in Table 3.
In summary, the short-wavelength arm contains 5 wide-band (R~4), 3 medium (R~10),
and 5 narrow-band (R~100) filters, while the long-wavelength arm contains 3 wide, 5
medium, 4 narrow-band filters, and, at the present time, 7 unallocated slots.
Sensitivity: The NIRCam limiting sensitivity to point sources with S/N=10 in 10,000
seconds is AB=28.69 in F110W and AB=28.86 in F200W.
Coronagraphy: To enable the coronagraphic imaging of nearby stars (themes 3&4), each
of the two identical optical trains in the instrument also contains a traditional focal plane
coronagraphic mask plate held at a fixed distance from the FPAs, so that the coronagraph
spots are always in focus at the detector plane. Each coronagraphic plate is transmissive,
and contains a series of spots of different sizes to block the light from a bright object.
Each coronagraphic plate also includes a neutral density spot to enable centroiding on
bright stars, as well as point sources at each end that can send light through the optical
train of the imager to enable internal alignment checks. Normally these coronagraphic
plates are not in the optical path for the instrument, but they are selected by rotating into
the beam a mild optical wedge that is mounted in the pupil wheel (see Figure 8), which
translates the image plane so that the coronagraphic masks are shifted onto the active
detector area. Diffraction can also be reduced by apodization at the pupil mask, thus the
pupil wheels will be equipped with both a classical and an apodized pupil with integral
wedges in each case.

Figure 8. Schematic of NIRCAM coronagraphic design

17

JWST Primer
Table 3. NIRCam Filters
Short Wavelength
Filter

Long Wavelength
Filter

F070W

F270W

F110W

F357W

F150W

F444W

F200W

F250M

F163M

F300M

F183M

F335M

F210M

F430M

F090W

F460M

1.15-2.3 mm

1% Bra 4.05 mm

1% Pa 1.875 mm

1% H2 2.56 mm

1% Ha 0.656 mm

1% H2 2.41 mm

1% [FeII] 1.644 mm

1% H2 4.69 mm

1% He 1.080 mm

1% H2 2.12 mm

5.2

NIRSpec

NIRSpec is a near infrared multi-object dispersive spectrograph capable of
simultaneously observing more than 100 sources over a field-of-view (FOV) larger than
3¢¥3¢. The primary goal for NIRSpec is enabling large surveys of faint galaxies (1<z<5)
and determining their metallicity, star formation rate, and reddening (theme 2). NIRSpec
is being built for the European Space Agency by the Astrium consortium with Peter

JWST Primer

18

Jakobsen guiding its development as the lead of the NIRSpec science team. Six gratings
will yield resolving powers of R=1000 and 3000 in three spectral bands, spanning the
range 1.0-5.0 mm. A single prism will yield R=100 in the 0.6-5 mm. Figure 9 shows a
CAD layout of the instrument.
The region of sky to be observed is transferred from the JWST OTE to the spectrograph
aperture focal plane (AFP) by a pick-off mirror (POM) and a system of fore-optics that
includes a filter wheel for selecting bandpasses and introducing internal calibration
sources. The nominal scale at the AFP is 2.516″/mm.
Targets in the FOV are normally selected by opening groups of shutters in a microshutter array (MSA) to form multiple apertures. The MSA itself consists of a mosaic of
subunits producing a final array of approximately 750 (spectral) x 350 (spatial)
individually addressable shutters with 200x450 milliarcsec openings and 250x500
milliarcsec pitch. Sweeping a magnet across the surface of the MSA opens all operable
shutters. Individual shutters may then be addressed and closed electronically. The
nominal aperture size is 1 shutter (spectral) by at least 1 shutter (spatial) at all
wavelengths. Multiple spacecraft pointings may be required to avoid placing targets near
the edge of an aperture and to observe targets with spectra that would overlap if observed
simultaneously at the requested roll angle. The nominal slit length is 3 shutters in all
wavebands. In the open configuration, a shutter passes light from the fore-optics to the
collimator. A slitless mode can be configured by opening all shutters in the MSA. A long
slit can also be configured with the MSA.
In addition to the slits defined by the MSA, NIRSpec includes also fixed slits that can be
used for high-contrast spectroscopy. They are placed in a central strip of the AFPbetween
sub-units of the MSA and provide redundancy in case the MSA fails. The fixed slits are
4″ long and have widths of either 200 or 300 milliarcsec. The strip between MSA subunits also contains the 3″ x 3″ entrance aperture for an integral field unit (IFU).
The AFP is re-imaged onto a mosaic of NIR detectors (the focal-plane array: FPA) by a
collimator, a dispersing element (gratings or a double-pass prism) or an imaging mirror,
and a camera. Three gratings are used for first-order coverage of the three NIRSpec
wavebands at R=1000 (1.0-1.8mm; 1.7-3.0mm; 2.9-5.0mm). The same three wavebands
are also covered by first-order R=3000 gratings for objects in a fixed-slit or in the IFU.
The prism gives R=100 resolution over the entire NIRSpec bandpass (0.6-5mm) but can,
optionally, be blocked below 1mm with one of the filters.
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Figure 9. CAD layout of NIRSpec. The instrument measures 190 cm across and weighs close to 200
kg (EADS Astrium).

