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PART I

Introduction

The chaptersin this part explain how to use this handbook, where to go
for help, and describe special considerations for using NICMOS in Cycle
11.
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CHAPTER 1:

Introduction and
General
Considerations

In this chapter ...

Purpose / 4

Layout/5

NICMOS Proposal Preparation / 9

The Help Desk at STScl /9

The NICMOS Instrument Team at STScl / 10
Supporting Information and the NICMOS Web Site / 10
NICMOS History in Brief / 11

Changes Relative to Cycles 7 and 7N / 12
Recommendations for Proposers / 14

Supported and Unsupported NICMOS Capabilities / 16

The Near Infrared Camera and Multi-Object Spectrometer, NICMOS,
provides HST with infrared imaging and spectroscopic capabilities
between 0.8 and 2.5 microns. From above the earth’s atmosphere,
NICMOS provides access to this complete spectral range without
hindrance from atmospheric emission or absorption at a sensitivity and
angular resolution not possible from the ground. NICM OS, which operated
from February 1997 till November 1998 using an onboard exhaustible
cryogen, is expected to be revived with the installation of the NICMOS
Cooling System (NCS) during the Servicing Mission SM3B, currently
scheduled for November 2001. The NCS will provide active cooling
through a series of closed circuit loops containing cryogenic gas. NICMOS
istherefore offered to the community for Cycle 11 and beyond.
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This Handbook provides the instrument specific information needed to
propose HST observations (Phase I), design accepted proposals (Phase I,
in conjunction with the Phase Il Proposal Instructions), and understand
NICMOS in detail. The Handbook has been revised from its original
versions to include expected performance with the NCS.

This chapter explains the layout of the Handbook and how to get
additional help and information through the Help Desk and STScl World
Wide Web pages. It aso lists the supported capabilities of NICMOS and
includes basic recommendations on how to use the Instrument.

Purpose

The NICMOS Instrument Handbook is the basic reference manual for
the Near Infrared Camera and Multi-Object Spectrometer and describes the
instrument’s properties, expected performance, operations, and calibration.
The Handbook is maintained by the NICMOS Instrument Group at STScl.

We designed the document to serve three purposes:

» To provide instrument-specific information for preparing Cycle 11
observing proposals with NICMOS.

» To provide instrument-specific information to support the design of
Phase Il programs for accepted NICMOS proposals (in conjunction
with the Phase || Proposal Instructions).

» To provide technical information about the operation and perfor-
mance of the instrument after the installation of the NCS, which can
help in understanding problems and interpreting data acquired with
NICMOS.

This Handbook is not meant to serve as a manual for the reduction and
analysis of datataken with NICMOS. For this, please refer to the HST Data
Handbook.

A significant change from the last version of the NICMOS Instrument
Handbook is that the Cycle 11 NI CMOS performance described hereis
that expected for operation with the NCS. The NCS is expected to cool
NICMOS to about 75-86 K, with a best estimate of 78.5 K, a full 15-25
K higher than during Cycle 7 and Cycle 7N operations. The higher
operating temperature affects the expected performance of the Instru-
ment. Throughout this Handbook, the adopted temperature is 78 K,
unless otherwise noted.
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Document Conventions

This document follows the usual STScl convention in which terms,
words, and phrases which are to be entered by the user in aliteral way on a
proposal are shown in a typewriter font (e.g., SAMP-SEQ=STEP16,
MULTIACCUM). Names of software packages or commands (eg.,
synphot) are given in bold type.

Wavelength units in this Handbook are in microns (um) and fluxes are
given in Janskys (Jy), unless otherwise noted.

Layout

NICMOS provides direct imaging in broad, medium, and narrow-band
filters at a range of spatial resolutions in the near infrared from 0.8 to 2.5
microns, together with broad-band imaging polarimetry, coronographic
imaging and dlitless grism spectroscopy. To guide the proposer through
NICMOS's capabilities and help optimize the scientific use of the
instrument we have divided this Handbook into five parts:
Part I: Introduction; Partll: User's Guide; Partlll: How to Plan an
Observation; Part IV: Cdlibration Overview; and PartV: Appendices.
Figure 1.1 provides aroad map to navigating the document.

The chapters of this Handbook are as follows:

Part | Introduction

» Chapter 1: Introduction and General Considerations, describes the
Handbook layout, where to find help and additional documentation,
and important advice for preparing NICMOS proposals.

» Chapter 2: Overview of NICMOS, provides an introduction to the
expected capabilities of NICMOS under NCS operations, the basic
physical and imaging layout, a description of the NCS, and a sum-
mary of the detectors' operations.

e Chapter 3: Designing NICMOS Observations, shows in tabular form
the required steps for designing a NICMOS observing program,
guides users through some of the technical details for choosing the
optimal configuration for a given observation, and provides the
reader with a“map” for the subsequent chapters.

Part |1 User’'s Guide

e Chapter 4: Imaging, provides a description of NICMOS's imaging
capabilities including camera resol utions and throughputs, image
quality and effects of cosmic rays. Described here is aso theinfrared
background seen by NICMOS.
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Chapter 5: Coronagraphy, Polarimetry and Grism Spectroscopy, pro-
vides detailed information on coronagraphic imaging, grism spec-
troscopy, and polarimetry.

Chapter 6: NICMOS Apertures and Orientation, describes the aper-
ture definitions and the sky-projected orientation of the instrument.

Chapter 7: NICMOS Detectors, describes the basic properties of the
detectors used in the three cameras including their physical charac-
teristics, capabilities and limitations. Performance descriptions are
based on expectations under NCS operations.

Chapter 8: Detector Readout Modes, explains the data taking modes
which take advantage of the non-destructive readout capabilities of
the NICMOS arrays. While nearly all observerswill choose to use
MULTIACCUM mode, we give descriptions of other modes to help
proposers/users choose the most appropriate ones for their observa-
tions.

Part 111: How to Plan an Observation

Chapter 9: Exposure Time Calculations, describes how to perform
signal to noise calculations, either by using pencil and paper, or using
software tools that are provided on the World Wide Web (WWW).

Chapter 10: Overheads and Orbit Time Determination, provides
information to convert from a series of planned science exposures to
an estimate of the number of orbits, including spacecraft and NIC-
MOS overheads. This chapter applies principally to the planning of
Phase | proposals.

Chapter 11: Techniquesfor Dithering, Background Measurement and
Mosaicing, describes the implementation of a pre-defined set of pat-
terns which accomplish dithering and chopping from the field of
interest, and allow easy generation of large mosaic images.

Part 1V: Calibration Overview

Chapter 12: Calibration Pipeline, briefly describes the processing of
NICMOS data by the STScl pipeline and the data that will be sent to
observers.

Chapter 13: Calibration Goals and Plans, summarizes the accuracies
expected for NICMOS data calibrated by the STScl pipeline during
Cycle 11, and gives an overview of the Cycle 11 calibration plan.

Part V: Appendices

* Appendix 1: Imaging Reference Material, provides summary infor-

mation, filter transmission curves, and sensitivity plotsfor each imag-
ing filter, ordered by camera and increasing wavel ength.
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» Appendix 2: Flux Unitsand Line Lists, provides formulae and tables
for the conversion of flux units, and alist of common infrared spec-
tral lines.

* Appendix 3: Bright Object Mode, describes the BRIGHTOBJ
read-out mode.
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Figure 1.1: Roadmap for Using the NICMOS Instrument Handbook
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NICMOS Proposal Preparation

4

The NICMOS Instrument Handbook and the Call for Proposals for
Cycle 11 (CP) should be used when assembling NICMOS Phase |
Proposals. The CP provides policy and instructions for proposing. In
addition, the HST Primer provides a basic introduction to the technical
aspects of HST and its instruments and explains how to calculate the
appropriate number of orbits for your Phase | observing time requests. The
NICMOS Instrument Handbook contains detailed technical information
about NICMOS, describing its expected performance, and presenting
suggestions for use.

If the Phase | proposal is accepted, the proposer will be asked to submit
a Phase Il program in which the exact configurations, exposure times and
sequences of observations that NICMOS and the tel escope should perform
are specified. To assemble the Phase Il program the observer is referred to
the NICMOS Instrument Handbook and to the Phase Il Proposal
Instructions. These instructions describe the rules and syntax that apply to
the planning and scheduling of NICMOS observations and provide relevant
observatory information.

At the time of thiswriting, the NCS has not been installed on HST yet.
Given the uncertainties in the final NCS operating temperature,
together with uncertaintiesin the NICMOS dark current (see Chapter
7), predictions of the performance of NICMOS should be treated as
provisional, and users should adopt conservative expectations for pro-
posing in Cycle 11.

The Help Desk at STScl

STScl maintains a Help Desk. The Help Desk staff at STScl quickly
provide answers to any HST-related topic, including questions regarding
NICMOS and the Cycle 11 proposal process. The Help Desk staff have
access to al of the resources available at the Institute, and they maintain a
database of answers so that frequently asked questions can be immediately
answered. The Help Desk staff also provide STScl documentation, in either
hardcopy or electronic form, including instrument science reports,
instrument handbooks, and the like. Questions sent to the Help Desk during
normal business hours are answered within one hour. Questions received
outside normal business hours will be answered the next business day.
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Usualy, the Help Desk staff will reply with the answer to a question, but
occasionally they will need more time to investigate the answer. In these
cases, they will reply with an estimate of the time needed to supply a full
answer.

We ask proposers to please send al initial inquiries to the Help Desk. If
a guestion requires a NICMOS Instrument Scientist to answer it, the Help
Desk staff will put a NICMOS Instrument Scientist in contact with the
proposer. By sending requests to the Help Desk, proposers are guaranteed
that someone will provide them with atimely response.

To contact the Help Desk at STScl:

* Send e-mail (preferred method): help@stsci.edu
* Phone: (410) 338-1082

The Space Telescope European Coordinating Facility (ST-ECF) also
maintains a help desk. European users should generally contact the
ST-ECF for help: all other users should contact STScl. To contact the
ST-ECF Help Desk:

* Send e-mail: stdesk@eso.org

The NICMOS Instrument Team at STScl

STScl provides ateam of Instrument Scientists, Scientific Programmers,
and Data Analysts who support the development, operation and calibration
of NICMOS. The team is also responsible for supporting NICMOS users.
The table inside the front cover of this Handbook lists the current members
of the NICMOS Instrument Team at STScl.

Supporting Information and the NICMOS
Web Site

The NICMOS Instrument Team at STScl maintains a World Wide Web
page, as part of the STScl home page. The URL for the STScl NICMOS
pageis:

http://www.stsci .edu/cgi-bin/nicmos
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NICMOS History in Brief

In order to understand the list of recommendations for proposal
preparation given below, abrief history of the Instrument is presented here.
A more detailed description of the NICMOS chronology, from installation
on HST until its present status, is given in Chapter 2.

During itsfirst operational period, which went from February 1997 (date
of installation on HST) to January 1999, NICMOS was passively cooled by
sublimating N, ice. Science observations were obtained from the beginning
of June 1997 till mid-November 1998, during which period the cryogen
kept the detectors’ temperature around 60 K, with a slow upward trend,
from 59.5 K to ~62 K, as the N, was sublimating. On January 3, 1999, the
cryogen was completely exhausted, marking the official end of NICMOS
operations under this cooling regime.

NICMOS offersinfrared capabilities in three cameras, NIC1, NIC2, and
NIC3 characterized by three magnification factors (see Chapter 2). The
three cameras had been built to be parfocal and to operate simultaneously.
A few months before launch, however, the NICMOS dewar underwent
thermal stresses, which made the three cameras no longer parfocal
(although they still retain the capability to operate simultaneously). Even
worse, shortly after installation on HST, the NICMOS dewar developed a
deformation which had two consequences: 1. it pushed the NIC3 focus
outside the range of the Pupil Alignment Mechanism (PAM); 2. created a
“heat sink”, which caused the Nitrogen ice to sublimate at a quicker pace,
thus shortening the lifetime of the instrument (from the expected 4.5 years
down to about 2 years). A couple of months after the start of the short, the
instrument stabilized at the operating configuration which remained during
the duration of its ‘cryogenic lifetime with NIC1 and NIC2 in focus and
practically parfocal, NIC3 out of focus relative to the other two cameras
and with its best focus dlightly outside the PAM range. During Cycle 7 and
Cycle 7N, two observing campaigns were organized to obtain in-focus
NIC3 observations by moving the HST secondary mirror. See the next
section and Chapter 4 for expected NIC3 operationsin Cycle 11.