The FPA is a mosaic of sub-units (see Figure 10), each 2k¥2k, forming an array of 2k¥4k
100 milliarcsec pixels. The detectors will be thinned HgCdTe arrays built by Rockwell
Scientific. The NIRSpec contains a calibration unit with a number of continuum and line
sources.
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Figure 10. Schematic layout of the NIRSpec slit mask overlaid the detector array projected to the
same angular scale.

Sensitivity: The NIRSpec limiting sensitivity in 10,000 seconds for point source
continuum at 3 mm for R=100 and at S/N=10 is AB=26.2. For emission lines at R=1000
the flux limit at 2mm in 100,000 seconds is 5.2 10-19 erg cm-2 s-1.

5.3

MIRI

The Mid-Infrared Instrument (MIRI) on JWST provides imaging and spectroscopic
measurements over the wavelength range 5-27 mm. It is a multi-purpose instrument (all 4
themes) that significantly extends the wavelength coverage of JWST without undue
complexity. MIRI is jointly developed by the US and a nationally funded European
Consortium under the auspices of the European Space Agency. George Rieke (UoA) and
Gillian Wright (Royal Observatory Edinburgh) are the MIRI Science Leads. JPL chairs
joint overall management and system engineering teams. As shown in Figure 11, MIRI
consists of an optical bench assembly (OBA) with associated instrument control
electronics (ICE), actively cooled focal-plane modules with associated focal plane
electronics (FPE), and a Dewar with associated Dewar control electronics (DCE). The
DCE interfaces with the spacecraft (S/C) command and telemetry processor (CTP), while
the ICE and FPE interface with the ISIM C&DH. The OBA contains two actively cooled
subcomponents, an imager, and an Integral Field Unit (IFU) spectrograph, plus an onboard calibration unit.
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Table 4. MIRI Filters

l0 (mm)

Dl (mm)

Comment

B1

5.6

1.2

broad band

B2

7.7

2.2

PAH, broad band

B3

10

2

Silicate, broad band

I1

11.3

0.7

PAH, broad band

I2

12.8

2.4

Broad band

B4

15

3

Broad band

I3

18

3

Silicate, broad band

B5

21

5

broad band

B6

25.5

~4

broad band

25.5

~4

redundant filter, risk
reduction

B6'

ND# neutral dens.

for coron. acquis.