The dewar deformation is most likely plastic. At the time of this writing
we believe that when the NCS will be installed the NICMOS operating
configuration will be the same as Cycle 7 and 7N: NIC1/NIC2 close to
being parfocal and in focus, NIC3 non-parfocal with the other two cameras
with the optimal focus dightly out of the PAM range but still perfectly
usable with the best achievable focus.
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Changes Relative to Cycles 7 and 7N

During Cycles 7 and 7N, the temperature of the three NICMOS
detectors was kept within the range 59-62 K by the solid N, coolant.
During Cycles 11 and later, the NCS will cool the NICMOS detectors to a
target temperature in the range of ~75-86 K, some 15-25 K higher than
during previous Cycles. The higher operating temperature causes a number
of changes in the detector's performance which are discussed in more detail
in Chapter 7. The NICMOS ETC (Chapter 9) has been updated to reflect
the expected changes.

At the time of thiswriting, the exact value of the temperature at which
NICMOS will operate after NCS installation is uncertain, and it will
not be known until the NCS is installed and the on-orbit performance
of NCS/NICMOS s characterized. That temperature depends critically
on many factors. the NCS on-orbit performance, the amount of para-
sitic heat loads on the NICMOS dewar and on the NCS, the tempera-
ture attained by the heat-rejecting external radiators, and the thermal
gradient within the NICMOS cryostat. Current estimates suggest the
detector operating temperature will be somewhere in the range ~75-82
K, with a best estimate of 78.5 K. Should the best attainable tempera-
ture be near the peak of the dark current bump at 82 K, then operation
at the higher temperature of 86 K would be considered. Given this pos-
sible range of operating temperatures, predictions of the instrument
performance are somewhat uncertain.

» A dark current with 2 €/sis expected to represent the worst case sce-
nario for all operating temperatures in the ~75-86 K range during
Cycle 11 (the best case scenario being adark current of ~0.4 €/s, see
Chapter 7 for details). In fact, after NCS installation, we will attempt
to operate NICMOS at the minimum stable detector temperature for
which the dark current is~2 €/s or less. However, only the longest
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exposures at wavelengths shorter than ~1.9 microns will be slightly
affected by the increased dark current (see Appendix 1). The ETC
allows the user to choose between scenarios.

Orbit allocations for Phase | proposals which are based on optimistic
dark current values will NOT be adjusted in the case of higher dark
current. We therefore recommend that proposers use the default set-
tings of the NICMOS ETC (78 K + dark current bump) which reflect
the worst case scenario for the dark current.

* TheDQE is expected to increase ~40-45% at 1 um, ~30-35% at 1.6
um, and ~20-25% at 2 um relative to the values at 63 K. Within the
temperature range ~75-86 K, the DQE and the depth of the full well
are expected to vary by ~10% or less. These changes are small and
the uncertainty in the final operating temperature can be neglected in
this case for the purpose of designing a Phase | proposal.

» Theread-out noise is expected to remain ~30 € per read-pair.

» Thefilters, which are viewed by the entire wavelength response of
the detectors, are expected to be cooled to about 160 K. Thisis close
to their original design temperature. During Cycles 7 and 7N, thefil-
tersreached ~100 K due to the thermal short. At 160 K, the back-
ground of the filters will remain negligible.

From an operational point of view, a number of changes have been
implemented for Cycle 11 which will considerably improve NICMOS
efficiency, data quality and scientific use:

* A new syntax for dither patterns has been developed which now
allows multiple exposures (e.g. in different filters) to be taken at each
dither position (for details, refer to Chapter 11).

* Inorder to reduce the degrading impact of cosmic ray persistence
(see Chapter 4 for details) after passage through the South-Atlantic
Anomaly (SAA), apair of ACCUM dark exposures will be obtained
immediately after each HST orbit through the SAA. The scheduling
of these dark exposures is automatic and transparent to the user. The
darks yield amap of the persistence pattern, and can be used to sub-
tract a significant amount of the unwanted persistence signal. Soft-
ware for implementing this correction will be tested and distributed
after the start of Cycle 11 observations, when we will have gained
experience with the necessary procedures using on-orbit data.
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A new readout schemeto avoid electronic bands will beimplemented
which reduces the likelihood that a detector reset occurs while
another detector is being read out (see Chapter 7).

As mentioned above, NIC3 is scientifically usable at the best achiev-
able PAM focus (see al'so Chapter 4). Therefore, no dedicated NIC3
campaigns (involving moves of the HST secondary mirror) are
planned for Cycle 11 and later.

Recommendations for Proposers

We give here a summary of general recommendations for both Phase |
and Phase Il proposal preparation. Recommendations are based on the
experience we gained with NICM OS performance during Cycles 7 and 7N.
However, observers are strongly advised to read the technical sections that
follow in order to develop an optimal observation strategy based on the
demands of their individual scientific goals. Also the Advisories page
maintained on the NICMOS WWW site should be consulted for updates.

Recommendations for Phase | proposals:

NIC1 (NIC2) offers diffraction-limited capabilities at J- (H-) band
and longer wavelengths, while NIC3 offers high sensitivity (due to
the lower angular resolution) with the largest field-of-view among the
three cameras. In particular, NIC3 reaches fainter magnitudes than
the other two cameras (for the same exposure time) for observations
which are not limited by photon noise from source + background, i.e.
where read-out or dark noise are significant. Thisistrue for most
observations of faint targets. However, the poor spatial sampling of
NIC3 can limit its sensitivity for faint point sources, and also limits
photometric accuracy for point sources.

When choosing NIC3, proposers should be aware that this camerais
dlightly out-of-focus, with atypical loss of peak flux around 20% and
aloss of encircled energy of about 10% - 15% at 0.2" radius. Chapter
4 should be consulted for the detailed performance of the
out-of-focus NIC3.

The highest sensitivity gain relative to ground-based observationsis
at wavelengths shorter than 1.8 um. The background at Jand H seen
by HST isafew hundred times smaller than at ground-based observa-
tories. The background at K is only marginally better on HST, due to
the telescope’s thermal emission. However, observations in the ther-
mal regime (longward of 1.8 um) may be more advantageous with
NICMOS if high angular resolution is a requirement for the science
goal.
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Observations of extended sourcesin the thermal regime (longward of
1.8 um) may need to obtain background observations as well (chop-
ping off the target). Given the stability of the thermal background,
however, it will not be necessary to get background measurements
more frequently than once per orbit. For point sources or extended
sources which do not fill the camera field-of-view, images of the ther-
mal background can be obtained with dithering (see recommenda-
tions below).

For the purpose of removing cosmic rays, photon and cosmic-ray
persistence, detector artifacts, and for averaging out flat-field sensi-
tivity variations, observers are strongly advised to dither an observa-
tion as much as possible. Thisimplies dividing single-orbit
observationsinto at least three exposures and multi-orbit observa-
tions into two exposures per orbit. The general advice of dithering is
generally not applicable to observations of faint sources around/near
bright ones. If the bright source saturates the detector, the saturated
pixelswill be affected by persistence; in this case, the observers have
two options: 1. not dithering, to avoid placing the faint target on the
saturated pixels; 2. dithering by large amounts (by ~quadrant) to
move away from the persistence-affected region.

The dithering requirement poses a practical upper limit of ~1,500
seconds to the longest integration time for asingle exposure. Thisis
roughly equivalent to having 2 exposures per orbit. Observers wish-
ing to detect faint targets should work out their S/N requirements by
determining (e.g., with the ETC) the S/N achieved in a single expo-
sure and then co-adding n exposures according to ./», until the
desired S/N is achieved. The latter is an essential step given the large
read-out noise of the NICMOS detectors.

In the case of crowded fields, observers are advised to dither their
observations with sub-pixel sampling. In post-processing, the images
should be combined with the Drizzling Software. Otherwise the lim-
iting sensitivity of NICMOS will not be reached due to PSF overlap
and confusion.

Proposers who want to use the NIC3 GRISM s should be aware that
the spectral resolution quoted in the Handbook (R~200) is per pixel;
the actual resolution, calculated over 2 pixels, is R~100.

Observers proposing to use the NICMOS coronagraphic hole may
want to consider back-to-back visits - possibly within one orbit - of
their targets with an in-between roll of the spacecraft for optimal PSF
subtraction.

Observers proposing to use the NICMOS coronagraphic hole should
consider adding contemporary flat-field observations.
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Recommendations for Phase Il proposals:

» For fields containing faint targets only, the linear MULTIACCUM
sequences (SPARS...) should be preferred. They are best suited for
removing instrumental effects from the astronomical data. However,
for fields containing both bright and faint sources, logarithmic
sequences should be preferred (STEP...), asthey offer the largest
dynamic range and allow the calibration software to recover saturated
targets. The MIF sequences are not recommended for use because
they introduce additional amplifier glow into the data.

*  When designing their dithering patterns, observers should take into
account that the sensitivity across each detector changes by as much
as afactor 2.5 at short wavelengths and by afactor ~2 at long wave-
lengths. The sensitivities used in the ETC and in this Handbook are
average values across each detector. The sengitivity variations will
mostly affect observersinterested in the full field-of-view.

* The NIC3 PSF is undersampled and intrapixel sensitivity variations
arelarge in this camera. Photometry on point sources can vary by
>0.2 mag in Jand up to 0.2 mag in H depending on the placement
within a pixel. Observers are encouraged to consider sub-pixel dith-
ering in their NIC3 observations; 4-6 dithering positions minimum
are recommended.

* The bottom 10-15 rows of the three cameras’ field of views are some-
what vignetted and interesting targets should not be placed there.

 For coronagraphic observations: coronagraphic hole movements and
HST focus changes (breathing) will result in residual noise during
PSF subtraction. PSF stars should be observed close in time to the
primary target.

» HST absolute pointing isonly good to about 1 arcsecond (16 = 0.33");
dithering patterns should be designed to place science targets away
from the edges of the cameras by at |east this amount.

Supported and Unsupported NICMOS
Capabilities

As was done for both NICMOS and STIS for past Cycles, we have
established a set of core scientific capabilities of NICMOS which will be
supported for Cycle 11 science. These capabilities cover an enormous
range of science applications.

Supported capabilities include:
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e NIC1, NIC2, and NIC3 observationsin any filter or polarizer/grism.
NIC3 comes“asis’, namely slightly out-of-focus (see Chapter 4 for a
detailed explanation of the NIC3 capabilities).

e MULTIACCUM and ACCUM detector readout modes (see Chapter 8
for adiscussion of the problems that can be faced when using ACCUM
mode).

- Thedefined MULTIACCUM SAMP-SEQ exposure time sequences,
- A subset of the ACCUM exposure times as defined in Chapter 8.
- ACCUM NREAD=1 or 9 valuesonly.

» Coronagraphic observations, including on-board target acquisitions.

One additional capability is“available’ , but not supported for Cycle 11.
The use of this capability can be proposed upon consultation with a
NICMOS Instrument Scientist, and is useful only for target acquisition of
extremely bright sources for coronagraphic observations. The use of this
capability requires approval from STScl and support for calibration is
non-existent.

The unsupported (“available”) capability is:

* BRIGHTOBJ readout mode. The calibration and linearity of this
mode is problematic.

The use of this capability is strongly discouraged if the acquisition of a
target for coronagraphic observations can be obtained with any of the
supported capabilities. Cycle 11 proposals which include use of the
unsupported NICMOS capability must include a justification of why the
target acquisition cannot be done with a supported configuration, and must
justify the added risk of using an unsupported mode in terms of the science
payback.
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In this chapter we provide an overview of the basic properties and
capabilities of NICMOS under the NICMOS Cooling System (NCS). We
first give an overview of the NICMOS capabilities, then abrief summary of
the NICMOS history that led to the installation of the NCS. A description
of the optical and mechanical layout of the NICMOS instrument follows,
before we proceed to the NCS design and its interface to NICMOS. Lagt, a
summary of the NICMOS basic operationsis given.