NIR

testing

near-IR, TBD
blackened
blank

Figure 11. MIRI functional block diagram

N/A

for darks
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The imager module provides broad and narrow-band imaging (5-27 mm, see Table 4 for
preliminary selection), coronagraphy, and low-resolution (R~100, 5-10 mm) slit
spectroscopy using a single 1024¥1024 pixels Raytheon Si:As sensor chip assembly
(SCA) with 25 mm pixels. Figure 12 shows the focal plane arrangement of the various
elements of the MIRI imager. The region on the left is the clear aperture available for
imaging. The gray region on the right marks the mechanical frame that supports the
coronagraphic masks and the slit for the low-resolution spectrometer. The coronagraphic
masks include three phase masks for a Quadrant phase coronagraph and one opaque spot
for a Lyot coronagraph. The coronagraphic masks have a square field of view of 26″¥26″
and are optimized for particular wavelengths (10.65, 11.5, 16 and 24 mm). The imager’s
only moving part is an 18-position filter wheel. Filter positions are allocated as follows:
12 filters for imaging, 4 filter and diaphragm combinations for coronagraphy, 1 ZnS-Ge
double prism for the low-resolution spectroscopic mode and 1 dark position. The imager
will have a pixel scale of 0.11″ and a total field of view of 113″¥113″; however, the field
of view of its clear aperture is 84″¥113″ because the coronagraph masks and the LRS are
fixed on one side of the focal plane.

Figure 12. The MIRI imager's focal plane with sizes in pixels and mm

Integral Field Spectroscopy: The integral field spectrograph obtains simultaneous spectral
and spatial data on a relatively compact region of sky. The spectrograph field of view is
next to that of the imager so that accurate positioning of targets will be possible by
locating the image with the imager channel and off-setting to the spectrograph. The
spectrograph uses four image slicers to produce dispersed images of the sky on two
1024¥1024 SCAs to provide R~3000 integral field spectroscopy over a l=5-27 mm
wavelength range with a goal of l=5-28.3 mm. The four integral field units (IFUs) divide
the spectral window as follows: (1A) 4.96-7.77 mm, (1B) 7.71-11.90 mm, (2A) 11.9018.35 mm, and (2B) 18.35-28.30 mm. As shown in Figure 13, the IFUs provide four
simultaneous and concentric fields of view, ranging from 3.6″¥3.6″ to ~7.6″¥7.6″ with
increasing wavelength. Slice widths for each image slicer in order of increasing
wavelength are 0.18″, 0.28″, 0.39″, and 0.64″ and set the angular resolution perpendicular
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to the slice. The pixel sizes in order of increasing wavelength are 0.19″, 0.19″, 0.24″ and
0.27″ and set the angular resolution along the slice. The number of slices decreases from
30 to 12 with increasing wavelength. The spectral window of each IFU channel is
covered using three separate gratings (i.e. 12 gratings to cover the four channels). Each
grating is fixed in orientation and can be rotated into the optical path using a wheel
mechanism (there are two wheel mechanisms which each hold 3 pairs of gratings). The
optics system for the four IFUs is split into two identical sections (in terms of optical
layout). One section is dedicated to the two short wavelength IFUs and the other handles
the two longer wavelength IFUs. There is one SCA for each section. The two sections
share the wheel mechanisms (each mechanism incorporates three gratings for one of the
channels in the short wavelength section and three gratings for one of the channels in the
long wavelength section). As shown figuratively in Figure 14, the image slicers in the
MIRI IFU dissect the input image plane. The dispersed spectra from two IFU inputs are
placed on one detector side-by-side. The spatial information from the IFU is spread out
into two adjacent rows with the information from each slice separated by a small gap.
The spectral information runs along the columns as shown. Because of the staggered
pattern of the sliced information, the data are packed efficiently together.

Figure 13. Fields of View of the MIRI IFU Spectrograph
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Figure 14. Schematic illustration of the MIRI IFU image slicer format (left) and dispersed spectra on
detector (right)

Sensitivity: The MIRI limiting sensitivity in imaging at 10 and 20m m (with S/N=10 in
10,000 seconds) are, respectively, AB=24.53 and AB=22.15. The limiting flux in 10,000
seconds for a resolving power of R=2400 and at 9.2mm is 3.4 10-18 erg cm-2 s-1.