Instrument Capabilities

NICMOS, the Near Infrared Camera and Multi-Object Spectrometer, is
an HST axia instrument, containing three cameras designed for
simultaneous operation. The NICMOS optics offer three adjacent but not
gpatialy contiguous fields-of-view of different image scales. The
instrument covers the wavelength range from 0.8 to 2.5 microns, and
contains a variety of filters, grisms, and polarizers. Each camera carries a
complement of 19 optical elements, selected through independent filter
wheel mechanisms, one per camera. In order to allow operation of the
NICMOS detectors and to minimize the therma background of the
instrument, NICM OS needs to be cooled to cryogenic temperatures.

19
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The basic capabilities of the instrument (Table 2.1), and the chapters
which discuss them are:

Table 2.1: Overview NICMOS Capabilities

Mode NIC1 NIC2 NIC3 Comments
Imaging
e FOV (arcsec) 11x11 19.2x19.2 51.2x51.2
e Scale(arcsec/pixel)  0.043 0.075 0.2
e Sensitivity limit (J,  24.5,23.2,- 258,246,208 26.1,255216 SIN=3,
H, K)* texp = 3000 S
 Diffraction limit 1.0 1.75 -
(wm)
Grism
Spectroscopy
+ Type MOS dlitless
e R 200 per pixel
e AL (um) 0.8-1.2 G096
1119 G141
14-25 G206
¢ Magnitude limit 214,211,180 A0V, SIN=5,
(Vega H-band)! texp = 3600
Polarimetry
« Filter angles (deg) 0, 120, 240
o AL (um) 1.9-2.1
Coronagraphy
¢ holeradius (arcsec) 0.3 cold mask

1. Limiting magnitudes are from the NICMOS ETC (see Chapter 9). Infrared
passbands (J,H,K) are defined by Bessell and Brett (1988, PASP, 100, 1134).

* IR imaging: NICMOS providesits highest sensitivity from 1.1 to ~2
microns, whereit is superior to an 8m class telescope, and better sen-
sitivity than the ACS for all observations for wavelengths longward
of ~1.0 microns. Chapter 4 discusses the overall throughput of NIC-
MOS and the optical elements available in each camera. The low
background which HST offers between 0.8 and 2 microns will allow
deep photometry. Our estimates of limiting sensitivities per pixel to
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give a 3 ¢ detection in a 3,000 second integration are given in Table
2.2 for the worst dark current assumptions (see the last section of this
Chapter and Chapter 8 for a discussion on the dark current).

Table 2.2: Limiting Sensitivities in Janskys for S/N = 3 detection of a point source
in a standard aperture of diameter 1", 1", and 2" for NIC1, NIC2, and NIC3,
respectively, after 3,000 seconds for worst case dark current assumptionsl*z.

Limiting Sensitivity

Camera Filter Baqdwidth
(microns) Jansky Approx. Mag.
NIC1 F110W 0.8-135 2.65x 1077 J=245
NIC1 F140W 0.8-1.8 1.53x 107 J=251
NIC1 F160W 14-18 5.12x 1077 H=232
NIC2 F110W 0.8-1.35 8.01x 108 J=25.8
NIC2 F160W 14-18 1.41x 107 H =246
NIC2 F237M 23-25 2.93x 106 K =20.8
NIC3 F110W 08-135 6.07x 10°® J=26.1
NIC3 F160W 14-18 6.15x 108 H=255
NIC3 F240M 23-25 1.40x 10 K=216

1. Size of apertures used for the NICMOS standard star photometric calibra-
tion.

2. Limiting magnitudes are from the NICMOS ETC (see Chapter 9). Infra-
red passbands (J,H,K) are defined by Bessell and Brett (1988, PASP, 100,
1134).

» Grism Spectroscopy: Camera 3 has three grisms which provide a
multi-object spectroscopic capability with aresolving power of R
~200 per pixel over the full field of view of the camera. Their wave-
length ranges are 0.8 to 1.2 microns, 1.1 to 1.9 microns, and 1.4 to
2.5 microns. Because the grisms are dlitless, the spectra of spatially
resolved objects are confused and multiple objects can overlap.

* Imaging Polarimetry: Three polarizing filters with pass directions of
0, 120, and 240 degrees are provided for the wavebands 0.8-1.2
micronsin Camera 1 and 1.9-2.1 micronsin Camera 2.

e Coronagraphy: A 0.3 arcsec radius occulting hole and cold mask, in
the intermediate resolution Camera 2, provides a coronagraphic
imaging capability.

Chapter 5 discusses these three specia capabilitiesin more detail.
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History of NICMOS

NICMOS was installed onboard the HST during the second Servicing
Mission (SM2) in February 1997. Prior to the SM2 launch, an extensive
ground testing program was executed, during which the NICMOS dewar
was filled with about 240 pounds of liquid nitrogen which was then
solidified (in stages) by passing cold helium gas through a coil located at
the aft end (see Figure 2.2). This reduced the temperature of the nitrogen to
about 40K. During testing and storage, the block of solid nitrogen
increased in temperature as expected (from passive heat inputs). To avoid
reaching the triple point (at ~63K) the block was recooled approximately
every 6-8 weeks, again using cold Helium gas circulating through the aft
end cooling coil. During this process, nitrogen gas froze onto the cooling
coil. Thisreduced the vapor pressure at the aft end, effectively pumping gas
from the warmer fore end to the aft. As the dewar was allowed to warm up,
the ice at the aft end expanded, pushing into the interior surfaces of the
dewar and deforming it. By mid-1996 the three cameras in NICMOS were
no-longer parfocal although there were good reasons to expect that they
would return to a nearly parfocal state after a fraction of the nitrogen had
evaporated on orbit. At that time a total deformation of ~4 mm had been
observed and steps were taken to both assure that the dewar remained flight
worthy and that subsequent recooling Cycles did not stretch the dewar
further. Also, the internal optical alignment and focus mechanism (the
Pupil Alignment Mechanism—PAM) was replaced with a version
providing twice the focus range and a demonstrated capability for frequent
movement. The PAM, originally intended to align the input beam onto the
corrective optic and to bring NICMOS into parfocality with the WFPC2
(the only HST instrument without an internal focus mechanism), would be
used to support a unique focus setting for each NICMOS camera and to
switch between them routinely.

After NICMOS was installed in HST, the dewar was planned to warm
up to about 57 K. This high atemperature was never allowed to be reached
during ground testing. The ice expansion caused by this temperature
increase resulted in an additional dewar deformation, to the extent that one
of the (cold) optical baffles made mechanical contact with the vapor-cooled
shield (VCYS). The resulting heat flow caused the ice to warm up even more,
to about 60 K, which in turn deformed the dewar more. The motion history
of NICMOS and the resulting image quality are discussed in Chapter 4.

This unexpectedly large deformation had several undesirable effects, the
most important of which are:

» Thethree cameras have significantly different foci, hence parallel
observations are degraded. The difference between the NIC1 and
NIC2 foci, however, is sufficiently small that an intermediate focus
yields good quality images in both cameras.
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» TheNIC3 focus has moved outside of the range of the PAM. In order
to enable execution of Cycle 7 programs that required the use of cam-
era 3, two “NIC3 campaigns’ were performed in January and June of
1998. These were periods of 2-3 weeks during which the HST sec-
ondary mirror was adjusted to bring the focus back into the NIC3
PAM range. During thistime, HST performed exclusively NIC3 sci-
ence, since no other HST instrument was in focus. While it was ini-
tially hoped that the NI1C3 focus would eventually return to within the
PAM range, we no longer expect thisto happen. However, at the
maximum PAM position, the degradation in terms of encircled
energy at a0.2" radiusisonly 10-15%. Thisis considered sufficiently
small, and NIC3 will be offered “asis’ in Cycle 11 and future

Cycles.

» Thethermal short increased the heat flux into the inner shell (and
therefore the solid nitrogen) by afactor of 2.5 and thereby reduced
the lifetime of NICMOS from 4.5 to ~ 2 years. The cryogen depleted
in January 1999, and NICMOS has since been unavailable for sci-
ence operation.

To enable completion of the NICMOS science program despite the
shortened lifetime, NASA and STScl adjusted the HST scheduling in such
a way that NICMOS observations were assigned 40-50% of the total
observing time in Cycle 7. Moreover, a second Call for Proposals (CP) for
additional NICMOS science was issued in summer 1997. The proposals
were put through the peer review process, and the full science program was
executed before the cryogen depletion.

To restore and conserve an infrared capability on HST, NASA has
developed the concept of the NICMOS Cooling System (NCS), a
mechanical cryocooler that will re-enable NICMOS operation. The NCS
will cool the NICMOS dewar to temperatures around 75-86 K,
significantly higher than during Cycle 7. Therefore, many NICMOS
parameters will be different from Cycle 7, and users should pay close
attention to the new NICMOS performance which is discussed in Chapter
4, Chapter 5, and Chapter 7.

NICMOS Instrument Design

Physical Layout

NICMOS is an axia bay instrument which replaced the Faint Object
Spectrograph (FOS) in the HST aft shroud during the Second HST
Servicing Mission in February 1997. Its enclosure contains four major
elements. a graphite epoxy bench, the dewar, the fore-optics bench, and the
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Entrance Aporlure

electronics boxes. The large bench serves to establish the alignment and
dimensional stability between the HST optics (via the latches or fittings),
the room temperature fore optics bench, and the cryogenic optics and
detectors mounted inside the dewar. The NICMOS dewar was designed to
use solid nitrogen as a cryogen for adesign lifetime of approximately 4.5 +
0.5 years. Cold gas vented from the dewar was used to cool the vapor
cooled shield (VCS) which provides a cold environment for both the dewar
and the transmissive optical elements (i.e., the filters, polarizers, and
grisms). The VCS s itself enclosed within two layers of
thermal-electrically cooled shells (TECs).

Figure 2.1 is an overview of the NICMOS instrument; Figure 2.2 shows
details of the dewar. The external plumbing at the dewar aft end, which was
used for the periodica recooling of the solid nitrogen during ground
testing, will now form the interface to the NCS. During SM3B, the NCS
will be connected to the bayonet fittings of the NICMOS interface plate.
This will allow the NCS to circulate cryogenic Neon gas through the
cooling coils in the dewar, thus providing the cooling power to bring the
instrument into the temperature range required for operation. The concept
and working principle of the NCS is discussed in the next section.

Figure 2.1: Instrument Overview

Electrical interfaco

Enclosure
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Figure 2.2: NICMOS Dewar
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Imaging Layout

The NICMOS fore-optics assembly is designed to correct the
spherically aberrated HST input beam. As shown in the left hand panel of
Figure 2.3 it comprises a number of distinct elements. The Pupil Alignment
Mechanism (PAM) directs light from the telescope onto a re-imaging
mirror, which focuses an image of the Optical Telescope Assembly (OTA)
pupil onto an internal Field-Offset Mechanism (FOM) with a pupil mirror
that provides a small offset capability (26 arcsec). An internal flat field
source is aso included in the FOM assembly. In addition, the FOM
provides correction for conic error in the OTA pupil.

After the FOM, the Field Divider Assembly (FDA) provides three
separate but closely-spaced imaging fields, one for each camera (right hand
panel of Figure 2.3). The dewar itself contains a series of cold masks to
eliminate stray IR emission from peripheral warm surfaces.

A series of relay mirrors generate different focal lengths and
magnifications for the three cameras, each of which contains a dedicated
256 x 256 pixel HgCdTe chip that is developed from the NICMOS 3
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detector design. NICMOS achieves diffraction limited performance in the
high resolution NIC1 longward of 1.0 microns, and in NIC2 longward of

1.75 microns.

Figure 2.3: Ray Diagrams of the NICMOS Optical Train. The left panel shows the
fore-optics. The right panel shows the field divider and re-imaging optics for the

three cameras.
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The operation of each camera is separate from the others which means
that filters, integration times, readout times and readout modes can be
different in each, even when two or three are used simultaneously. The
basic imaging properties of each of the cameras is summarized in Table

2.3.

Table 2.3: Basic Imaging Parameters

Parameter Cameral Camera 2 Camera 3
Pixel Size (arcsec) 0.043 0.075 0.2

Field of View (arcsec x arcsec) 11x11 19.2x 19.2 51.2x51.2
Fratio F/80 F/45.7 F/17.2

Diffraction Limited Wavelength (um) 1.0 175
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Camera NIC1

NIC1 offers the highest available spatial resolution with an 11 x 11
arcsec field of view and 43 milliarcsec sized pixels (equivalent to the
WFPC2 PC pixel scale). Thefilter complement includes broad and medium
band filters covering the spectral range from 0.8 to 1.8 microns and narrow
band filters for Paschen a,, Hel, [Fe Il] A 1.64um, and [S111] A 0.953 um,
both on and off band. It is equipped with the short wavelength polarizers
(0.8 to 1.3 microns).

Camera NIC2

NIC2 provides an intermediate spatial resolution with a 19.2 x 19.2
arcsec field of view and 75 mas pixels. The filters include broad and
medium band filters covering the spectral range from 0.8 to 2.45 microns.
The filter set also includes filters for CO, Brackett v, H, S2 (1-0) A 2.122
um, Paschen o, HCO, + C,, and the long wavelength polarizers (1.9-2.1
microns). Camera 2 also provides a coronagraphic hole with a 0.3 arcsec
radius.

Camera NIC3

NIC3 has the lowest spatia resolution with a large 51.2 x 51.2 arcsec
field of view and 200 milliarcsec pixels. It includes broad filters covering
the spectral range 0.8 to 2.3 microns, medium band filters for the CO band
(and an adjacent shorter wavelength continuum region), and narrow band
filters for H, S2 (1-0), [Si VI] A 1.962 um, Paschen-a, [Fe 1] A 1.64 um,
and Hel A 1.083 um. Camera 3 also contains the multi-object
spectroscopic capability of NICMOS with grisms covering the wavelength
ranges 0.8-1.2 microns, 1.1-1.9 microns, and 1.4-2.5 microns.

Location and Orientation of Cameras

The placement and orientation of the NICMOS cameras in the HST
focal planeisshown in Figure 2.4. Notice that the cameras are in a straight
line pointing radially outward from the center of the telescope focal plane.
From the observer’s point of view the layout of NICMOS is most relevant
when trying to plan an observation of an extended source with all three
cameras simultaneously. The user must then bear in mind the relative
positions and orientations of the three cameras. The gaps between the
cameras are large, and therefore getting good positioning for all cameras
may be rather difficult.

The position of the NICMOS cameras relative to the HST foca plane
(i.e., the FGS frame) depends strongly on the focus position of the PAM.
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Since independent foci and their associated astrometric solutions are
supported for each camera, thisis transparent to the observer. However, the
relative positions of the NICMOS cameras in the focal plane could affect
the planning of coordinated parallels with other instruments.

Figure 2.4: NICMOS Field Arrangement
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The NICMOS Cooling System

The purpose of the NICMOS Cooling System (NCS) is to enable
continued operation of NICMOS by cooling the detectors to temperatures
around 75-86 K, with a best estimate of 78.5 K. Thiswill be achieved by a
closed-loop circuit which runs cryogenic gas through a coil inside the
NICMOS dewar.

Many of the characteristics of the NCS such as power consumption,

lowest possible operating temperature, or temperature stability, are still
uncertain and have to await on-orbit testing. The numbers stated in his

section should be regarded as estimates only.

The NCS consists of three major subsystems: 1) a cryocooler which
provides the mechanical cooling, 2) a Capillary Pumped Loop (CPL)



The NICMOS Cooling System [l 29

which transports the heat dissipated by the cryocooler to an externd
radiator, and 3) a circulator loop which transports heat from the inside of
the NICMOS dewar to the cryocooler via a heat exchanger. Additional
elements of the NCS are the Power Conversion Electronics (PCE) which
provide the up to 400 W AC power needed by the cooler, and the Electronic
Support Module (ESM) which contains a microprocessor (indicated as
uprocessor in Figure 2.5) to control the heat flow. Fig. 2.5 shows a
schematic of the system.

Figure 2.5: Overview of the NCS
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In what follows, we give a more detailed description of the NCS
subsystems:

The cryocooler, manufactured by Creare, Inc., is a reverse-Brayton
cycle turbine design. The compression and subsequent expansion of the
Neon gas results in a net cooling which can be used to remove heat from
the NICMOS dewar via the heat exchanger to the circulator loop (see
Figure 2.5). The Creare design has several major advantages for application
on HST. First, the closed loop system operates at very high speed -- about
7000 revolution per second -- which limits the probability of mechanical
coupling to the HST structure, thus minimizing the risk of spacecraft jitter.
Second, the system is capable of providing large cooling power. In order to
maintain NICMOS at an operating temperature around 75-86 K, an
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estimated cooling power of 400 mW is needed. Since the parasitic losses
due to the flex lines and bayonet couplings (see below) are rather large,
delivering 400 mW of cooling power to NICMOS requires about 8W
from the cooler. Finaly, the Creare design is compact enough to fit into the
previously unused space between the NICMOS enclosure and the HST aft
end bulkhead.

The cryocooler dissipates between 250 and 400 W of energy which
needs to be removed from the aft shroud. Thisis achieved via a Capillary
Pumped Loop (CPL) that thermaly connects the housing of the
compressor pump with an external radiator. The continuous heat flow
through the (passive) CPL lines is maintained by a set of heaters that are
controlled by the ESM micro controller.

The heat from inside NICMOS is transported to the cryocooler via a set
of flex lines. The flex lines connect to the inside of the dewar via bayonet
fittings at an interface plate outside of the dewar which is accessible to the
astronauts during SM3B. After installation, this loop -- the circulator loop
-- will be filled with Neon gas from high pressure storage bottles. The
bottles provide enough gas to purge, pressurize, and, if necessary,
re-pressurize the circulator loop. The Neon gas, driven by a high speed
circulator pump and cooled via the heat exchanger to the cryocooler loop,
circulates through the cooling coil at the aft end of the NICMOS dewar (see
Figure 2.2), thus cooling the entire instrument. The exact temperature of
the Neon gas in the circulator loop - and thus the temperatures reached by
the NICMOS detectors - will depend on the nature and amount of the
parasitic heat loads to the flex lines and the NICMOS dewar. Current best
estimates are 62 K at the heat exchanger, with about 400 mW of parasitic
heat |oads, this should result in detector temperatures between 75 and 86 K.

The ESM will use the telemetry readings of a number of temperature
sensors inside the NICMOS dewar in an active control law in order to
regulate the cooling power of the NCS, and thus provide stability of the
operating temperature of the NICMOS detectors. Because of the sensitive
dependence of a number of detector characteristics on temperature (see
Chapter 7), the temperature stability is a crucia requirement on NCS
performance. The stability specification of 0.1 K/orbit - combined with a
setpoint repeatability of 0.5 K - should allow stable calibration of NICMOS
data.

All components of the NCS are combined into a common enclosure, the
NICMOS CryoCooler (NCC). Figure 2.6 shows aline drawing of the NCC,
without any Multi-Layer Insulation (MLI). The system has been
successfully tested in space during the HST Orbital Systems Test (HOST)
shuttle mission in fall 1998.

Remaining uncertainties about the NCS performance stem from the
natural lack of tests with the actual NICMOS dewar. In ground tests, as
well as during HOST, a NICMOS simulator was used to mimic the
expected parasitic heat loads from, and the mechanical connections to the
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actua NICMOS. How closely this simulator resembles the NICMOS
dewar is somewhat uncertain, hence we expect a range of possible
operating temperatures for the revived NICMOS detectors. How the actual
operating temperature affects the NICMOS scientific performance is
discussed in detail in Chapter 7.

Figure 2.6: Line drawing of the NCC structure
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Basic Operations

In this section, we give a brief description of the basic operations of
each NICMOS detector (see Chapter 7 for more details), giving also a
comparison with CCDs, of the target acquisition modes for coronagraphy
(see Chapter 5 for a more extensive description of coronagraphy); of the
simultaneous use of the three Cameras.

Detectors’ Characteristics and Operations

NICMOS employs three low-noise, high QE, 256x256 pixel HgCdTe
arrays. Active cooling provided by the NCS keeps the detectors
temperature between 75 K and 86 K. The detector design is based on the
NICMOS 3 design; however, there are differences between the two (see
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Chapter 7). Here we summarize the basic properties of the NICMOS
detectors most relevant to the planning of observations.

The NICMOS detectors have expected dark current values between 0.4
electrons per second (best case scenario) and 2.0 electrons per second
(worst case scenario). See Chapter 7 for a detailed explanation of the best
and worst case scenarios. The effective readout noise for a single exposure
is approximately 30 electrons.

The NICMOS detectors are capable of very high dynamic range
observations and have no count-rate limitations in terms of detector safety.
The dynamic range, for asingle exposure, is limited by the depth of the full
well, or more correctly by the onset of strong non-linearity, which limits
the total number of electrons which can usefully be accumulated in any
individua pixel during an exposure. Unlike CCDs, NICMOS detectors do
not have a linear regime for the accumulated signal; the low- and
intermediate-count regime can be described by a quadratic curve and
deviations from this quadratic behavior is what we define as ‘strong
non-linearity’. Current estimates under NCS operations give a value of
~145,000 electrons (NIC1 and NIC2) or 185,000 electrons (NIC3) for the
2% deviation from quadratic non-linearity.

However, one must consider the peristence effect. See Chapter 4 Sec-

v There are no bright object limitations for the NICMOS detectors.
tion " Photon and Cosmic Ray Persistence” for details.

NICMOS has three detector read-out modes that may be used to take
data (see Chapter 8) plus a target acquisition mode (ACCUM,
MULTIACCUM, BRIGHTOBJ, and ACQ).

For Cycle 11, only ACCUM, MULTIACCUM, and ACQ are supported
and ACCUM mode observations are strongly discouraged.

The simplest read-out mode is ACCUM which provides a single
integration on a source. A second mode, called MULTIACCUM, provides
intermediate read-outs during an integration that subsequently can be
analyzed on the ground. A third mode, BRIGHTOBJ, has been designed to
observe very bright targets that would otherwise saturate the detector.
BRIGHTOBJ mode reads-out a single pixel at a time. Due to the many
resets and reads required to map the array there are substantial time
penaltiesinvolved. BRIGHTOBJ mode may not be used in parallel with the
other NICMOS detectors. BRIGHTOBJ mode appears to have significant
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linearity problems and has not been tested, characterized, or calibrated
on-orhit.

Users who require time-resolved images will have to use either ACCUM
where the minimum exposure time is about 0.6 seconds, and the minimum
time between successive exposures is ~ 8 - 12 seconds, or MULTIACCUM
where the shortest spacing between non-destructive exposures can be
reduced to 0.203 seconds.

MULTIACCUM mode should be used for most observations. It provides
the best dynamic range and correction for cosmic rays, since
post-observation processing of the data can make full use of the multiple
readouts of the accumulating image on the detector. In some cases, a
sequence of ACCUM mode observations may offer a significant advantage
for read noise limited observations using the NREADS option to decrease
the effective read noise by up to a factor of ~2 (see Chapter 8). However,
exposures longer than about 10 minutes should aways opt for the
MULTIACCUM read-out mode, because of the potentially large impact of
cosmic rays. To enhance the utility of MULTIACCUM mode and to simplify
the implementation, execution, and calibration of MULTIACCUM
observations, a set of MULTIACCUM sequences has been pre-defined. The
observer, when filling out the Phase |1 proposal, needs only to specify the
name of the sequence and the number of samples which should be obtained
(which defines the total duration of the exposure).

Comparison to CCDs

These arrays, while they share some of the same properties as CCDs, are
not CCDs and offer their own set of advantages and difficulties. Users
unfamiliar with IR arrays should therefore not fall into the trap of treating
them like CCDs. For convenience we summarize the main points of
comparison:

* Aswith CCDs, there is read-noise (time-independent) and dark cur-
rent noise (time-dependent) associated with the process of reading
out the detector. The dark current associated with NICMOS arraysis
quite substantial compared to that produced by the current generation
of CCDs. In addition, thereis an effect called shading which isa
time-variable bias from the last read affecting the readout amplifiers.