5.4

The Fine Guidance Sensor and Tunable Filter Camera

The Fine Guidance Sensor (FGS) is a CSA-provided subsystem that will be used as the
sensor for fine pointing control during all science observations and as a science imager to
acquire narrow band NIR images of a variety of astrophysical targets. The FGS is
comprised of a dual channel dedicated guider (FGS-Guider) and a long and short
wavelength tunable filter science instrument (designated FGS-TF). Although structurally
and thermally housed in the ISIM, the FGS has its own electronics and computer
processor. The detectors will be HgCdTe arrays built by Rockwell Scientific.
To enable repeated visits by the same or different instruments, to allow for effective
observation of targets of opportunity, and to enable mosaic imaging larger than the fields
of view of individual instruments, the Observatory will have at least a 95% probability of
acquiring a guide star and maintaining pointing stability for any valid pointing direction.
Once in fine guidance mode, the absolute pointing accuracy of the Observatory with
respect to the celestial coordinate system will be 1″ rms, and the relative repeatability of
pointings following small slews using the same guide star between different exposures
and visits for the same field will be accurate to 0.005″ rms. Cataloged guide stars as faint
as Jab = 19.5 will be used for fine guiding, while even fainter cataloged stars can be used
for field identification.
The operation of the science instruments will require precisely executed small angle
maneuvers of the Observatory to support dithers and on-board target acquisitions. The
FGS-Guider will play a key role in enabling JWST to carry out these maneuvers with the
required 5 mas to 20 mas accuracy.
Tracking of moving targets is not yet included in mission requirements for JWST.
However, moving target tracking is required by the SRD developed by the SWG. It is
likely that this capability will become a requirement. This will require FGS-Guider to
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measure the position of a guide star to an accuracy of about 5 milliarcsec as it traverses a
path across the FGS FOVat a rateas large as 0.030″ s-1. This would enable observations of
nearby asteroids and comets.
The FGS-TF is a two-channel camera with Fabry-Perot etalons in the optical train. It
provides narrow band imaging over a nearly continuous range from 1.2 to 5 mm. The
short (1.2-2.4 mm) and long (2.5-5 mm) wavelength channels will simultaneously observe
the same field of view. The instantaneous observed bandpass will be R~ 100 with a
limiting sensitivity of AB=25 at S/N=10 in 10,000 seconds. The FGS-TF will also have
coronagraphic capabilities.

6.0 Strengths of JWST and Missing Capabilities
The JWST observatory is optimized for near and mid-IR observations. At these
wavelengths it benefits from operating at intrinsically lower backgrounds than any
comparably sized telescope on the ground. The set of four instruments provides a wide
range of observational capabilities that overlap in part and expand significantly similar
capabilities offered by HST. However, JWST is not a replacement for HST and there are
many capabilities of HST that will not be present in JWST. In particular:
• JWST provides no imaging capability below 0.7 mm. This was largely a design
choice dictated by cost; it would be very expensive to make the telescope work
with diffraction-limited performance at shorter wavelengths. The wavelength
range of JWST will be limited by what can be achieved by near-IR detectors and
by the gold coating on the mirrors.
•

No spectroscopy at R > 3000. As the resolving power increases the advantages of
a low background are diminished. Spectroscopic capabilities at higher resolving
power would not be unique to JWST and it was decided not to include them.

•

No spectroscopy at R≥1000 below 1 mm. This is due to a design choice for the
spectrometer.

•

Moving targets. While desired and called for in the Science Requirements
Documents the capability of tracking faster moving targets in the solar system is
not yet part of the baseline.