* Unlikea CCD, theindividual pixels of the NICMOS arrays are
strictly independent and can be read non-destructively. Read-out
modes have been designed which take advantage of the non-destruc-
tive read capabilities of the detectorsto yield the optimum signal to
noise for science observations (see Chapter 7, 8). Because the array
elements are independently addressed, the NICMOS arrays do not
suffer from some of the artifacts which afflict CCDs, such as charge
transfer smearing and bleeding due to filling the wells. If, however,
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they are illuminated to saturation for sustained periods they retain a
memory (persistence) of the object in the saturated pixels. Thisis
only a concern for the photometric integrity of back to back expo-
sures of very bright targets, as the ghost images take many minutes,
up to one hour, to be flushed from the detectors.

Target Acquisition Modes

Most target acquisitions can be accomplished by direct pointing of the
telescope. The user should use target coordinates which have been
measured with the Guide Star Astrometric Support Package (GASP) to
ensure the best accuracy with respect to the HST Guide Star Catalog.
Particular care must be exercised with targetsin NIC1 dueto its small field
of view.

However, direct pointing will not be sufficient for coronagraphic
observations since the achieved precision (16 =0.33”) is comparable to the
size of the coronagraphic spot (0.3"). Note that this is the HST pointing
error only. Possible uncertainties in the target coordinates need to be
added to the total uncertainty.

There are three target acquisition options for coronagraphic
observations, which are extensively discussed in Chapter 5:

* On-board acquisition (Mode-2 Acquisition). This commands
NICMOS to obtain an image of the target and rapidly position the
brightest sourcein arestricted field of view behind the coronagraphic
hole. Thisis one of the pre-defined acquisition modes in the Phase |1
proposals (ACQ mode).

* TheRE-USE TARGET OFFSET special requirement can be used to
accomplish a positioning relative to an early acquisition image.

* A real time acquisition (INT-2ACQ) can be obtained although thisis
costly in spacecraft time and isalimited resource.

While 2cQ mode is restricted to coronagraphic observations in Camera
2, the last two target acquisition modes may be useful for positioning
targets where higher than normal (1-2 arcsec) accuracy is required (e.g.,
crowded field grism exposures).

Attached Parallels

While the three NICMOS cameras are no longer at a common focus,
under many circumstances it is desirable to obtain data simultaneously in
multiple cameras.

The foci of Cameras 1 and 2 are close enough that they can be used
simultaneously, whereas Camera 3 should be used by itself.
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The rest of this section applies only to Phase |l proposals—there is no
need to worry about this for Phase | proposals.

Although some programs by their nature do not require more than one
camera (e.g., studies of isolated compact objects), observers are still
encouraged to add exposures from the other camera(s) to their proposalsin
order to obtain the maximum amount of NICMOS data consistent with
efficiently accomplishing their primary science program. Internal
NICMOS parallel observations obtained together with primary science
observations will be known as attached parallels and will be delivered to
the prime program’s observer and will have the usual proprietary period.
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CHAPTER 3:

Designing NICMOS
Observations

In this chapter ...

The Visual Target Tuner (VTT) / 38

In the preceding chapters, we provided an overview of the scientific
capabilities of NICMOS and the basic layout and operation of the
instrument. Subsequent chapters will provide detailed information about
the performance and operation of the instrument. In this Chapter, we briefly
describe the conceptual steps which need to be taken when designing a
NICMOS observing proposal. The scope of this description is to refer
proposers to the relevant Chapters across the Handbook. The basic
sequence of steps in defining a NICMOS observation are shown in a flow
diagram in Figure 3.1, and are:

Identify the science requirements and select the basic NICMOS con-
figuration to support those requirements (e.g., imaging, polarimetry,
coronagraphy). Refer to the detailed accounts given in Chapter 4 and
Chapter 5.

Select the wavelength region of interest and hence determine if the
observations will be Background or Read-Noise limited using the
Exposure Time Calculator available on the STScl NICMOS WWW
page (see also Chapter 9 and Appendix 1).

Establish which MULTIACCUM sequence to use. Detailed descrip-
tions of these are provided in Chapter 8. This does not need to be
specified in aPhase | proposal. However, if areadout mode other
than MULTIACCUM isrequired, this should bejustified in the Phase |
proposal.

37
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4

Estimate the exposure time to achieve the required signal to noise ratio
and check feasibility (i.e., saturation limits). To determine exposure time
requirements and assess whether the exposure is close to the brightness and
dynamic range limitations of the detectors, the Exposure Time Calculator
on the WWW or the sensitivity plotsin Appendix 1 should be used.

Proposers should always use the NICMOS ETC to calculate exposure
times. The default settings of the ETC assume the presence of a dark
current anomaly that was observed during the NICMOS warmup (see
Chapter 7a). This corresponds to a dark current of ~2 €/dpixel at a
detector temperature of 78 K.

* If necessary achop and dithering pattern should be chosen either to
measure the background or to enable mapping. See Chapter 11.

« |f coronagraphic observations are proposed, additional target acquisi-
tion exposures will be required to center the target in the aperture to
the accuracy required for the scientific goal (e.g., the proposer may
wish to center the nucleus of agalaxy in a crowded field behind the
coronagraphic spot). The target acquisition overheads must be
included in the accounting of orbits.

» Cadculate the total number of orbits required, taking into account the
overheads. In this, the final step, all the exposures (science and
non-science, alike) are combined into orbits, using tabulated over-
heads, and the total number of orbits required are computed. Chapter
10 should be used for performing this step.

The Visual Target Tuner (VTT)

As an aid to HST observers, a display tool was developed by a
collaborating team from NASA Goddard Space Flight Center (GSFC) and
the Space Telescope Science Institute (STScl). This tool displays HST
instrument apertures superimposed on FITS format sky images; Digitized
Sky Survey (DSS) images, NASA/IPAC Extragalactic Database (NED)
images, or other suitable FITS images. The tool can be used to display
primary and parallel apertures, rotate apertures, centroid objects, and
display catalog overlays. For amore detailed discussion of theVTT, seethe
“Phase | Proposal Instructions” or go to the VTT web page at:

http://apt.stsci.edu/vtt/
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Figure 3.1: Specifying a NICMOS Observation
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PART Il

User’'s Guide

The chapters in this part describe the capabilities and performance of
NICMOS. It provides a description of the imaging, polarimetric,
coronagraphic, and spectroscopic capabilities of the instrument; the
performance, readout modes, and limitations of its detectors.

41
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CHAPTER 4.
Imaging

In this chapter ...

Filters & Optical Elements / 43
Photometry / 51

Focus History / 56

Image Quality / 59

Cosmic Rays / 68

Photon and Cosmic Ray Persistence / 68
The Infrared Background / 70

The "Pedestal Effect" / 75

This chapter contains the description of the NICMOS filters and optical
elements. The NICMOS focus history, image quality, encircled energy,
Point Spread Functions, and the NIC3 performance are also presented. The
photometric performance of the instrument, together with issues regarding
both photon and cosmic ray persistence, are discussed. Findly, the
background seen by NICMOS is described. Additional considerations
regarding the special modes. coronagraphy, polarimetry and grism
capabilities, are reported in Chapter 5.

Filters & Optical Elements

Each camerahas 20 filter positions on a single filter wheel: 19 filters and
one blank. As aresult, not all filters are available in all cameras. Moreover,
the specialized optical elements, such as the polarizers and grisms, cannot
be crossed with other filters, and can only be used in fixed bands. In general
the filters have been located in a way which best utilizes the characteristics
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of NICMQOS, thus at shorter wavelengths the most important narrow band
filters are located in NIC1 so that the diffraction limited performance can
be maintained wherever possible, while those in NIC2 have been selected
to work primarily in the longer wavelength range where it will also deliver
diffraction limited imaging.

Nomenclature

The name of each optical element starts with a letter or group of letters
identifying what kind of element it is: filters start with an “F”, grisms with
a“G”, and polarizerswith “ PoL". Following the initial letter(s) isanumber
which in the case of filters identifies its approximate central wavelength in
microns, e.g., FO95N implies a central wavelength of 0.95 microns. A
trailing letter identifies the filter width, with “w” for wide, “M” for medium
and “N” for narrow. In the case of grisms, the initial “G” is followed by a
number which gives the center of the free-spectral range of the element,
e.g., G206. For the polarizers, a somewhat different notation is used, with
the initial “POL” being followed by a number which gives the PA of the
principal axis of the polarizer in degrees, and atrailing letter identifying the
wavelength range it can be used in, which is either “s” for short (0.8-1.3
microns) or “L.” for long (1.9-2.1 microns).

Tables 4.1 through 4.3 list the available filters and provide an initial
general description of each, starting with NIC1 and working down in
gpatial resolution to NIC3. Figures 4.1 through 4.3 show the effective
throughput curves of all of the NICMOS filters for cameras NIC1, NIC2,
and NICS3, respectively, which includes the filter transmission convolved
with the OTA, NICMOS foreoptics, and detector response. Appendix 1
provides further details and the individual filter throughput curves.
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Table 4.1: NIC 1 Filters

Central Wavelength

Name Wavelength (um) range (um) Comment
Blank N/A N/A blank

F110W 1.025 0.8-14

F140W 13 0.8-1.8 Broad Band
F160W 155 14-1.8

FO90M 0.9 0.8-1.0

F110M 11 1012

F145M 145 1.35-1.55 Water

F165M 16 154-1.74

F170M 17 16-1.8

FO95N 0.953 1% [S]

FO97N 0.97 1% [S 1] continuum
F108N 1.083 1% Hel

F113N 113 1% Hel continuum
F164N 1.644 1% [Fell]

F166N 1.66 1% [Fell] continuum
F187N 1.87 1% Paschen o

F190N 1.90 1% Paschen o continuum
POLOS 11 0.8-1.3 Short A Polarizer
POL120S 11 0.8-1.3 Short A Polarizer

POL 240S 11 0.8-1.3 Short A Polarizer
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Figure 4.1: Filters for NIC 1 (at 78 K)
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Table 4.2: NIC 2 Filters

Central Wavelength

Name Wavelength (um) range (um) Comment

Blank N/A N/A blank

F110W 11 0.8-14

F160W 16 14-1.8 Minimum background
F187W 1.875 1.75-2.0 Broad

F205wW 1.9 1.75-2.35 Broad Band

F165M 1.7 154-1.75 Planetary continuum
F171M 1.715 1.68-1.76 HCO, and C, continuum
F180M 1.80 1.76-1.83 HCO, and C, bands
F204M 2.04 1.98-2.08 Methane imaging
F207M 21 2.01-2.16

F222M 23 2.15-2.29 CO continuum

F237M 2.375 2.29-2.44 CO

F187N 187 1% Paschen o

F190N 19 1% Paschen o continuum
F212N 2121 1% H,

F215N 215 1% H, and Br y continuum
F216N 2.165 1% Brackett y

POLOL 2.05 1.89-2.1 Long A polarizer

POL 120L 2.05 1.89-2.1 Long A polarizer

POL 240L 2.05 18921 Long A polarizer
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Figure 4.2: Filters for NIC 2 (at 78 K)
NIC 2 Wide Band Filters
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Table 4.3: NIC 3 Filters

Central Wavelength

Name Wavelength (um) range (um) Comment

Blank N/A N/A blank

F110W 11 0.8-14

F150wW 15 1119 Grism B continuum
F160W 16 14-1.8 Minimum background
F175W 1.75 12-23

F222M 23 2.15-2.28 CO continuum
F240M 24 2.3-25 CO band

F108N 1.0830 1% Hel

F113N 113 1% He | continuum
F164N 1.644 1% [Fell]

F166N 1.66 1% [Fe 1] continuum
F187N 1.875 1% Paschen o

F190N 19 1% Paschen o. continuum
F196N 1.962 1% [SiVI]

F200N 20 1% [Si VI] continuum
F212N 2121 1% H,

F215N 215 1% H, continuum

G096 0.9673 0.8-1.2 GRISM A

G141 1414 1119 GRISM B

G206 2.067 14-25 GRISM C
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Figure 4.3: Filters for NIC 3 (at 78 K)
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Out-of-Band Leaks in NICMOS Filters

In order to make use of the high spatial resolution of HST, many
observers will wish to use NICMOS to observe very red objects (e.g.,
protostars) at relatively short wavelengths. By their very nature, these very
red objects have very low effective color temperatures. Thus if we observe
such an object at awavelength of 1.0 microns, we can expect that its flux at
2.5 microns will be orders of magnitude larger than its flux at the desired
wavelength. In such a case, exceptionally good out-of-band blocking is
required from the filter. We have therefore investigated whether the
measured filter transmissions would allow any sources with extreme colors
to yield erroneous photometry due to out-of-band leaks.

For observations of objects with extreme colors (such as highly
reddened sources, protostars, etc.), out-of-band filter leaks could
potentially have a detrimental impact on photometry. Early estimates based
on pre-flight filter transmission measurements suggested that there might
be red leaks for severa filters, and the original edition of the Instrument
Handbook recommended caution for the filters FO90M, FO95M, FO97N,
F108N, F110M, F110W, F113N, F187N, and F190M. A limited set of
in-flight tests for red leaks have been made. Actua red leaks were
insignificant or non-existent.

Photometry

Ground-based near-infrared observations are limited to a set of
transparent atmospheric windows, while NICMOS suffers no such
restrictions. For this reason, there are no suitable faint flux standards with
continuous, empirical spectrophotometry throughout the 0.8 um <A < 2.5
um range. The absolute flux calibration of NICMOS, therefore, has been
calculated using observations of stars for which reliable spectral models,
normalized by ground-based photometry, are available. Two types of flux
standards have been observed: pure hydrogen white dwarfs, and solar
analog stars. Grism sensitivity is determined directly from flat-field
corrected spectra of these stars using their known spectral energy
distributions. Filter sensitivities are calculated from imaging measurements
according to the synthetic photometry procedure detailed in Koornneef and
Coole (1981, ApJ, 247, 860). Since the pipeline calibration cannot utilize
color information, the headers of reduced data contain the calibration
constant that specifies the equivalent count rate for a spectral energy
distribution that is constant with wavelength. For convenience, this
calibration constant appears twice, once in Jansky units and once in
erg/s/cmzlAngstrom units. Color transformations could be defined for
post-pipeline analysis.
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Solar Analog Absolute Standards

For calibration using solar analogs, a reference spectrum of the Sun is
normalized to the flux levels of the NICM OS standards using ground-based
photometry of the standard stars in the J, H and K bands. This continuous
spectral model is then integrated through the total system throughput
function for a given bandpass (including filter, detector, instrument and
telescope optics), and the integral flux is compared to the measured count
rate from the star in observations through that filter to derive the flux
calibration constants. The absolute flux accuracy achieved by this method
relies on two assumptions:

1. that the absolutely calibrated reference spectrum of the sun is known
with an uncertainty of a few percent (Colina, Bohlin and Castelli,
1996), and

2. that the near-infrared spectra of the solar analogs are nearly identical
to that of the sun.

In the past, this method has been used to determine the absolute
calibration of near-infrared photometry at ground-based observatories. In
these cases, the absolute calibration accuracy was estimated to be at least
5%, and for some bands 2% to 3% (Campins, Rieke and L ebofsky, 1985).

Ground-based photometry by Persson et al. (1998, AJ, 116, 2475) of
severa solar analog stars used in the NICMOS calibration program has
shown that the stars P330E and P177D (see Colina & Bohlin 1997, AJ,
113, 1138; Colina, Bohlin & Castelli 1996, AJ, 112, 307) are most closely
matched to the colors of the Sun, and are thus most suitable for NICMOS
photometric calibration. P330E is the primary NICMOS solar analog
standard for photometric calibration.

White Dwarf Absolute Standards

Pure hydrogen white dwarfs are useful calibration standards because
their spectral energy distributions can be accurately modeled from the UV
through the near-IR (Bohlin, Colina & Finley 1995, AJ, 110, 1316; Bohlin
1996, AJ, 111, 1743). The star G191B2B has therefore served as a primary
calibration standard for several HST instruments, and was selected for
NICMOS observation aong with another star, GD153. At present, only
(G191B2B has ground-based JHK photometry of suitable quality (Persson,
private communication) to verify absolute photometry in the near-infrared.
It was found to be necessary to renormalize the G191B2B spectral model
by a few percent relative to its optical calibration in order to get good
agreement with the ground-based JHK photometry. It is believed that this
reflects uncertainties in the white dwarf spectral model at the Paschen limit.
Once this renormalization is made, the white dwarf and solar analog flux
calibrations for NICMOS agree with one another at the 1% to 3% level.
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The largest remaining discrepancies are in the K-band, and are presently
being investigated.

Photometric throughput and stability

Overal, NICMOS throughput (i.e. photoelectrons per second detected
from a source with given flux) is generally within 20% of pre-launch
expectationsin all observing modes. The photometric stability of NIC1 and
NIC2 was monitored once a month since August 1997, and more
frequently near the end of the NICMOS Cryogen lifetime. Observations of
the solar analog P330E were taken through a subset of filters (5 for NIC1, 6
for NIC2) covering the entire wavelength range of the NICMOS cameras,
and dithered through three or four pointings. NIC3 has also been monitored
in a similar fashion, athough only two filters were used for part of the
instrument’s lifetime.  For most filters and cameras the zeropoints have
been stable to within 3% throughout the lifetime of the instrument,
although there may be some evidence for a slow secular drift which
depends on temperature.

Intrapixel sensitivity variations

The response of a pixel in the NICMOS detectors to light from an
unresolved source varies with the positioning of the source within the pixel
due to low sensitivity at the pixel’s edges and dead zones between pixels.
This effect has no impact on observations of resolved sources, and little
effect on well-sampled point sources (e.g. observations with NIC1 and
NIC2 through most filters). However in NIC3, point sources are badly
under-sampled, especially at short wavelengths where the telescope
diffraction limit is much smaller than the NIC3 pixel size. Object counts
may vary by as much as 30% depending on the positioning of a star within
a pixel. Well dithered exposures will average out this effect, but NIC3
observations of stars with few dither positions can have significant
uncertainties which may limit the achievable quality of point source
photometry. This problem, as well as various possible post-processing
solutions, is discussed in Storrs et a. (1999, NICMOS ISR-99-005) and in
Lauer (1999, PASP, 111, 1434).

Special Situations

Sources with Extreme Colors

We have carried out tests to establish the likely impact on photometric
observations of sources of extreme colors induced by the
wavel ength-dependent flat field. For each filter, we used two sources with
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different colors assuming the spectral energy distributions were black-body
functions. The first case had a color temperature of 10,000K, and thus is
typical of stellar photospheres and the resultant color is representative of
the bluer of the sources that will be seen with NICMOS. (It is worth noting
that for reflection nebulae illuminated by hot stars, a significantly bluer
spectrum is often seen.) The second source had a color temperature of
700K which in ground-based terms corresponds to [J - K] = 5, a typical
color encountered for embedded sources, such as Young Stellar Objects
(YSOs). (Again, there are sources which are known to be redder. The
Becklin-Neugebauer object, for example, has no published photometry at J,
but has [H - K] = 4.1, and the massive Y SO AFGL2591 has [J - K] = 6.0.
Y SOs with [J - K] = 7 are known, although not in large numbers.)

An example of a pair of simulated spectra is shown Figure 4.4, for the
F110W filter. In thisfilter an image of avery red source will be dominated
by the flat field response in the 1.2 to 1.4 micron interval, while for a blue
source the most important contribution will come from the 0.8 to 1.0
micron interval. The results of our study for the most affected filters are
shown in Table 4.4. The other filters are better.

» Even for the broadest NICM OS filters the wavel ength dependence of
the flat field response generates only small photometric errors, typi-
cally lessthan 3% for sources of unknown color. Not surprisingly, the
largest errors arise in the 3 broadband filters whose bandpasses
include some part of the regions where the flat field response changes
most rapidly.

* The sameresults hold true even for filters at the most extreme wave-
lengths (e.g., FO90M, F222M and F240M) because of their small
bandwidth.

e It will probably be difficult to obtain photometry to better than the
l[imits shown in Table 4.4 for the FO90M, F110W, F140W, F205W
and F240M filters, and observers requiring higher accuracy should
contact the Help Desk at STScl for guidance.

» These errors can probably be corrected if more accurate photometry
is needed, by taking multi-wavel ength observations and using an iter-
ative correction technigue.

» For observers requiring high precision photometry, these represent
non-trivial limits beyond which it will not be possible to venture
without obtaining multi-wavelength images. In order to obtain 1%
precision using the F110W filter, for instance, observers should
observe at aminimum of one other wavelength. The color informa
tion derived from the pair (or group) of images could then be used to
construct a more appropriate flat field image, which could then be
applied to improve the color information.
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Figure 4.4: Detected Source Spectrum. These are for sources with color tempera-
tures of 700K (solid line) and 10,000K (dashed line). It is easy to see that the
detected image will be dominated by the flat field response in the 1.2-1.4 um
region for a 700K source, while for a 10,000K source the detected image will be
affected by the flat field response throughout the filter bandpass.
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Table 4.4: Photometric Errors for Selected Filters

Filter 10,000K model. 700K model.
Error (percent) Error (percent)
FO90M <0.1 19
F110W 11 29
F140W 0.7 31
F160W <0.1 0.3
F187W <0.1 0.3
F205W 04 21
F222W <0.1 0.1
F240M 1 0.9

Extended Sources with Extreme Spatial Color

Variations

Our analysis has been limited to point sources, but some mention should
be made of the situation for extended objects. A good example is the Y SO
AFGL2591. This has an extremely red core, whose [J - K] =6 and whichis
entirely undetected optically. However, it also has a large IR nebula which



56 | Chapter 4: Imaging

isquite prominent at Jand K, and in the red visual region, but much fainter
at L, and which is probably areflection nebulosity. Spatially, the nebula has
highly variable color, some parts of it having fairly neutral or even dightly
blue colorsin the NICMOS waveband, while other parts are extremely red.
Obtaining very accurate measurements of the color of such a source would
again require the use of images at more than one wavelength and an
iterative tool of the kind described earlier. A further example of this kind of
complicated object is the prototypical post-AGB object CRL2688, the
Cygnus Egg Nebula, which has an extremely blue bipolar reflection nebula
surrounding an extremely red core. Techniques which require very accurate
measurements of the surface brightness of extended objects, such as the
brightness fluctuation technique for distant galaxies, will need to be applied
with care given to the photometric uncertainties such as those discussed
here.

Creating Color-dependent Flat Fields

NICMOS ISR 99-002 describes two methods for creating
color-dependent flat fields, and programs and calibration files for making
them are available in the software part of the website. One way of
approaching the problem is to make monochromatic flats, by doing alinear
least squares fit to several narrowband (and, if necessary for increased
wavelength coverage) medium band flats, for each pixel. The slope and
intercept images that result from such a fit can be used to determine what
the detector response would be to a monochromatic source. Note that this
method works best if the desired wavelength is within the range covered by
the observed flats, extrapolation with this method gives questionable
results.

If the source spectrum is known, a composite flat made from the
weighted sum of the narrowband flats in the passband of the observed
image can be made. A program to do this, given an input spectrum and the
calibration database in STSDAS, is available. If you have a variety of
sources in your image you may want to make severa flatfields and apply
them to regions defined by some criterion, say color as defined by a couple
of narrowband images on either side of the broadband image.

Focus History

The PAM consists of an adjustable mirror in the NICMOS optical train
that can be moved to make small corrections to the NICMOS focus and
serves to properly position the pupil image of the telescope primary mirror
onto the corrective optic. The motion of the PAM is limited to £10mm in
travel from its zero position. The NICM OS cameras were designed to share
a common focus with the PAM close to its zero position. In the current
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state of the dewar, NIC1 and NIC2 can each be focused within the range of
the PAM. NIC3, however, cannot be entirely focused by motions of the
PAM aone and remains dlightly out of focus although still scientifically
usable (see next section).