•

Science Parallel observations. Unlike HST, JWST is not currently planned to
obtain parallel science observations. However, the hardware will be able to
support such a capability should this decision be reversed at a later time.
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The design and orbit of JWST are optimized for near- and mid-IR imaging and
spectroscopy. This optimization and the telescope instrument complement make JWST
unique in its capabilities and in its sensitivity. In particular, JWST will offer:
• Imaging from 0.6 to 27 mm.
•

Coronagraphic imaging from 0.6 to 27 mm.

•

Spectro-coronagraphy at R=100 from 1.2 to 5 mm.

•

Low resolution spectroscopy from 0.6 to 10 mm.

•

Medium resolution spectroscopy from 1 to 27 mm with multi-object capability
between 1 and 5 mm and integral field capability over the whole range.
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7.0 Further Reading Suggestions
The following are documents or links expanding on various aspects of the JWST mission.
OVERVIEW:
The James Webb Space Telescope http://www.stsci.edu/jwst/overview
James Webb Space Telescope Home Page http://www.jwst.nasa.gov
SCIENCE:
JWST Science http://www.stsci.edu/jwst/science
JWST Science Community http://www.jwst.nasa.gov/science
JWST Science Requirements Document, JWST-RQMT-002258
SCIENCE INSTRUMENTS:
NGST Science Instruments http://www.stsci.edu/jwst/instruments
Science Instruments http://www.jwst.nasa.gov/ISIM
OPERATIONS:
NGST Operations http://www.stsci.edu/jwst/operations
Operations Concept for the James Webb Space Telescope Mission, STScI-JWST-OPS002
DOCUMENTS:
NGST - List of Public Documents http://www.jwst.nasa.gov/doclist/bytitle.html
JWST Document Archive http://www.stsci.edu/jwst/docs
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8.0 Acronyms
AFP

Aperture Focal Plane

CAD

Computer-Aided Design

CCD

Charge-Coupled Device

CDFS

Chandra Deep Field South

C&DH

Control and Data Handling

CSA

Canadian Space Agency

CTP

Command and Telemetry Processor

DCE

Dewar Control Electronics

DIRBE

Diffuse Infrared Background Experiment

DFS

Dispersed Fringe Sensing

DHS

Dispersed Hartmann Sensing

ESA

European Space Agency

EUVE

Extreme Ultraviolet Explorer

FGS

Fine Guidance Sensor

FOR

Field of Regard

FOV

Field of View

FPA

Focal Plane Assembly

FPE

Focal Plane Electronics

FSM

Fine Steering Mirror

FUSE

Far Ultraviolet Spectroscopic Explorer

GALEX

Galaxy Evolution Explorer

GOODS

Great Observatories Origins Deep Survey

GSC-2

Guide Star Catalog 2

HgCdTe

Mercury-Cadmium-Telluride

HST

Hubble Space Telescope

ICE

Instrument Control Electronics

IEC

ISIM Electronics Compartment

IFU

Integral Field Unit

IR

Infrared

IRAS

Infrared Astronomy Satellite

ISIM

Integrated Science Instrument Module
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IUE

International Ultraviolet Explorer

JPL

Jet Propulsion Laboratory

JWST

James Webb Space Telescope

LRS

Low-Resolution Spectrograph

MAST

Multi-Mission Archive at Space Telescope

MIRI

Mid-Infrared Instrument

MOCD

Mission Operations Concept Document

MSA

Micro-Shutter Array

NASA

National Aeronautics and Space Administration

NIRCam

Near-Infrared Camera

NIRSpec

Near-Infrared Spectrograph

OBA

Optical Bench Assembly

OTE

Optical Telescope Element

POM

Pick-Off Mirror

SCA

Sensor Chip Assembly

SEU

Single Event Upset

SRD

Science Requirements Document

SWG

Science Working Group

S/C

Spacecraft

TF

Tunable Filter

TMA

Three-mirror Anastigmat

UDF

Ultra Deep Field

UoA

University of Arizona

WMAP

Wilkinson Microwave Anisotropy Probe

WFS&C

Wavefront Sensing and Control