The focus positions of al three NICMOS cameras have changed since
launch with motion in the dewar. The positions are measured by
observations of stars over arange of focus settings on a frequent basis. The
focus history since shortly after launch is shown in Figure 4.5. The focus
position is given for the detector center, the focus variation across the
camera’sfield of view is~1.5 mmin PAM spacein NIC2, and about half of
that in NIC1. The two largest focus excursions, on January 12 and June 4,
1998, are due to the secondary mirror reset used to place NIC3 in focus
during NIC3 campaigns. A noticeable improvement in NIC3 focus
occurred after December 17, 1997, when the FOM had been tilted by 16
arcsec to reduce vignetting in that camera (see also the appropriate section
on the vignetting of NIC3, below).
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Figure 4.5: NICMOS Focus History through January 4, 1999.
NICMOS Focus history through January 4, 1999
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Image Quality

Strehl Ratios

The high image quality of NICMOS is summarized by the Strehl ratio of
the PSF, namely by the ratio of the observed-to-perfect PSF peak fluxes.
Here, by peak of the “perfect PSF* we mean the one derived from
TinyTim PSFsfor the selected camera/filter/focus configuration. Table 4.5
lists the Strehl ratios for representative filtersin all three NICMOS cameras
(courtesy of John Krist, STScl). Theratio isvery high, between 0.8 and 0.9
for NICMOS images, at all wavelengths and in all Cameras at their optimal
focus.

Table 4.5: NICMOS Strehl Ratios

Filter NIC1 NIC2 NIC3

F110W 0.91 0.89 0.81

F160W 0.90 0.86

F222M 0.90 0.92
NIC1 and NIC2

The changes in dewar geometry leading to the degraded focus in NIC3
have also affected NIC1 and NIC2. By measuring the PSFs of stars at a
series of PAM positions it was determined that the optimal focus for NIC1
occurred for a PAM position of ~ +2.4 mm and the optimal focus for NIC2
at ~ 0.7 mm during 1998. This difference is significant enough that NIC1
and NIC2 are no longer considered to be parfocal. However, the NIC1 and
NIC2 foci are still sufficiently close that the intermediate focus position
between the two cameras, NIC1-2, has been defined for simultaneous
observations. The image degradation induced by this “compromise” focus
is smaller than a few percent in each camera, and negligible for most
purposes. The “compromise” focus position has been chosen to share the
wavefront error equally between NIC1 and NIC2. Additionally, a separate
PAM position at the optimal focus is defined and maintained for each
camera. Most users will find the compromise focus sufficient to reach their
scientific goals.

The encircled energy profiles for NIC1 and NIC2 at representative
wavel engths are shown in Figures 4.6 through 4.10.
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Figure 4.6: Encircled Energy for NIC1, F110W.
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Figure 4.7: Encircled Energy for NIC1, F160W.
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Figure 4.8: Encircled Energy for NIC2, F110W.
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Figure 4.9: Encircled Energy for NIC2, F160W.
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Figure 4.10: Encircled Energy for NIC2, F222M.
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Vignetting in NIC1 and NIC2

The lateral shifts of the NICMOS dewar have resulted in vignetting in
al three cameras. The primary source of the vignetting is a dlight
misalignment of the FDA mask. Relatively small losses in throughput are
observed at the bottom ~ 15 rows of both NIC1 and NIC2 as shown in
Figure 4.11.

In Figure 4.11, the column plot of the ratio of an in-flight flat field to a
pre-launch flat field is shown for NIC1 and NIC2 for the F110W filter, in
order to highlight the effect of the FDA vignetting. The overal
normalization of the y-axisratio scale is arbitrary. The approximately 10%
decrease seen in rows near the bottom of the detector (left region in the
Figure) shows the region of the detector where vignetting has affected the
throughput.

Figure 4.12 shows a similar plot for NIC3. Here, the decrease in
throughput is due to movement of the vignetting edge for the bottom 10-15
rows.
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Figure 4.11: Vignetting in all three NICMOS Cameras as a function of row num-
ber.
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Figure 4.12: NIC3 Vignetting. Note that the movement of the vignetting edge fol-
lows the movement of the coronagraphic hole, as both the aperture mask and the
hole are physically located on the field divider assembly (FDA).
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NIC3

NIC 3 has suffered the largest shift in focus, which was estimated to be
around -12 mm in PAM space when the last valid measurement was
performed, i.e. during the final stages of cryogen exhaustion (January 4,
1999). This value of the optimum focus is outside the range which can be
reached with the PAM (maximum negative value is-9.5 mm).

During Cycle 7 and 7N, NIC3 was operated in optimal focus during two
special observing campaigns of 2-3 weeks each, in January and June 1998,
when the HST secondary mirror was moved to recover optimal focus.
Outside those two periods, NIC3 was operated at best internal focus,
namely with the PAM at -9.5 mm.

The typica FWHM of NIC3 images (both at optimal and best internal
focus) is ~1.3 pixels, with small variations between different wavelengths
(NICMOS ISR-98-006); the fractional flux within the first Airy ring
ranges from 43% in Jto 49% in H to 58% in K with NIC3 in optimal focus.
The size of the Airy ring for NIC3 PSF has been calculated for
oversampled TinyTim PSFs.

Because NIC3 undersamples the PSF, the degradation of image quality
with the PAM mirror at -9.5 mm was found to be relatively small compared
to the optimal-focus image quality. Figure 4.13 shows the encircled energy
for NIC3 at 1.6 microns for both the optimal focus (PAM=-13 mm at the
time of the measurement) and the best focus (PAM=-9.5 mm). Both curves
report simulations obtained with TinyTim PSFs convolved with the NIC3
pixel response, but the results are very similar to the actual observations.
The loss in the peak flux is around 20% and the loss in encircled energy
beyond one pixel radius (0.2") is no more than 10% - 15%.

If thermal and mechanical model predictions are correct, we expect that
the revived NICMOS will have similar focus characteristics. Given the
minimal loss of performance with the slight out-of-focus operations, NIC3
will be operated without moving the HST secondary mirror and offered “as
is’.

Some observers may consider obtaining NIC3 parallel observations,
while NIC1 and NIC2 are used for the primary science observations. At the
NIC1-2 best focus, the image quality of NIC3 isobviously degraded, with a
PSF FWHM over 3 times larger than the NIC3 best focus PSF FWHM.
Images are “ donut” shaped.
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Figure 4.13: NIC3 encircled energy at 1.6 microns at optimum focus (PAM=-13
mm, solid line) and at the best achievable focus (PAM=-9.5 mm, dashed line) with

the HST secondary mirror at nominal position.
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Vignetting in NIC3

In addition to being affected by focus loss, NIC3 is also affected by
vignetting from two sources. Thefirst isacold vignetting, due to the lateral
shift of the FDA mask, similar to the vignetting affecting NIC1 and NIC2.
The second is due to a warm bulkhead edge, which produces elevated
thermal background and degraded image quality over the bottom 25% of
the detector (bottom ~60 rows).

The warm vignetting was successfully removed during early 1998 by
moving the FOM to a position X=+16 arcsec, producing a corresponding
tranglation in the NIC3 field-of-view. This trandation removed the warm
vignetting and slightly improved focus. The price was the introduction of a
mild astigmatism, which is however below the A/14 criterion for image
quality (except at J, where the wavefront error is A/10).

The only vignetting left in NIC3 with the FOM at X=+16 arcsec is the
one produced by the FDA and affects the bottom 10-15 rows of the
detector, in the same manner as NIC1 and NIC2. We expect to operate
NIC3 in Cycle 11 with the FOM at the +16 arcsec default position, which
will be totally transparent to users. The loss in throughput is shown in
Figure 4.12.
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PSF Structure

NICMOS provides full Nyquist sampling beyond 1 um and ~1.7 um in
NIC1 and NIC2, respectively. In addition to all the properties of
diffraction-limited imaging, the NICMOS point spread function (PSF) has
a few ‘off-nominal’ characteristics. These are mostly induced by the
thermal stress suffered by the dewar early in the instrument’s life.

Each NICMOS camera has a cold mask located at the entrance to the
dewar that is designed to block thermal emission from the OTA pupil
obstructions. The NIC2 cold mask also serves as the Lyot stop for the
coronagraph. Due to the thermal stress suffered by the NICMOS dewar, the
cold masks are misaligned relative to the OTA.

Because of the cold mask misalignment, NICMOS images of point
sources show dightly eliptical diffraction rings and the diffraction spikes
show alternating light and dark bands and asymmetries. The diffraction
pattern is not symmetric. The elliptical shaped diffraction rings and the
asymmetric banding patterns along the diffraction spikes are caused by
unegual offsets between the corresponding pairs of spider diagonals.

Optical aberrations: coma and astigmatism

Coma and astigmatism in the NICMOS cameras are generally small,
with the wavefront error typically lessthan 0.05 um, that is, less than 5% of
the wavelength a 1 um. The mean values of coma and astigmatism
measured during Cycles 7 and 7N along the detector’s x- and y-coordinates,
are given in Table 4.6, expressed as wavefront errors. In NIC3, the
astigmatism along the detector’s x-axis increased to ~5% and became more
unstable after the nominal FOM y-tilt had been changed from O to 16
arcsec in December of 1997 in order to reduce the significant vignetting in
this camera. With regard to the temporal behavior of NICMOS aberrations,
the y-coma in all three cameras had been gradually increasing by ~2-5%
during NICMOS operations throughout the 1997-1998 lifetime period (see
NICMOS ISR 99-003).

Table 4.6: Mean and standard deviation of NICMOS aberrations

NIC1 NIC2 NIC3
FOM=0" FOM=0" FOM=0" FOM=16"
X-coma, tm 0.017 + 0.008 0.018 + 0.012 0.026 + 0.006 0.030+0.013
y-coma, um -0.034 + 0.011 -0.028 £ 0.016 -0.040 £ 0.011 -0.058 + 0.015
x-astigmatism, um 0.002 £ 0.007 0.000 £ 0.009 0.003 + 0.016 0.053 +0.023
y-astigmatism, pm 0.016 £ 0.012 0.027 +0.013 0.022 +0.014
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Field Dependence of the PSF

The PSF is at least to some extent afunction of position in the NICMOS
field of view. Preliminary data indicate that this effect is small (less than
~6% on the PSF FWHM) and that only a small degradation will be
observed. Movement of the FOM, on the other hand, has been shown to
have a greater effect on the PSF quality.

Temporal Dependence of the PSF: HST Breathing and
Cold Mask Shifts

The NICMOS PSF suffers from small temporal variations induced by
the HST breathing and by variable shifts of the instrument’s cold masks
(for arecent review of thistopic see Krist et al. 1998, PASP 110, 1046).

The HST focus position is known to oscillate with a period of one HST
orbit. The focus changes are attributed to the contraction/expansion of the
OTA due to thermal variations during an orbital period. These short term
focus variations are usudly referred to as “OTA breathing”, “HST
breathing”, “focus breathing”, or simply “breathing”. Breathing affects al
data obtained with all instruments onboard HST.

Thermally induced HST focus variations are also large after the
telescope undergoes a large slew across the sky. After a telescope slew, the
telescope temperature variation exhibits the regular orbital component plus
a component associated with the change in telescope attitude. The focus
changes due to telescope attitude are complicated functions of Sun angle
and telescope roll. More information and models can be found on the
“Observatory focus monitoring” web site at URL
http://www.stsci.edu/ftp/instrument_news/Observatory/focus/focus2.html.

The telescope attitude also appears to affect the temperature of the
NICMOS fore-optics, which are outside the dewar. A noticeable oscillatory
pattern about the NICMOS focus trend lines was found to correlate with
temperature variations of the fore-optics. It has not been fully investigated
whether or not the correlation of the fore-optics temperature with NICMOS
focus changes is an additional focus change, or only reflects the OTA focus
change.

Another source of temporal variation for the PSF is the “wiggling” of
the cold masks on orbital timescales. This causes asymmetries in the PSFs
and residuals in PSF subtracted images.

HST breathing and cold mask “wiggling” produce variations of 5% to
10% on the FWHM of the NIC2 PSFs on typical timescales of one orbit.


http://www.stsci.edu/ftp/instrument_news/Observatory/focus/focus2.html
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Cosmic Rays

As with CCDs, cosmic ray hits will produce unwanted signal in the
output images, but hot pixels are not expected to develop from such hits.
The NICMOS arrays have been subjected to radiation doses much higher
than expected in their entire lifetime in accelerator tests without sustaining
any long-term damage or measurable degradation in DQE. Hence, cosmic
rays should have little impact on the long-term array performance in orbit.

On-orbit measurement of the distribution of cosmic rays shows 1.2 to
1.6 events/second/Camera for 5¢ events. With atypical hit generating a 56
event in ~2 pixels, this corresponds to 2 to 3 pixels/second/Camera. For a
2000 second integration, about 10% of the pixels in the detector will show
Cosmic ray events.

Therefore, the frequency of cosmic ray hits is large enough that we
recommend the use of MULTIACCUM for all exposures longer than ~10
minutes, in order to filter out cosmic rays. MULTIACCUM provides a series
of intermediate non-destructive reads as well as the final image (see
Chapter 9). These intermediate reads can be used to identify cosmic ray
hits, analogous to the use of CRSPLITs in WFPC2 or STIS observations.
The calibration pipeline, described in Chapter 12, can identify and remove
cosmic ray hits from MULTIACCUM observations.

See below for a more detailed discussion of persistence from massive
cosmic ray hits during, e.g., passages in the South Atlantic Anomaly.

Photon and Cosmic Ray Persistence

HgCdTe detector arrays like those in NICMOS are subject to image
persistence. When pixels collect alarge amount of charge, they will tend to
“glow” for some time after the end of the exposure.

Overexposure of the NICMOS detectors will not cause permanent
harm and therefore NI CMOS does not have bright object limitations.

The persistent signal appears as an excess dark current and decays
exponentially with atime scale of about 160+/-60 seconds (different pixels
show different decay rates), but there is also a long, roughly linear tail to
the decay such that persistence from very bright sources remains detectable
as much as 30 to 40 minutes after the initial exposure. Subsequent
exposures can therefore show residual images. With NICMOS, this can
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happen under a number of circumstances. Exposures of bright astronomical
targets can leave afterimages which appear in subsequent images taken
within the same orbit. If you are observing bright objects you should be
aware of this potential problem: dithered exposures may contain “ghosts’
of bright stars from previous images. It appears that all sources of
illumination probably leave persistent afterimages, but under typical
conditions they are most noticeable for sources which have collected 20000
or more ADU during the previous exposure. There islittle that can be done
to avoid this. If observations are well dithered, then the persistent
afterimages can usually be recognized and masked during data processing
when combining the images to form a mosaic. This, however, is not done
by the standard calibration pipeline.

More insidiously, during regular passages of HST through the South
Atlantic Anomaly, the arrays are bombarded with cosmic rays, which
deposit a large signal in nearly every pixel on the array. The persistent
signa from these cosmic rays may then be present as a residual pattern
during exposures taken after the SAA passage. This appears asa*“mottled,”
“blotchy” or “streaky” pattern of “noise” (really signal) across the images,
something like a large number of faint, unremoved cosmic rays. These
persistent features cannot be removed by the MULTIACCUM cosmic ray
processing done by the standard pipeline because they are not transient.
Rather, they are akind of signal, like a slowly decaying, highly structured
dark current.

Cosmic ray persistence adds non-Gaussian, spatially correlated noise to
images, and can significantly degrade the quality of NICMOS data,
especially for exposures taken less than 30 minutes after an SAA passage.
Count rates from moderately bad cosmic ray persistence can be of order
0.05 ADU/second, with large pixel-to-pixel variations reflecting the spatial
structure of the signal. The effective background noise level of an image
can be increased by as much as a factor of three in the worst cases,
although 10% to 100% are more typical. This“noise” is primarily due to
the spatially mottled structure in the persistence, not the added Poisson
noise of the persistence signal itself. Because HST passes through the SAA
many times a day, a large fraction of NICMOS images are affected by
cosmic ray persistence to one degree or another. Observations of bright
objects are hardly affected, since the persistent signal is usually quite faint.
Similarly, short exposures are not likely to be badly affected because the
count rate from persistence is low and may not exceed the detector readout
noise. But deep imaging observations of faint targets can be seriously
degraded. The NICMOS ISR-98-001 (Nagjita et al. 1998) presents a
detailed discussion of this phenomenon and its effects on imaging
observations.

In Cycle 11, STScl plans to automatically schedule a pair of ACCUM
mode NICMOS dark exposures after each SAA passage in order to provide
amap of the persistent cosmic ray afterglow at atime when it is strongest,
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and has just begun to decay. Experiments using Cycle 7 NICMOS data
have shown that it is possible to scale and subtract such "post-SAA darks’
from subsequent science exposures taken later in the same orbit, and thus
to remove a significant fraction of the CR persistence signal. Doing so
comes at the cost of adding some additional pixel-to-pixel Gaussian noise,
as the readout and dark current noise from the darks is added in quadrature
to that from the science exposures (albeit with a multiplicative scaling that
will be < 1, since the CR persistence signa decays with time). But for
some, and perhaps most, science programs, we expect that the post-SAA
darks may lead to a significant improvement in the quality of NICMOS
data taken after SAA passages. Software for implementing this correction
will be tested and distributed after the start of Cycle 11 observations, when
we have gained experience with the necessary procedures using on-orbit
data.

In addition, observers can plan observations to further minimize the
impact of cosmic ray persistence, should it occur. Taking images with as
many independent dither positions as possible is one good strategy (which
can help in many ways with NICMOS imaging). Without dithers, the
persistent pattern will stay fixed relative to the astronomical targets
(although itsintensity will decay), and co-adding successive exposures will
just reinforce the contamination. Dithered images will move the targets
relative to the persistence so that it adds incoherently when the data are
summed. With well dithered data (at least three positions), one can aso
take advantage of the “drizzling” procedure and associated software in the
STSDAS “dither” package to identify and mask the worst effects of
persistence (as described, e.g., in the “ Drizzling Cookbook,” Gonzaga et al.
1998, STScl ISR WFPC2 98-04 and the HST Dither Handbook, Version
1.0, November 2000). The HST Data Handbook reports more details on
how to handle images affected by cosmic ray persistence.

The Infrared Background

From the ground, the infrared background is affected by telluric
absorption and emission which limits the depth of astronomical imaging.
As is well known, between 1 and 2.5 um there are a number of deep
molecular absorption bands in the atmosphere (top panel of Figure 4.14),
and the bandpasses of the conventional near-IR bands of JHK were
designed to sit in the gaps between these opaque regions (middie panel of
Figure 4.14). Unfortunately, outside the absorption features there is also
considerable background emission in both lines and continuum. Most of
the background between 1 and 2 um comes from OH and O, emission
produced in alayer of the atmosphere at an altitude ~ 87 km (bottom panel
of Figure 4.14).
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The location of HST above the atmosphere removes these terrestrial
effects from the background. Now, the dominant sources of background
radiation will be the zodiacal light at short wavelengths and the thermal
background emission from the telescope at long wavelengths. The sum of
these two components will be a minimum at 1.6 microns (roughly the H
band). All three NICMOS cameras carry broad-band filters which are
centered on this wavelength.

At wavelengths shorter than 1.6 um, NICMOS reaches the natural
background provided by the scattering of sunlight from zodiacal dust,
which is, of course, strongly dependent on the ecliptic latitude and
longitude (see Table 4.7).

Observations by the COBE satellite have implied that at positions 45°
out of the ecliptic the zodiacal background can be approximated as:

5.0x108/A169 + 6x10°8B, (A, T) photons cm™? um* steradian™

Where A is the wavelength in pm and B, is the blackbody function for the
zodiacal dust temperature T (roughly 265 K).
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Figure 4.14: Atmospheric Absorption and Emission Line Spectrum in NICMOS
Operational Range.
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Table 4.7: Sky Brightness (V mag arcsec™) as a Function of Heliocentric Ecliptic
Latitude and Longitude. “SA” denotes that the target is unobservable due to solar
avoidance.

Heliocentric Ecliptic Latitude
Ecliptic
Longitude 0’ 15° 30 45° 60° 75 90
180° 22.1 224 22.7 23.0 23.2 234 233
165° 22.3 225 22.8 23.0 23.2 234 233
150° 22.4 22.6 22.9 23.1 23.3 234 23.3
135° 224 22.6 229 232 233 234 233
120° 224 22.6 229 23.2 233 233 233
105° 22.2 225 229 231 23.3 233 233
o0’ 220 22.3 22.7 23.0 23.2 233 233
75 21.7 22.2 22.6 229 231 23.2 233
60° 21.3 219 22.4 22.7 23.0 23.2 23.3
45° SA SA 221 225 229 231 233
30° SA SA SA 223 22.7 231 233
15 SA SA SA SA 22.6 23.0 233
0 SA SA SA SA 22.6 23.0 233

At wavelengths longer than 1.6 microns the HST thermal emission
dominates the background seen by NICMOS. The thermal emission from
the HST is composed of the contributions of the telescope’s primary and
secondary mirrors and of the NICMOS fore-optics. The emission of the
HST primary and secondary mirrors can be approximated as a blackbody
with effective temperature of ~290 K. The emissivity of each mirror is
about 3%. The NICMOS fore-optics are approximated by a blackbody with
temperature ~270 K.

Figure 4.15 shows the cumulative HST background as a function of
wavelength. This background has been cal culated assuming a zodiacal light
contribution consistent with the mean observed by COBE for an ecliptic
latitude of 45°, and also includes thermal emission by the HST primary and
secondary mirrors, the NICMOS optics, and the transmission of all the
NICMOS fore-optics. It does not include the transmission of any filter, nor
the response of the detectors. For comparison, we report in the same figure
the J, H, K¢ and K band background as observed from the Keck telescope,
averaged over one year.
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N

Figure 4.15: HST Background as seen by NICMOS. For comparison, the
broad-band infrared background seen by the Keck telescope is shown.
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Monitoring of the changes in the thermal background as a function of
time, telescope's attitude and slews across the sky has shown that the
background is stable to better than 5% on orbital timescales and to about
8% (peak-to-peak) over timescales of several monthsk. In addition, the
thermal background is uniform across each detector, except for NIC3
longward of ~1.8 um. The lack of significant variations within orbits
removes the necessity for rapid dithering or chopping when observing in
wavebands affected by thermal background (i.e., longward of ~1.7 um).

When using NICMOS filters with central wavelengths longer than
~1.7 um, observers should obtain background measurements as well
(through either dithering or chopping). However, given the stability of
the HST thermal background, no more than one such measurement
per orbit isrequired.

Table 4.8 lists the measured background for a representative set of NIC2
filters. The Exposure Time Calculator tool on the STScl NICMOS WWW

1. Daou, D. and Calzetti, D. 1998, NICMOS-1SR-98-010.
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page aso produces background count rates for any filter/camera
combination.
Table 4.8: Background count rates for selected filters in NIC2

Sky Background Telescope Thermal

Filter (e7/s/pix) ?ez?/(;ljgirxo)und
F110w 0.188 0.000
F160W 0.118 0.053
F180M 0.020 0.057
F187W 0.056 0.585
F190N 0.004 0.053
F207M 0.033 3.377
F215N 0.005 0.815
F222M 0.033 12.763
F237M 0.035 49.471

For pointings very close to the Earth, the zodiacal background may be
exceeded by the earthshine. The brightness of the earthshine falls very
rapidly with increasing angle from the Earth’s limb, and for most
observations only a few minutes at the beginning and end of the target
visibility period will be significantly affected. The major exception to this
behavior is a target in the continuous viewing zone (CVZ). Such a target
will always be rather close to the Earth’s limb, and so will always see an
elevated background (at the shorter wavelengths where zodiacal emission
would ordinarily dominate). For targets faint enough that the background
level is expected to be much brighter than the target, the observer is
recommended to specify the LOW-SKY option. This will increase the
minimum allowed Earth avoidance angle, requiring scheduling during a
time for which the zodiacal background is no greater than 30% above the
minimum achievable level, at the cost of a slight decrease of the available
observing (visibility) time during each orbit. Note that this restriction is
only helpful when observations are background limited.

The "Pedestal Effect"

The instrumental signature for NICMOS data can be divided into two
categories, bias and dark, according to whether or not the signal is
noiseless and purely electronic in origin (bias), or noisy and arising from
thermal or luminous sources (dark). During detector reset, a net DC bias
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with alarge, negative value (of value -25000 ADU) isintroduced. Thisbias
is different in each readout quadrant, but essentially constant within each
guadrant.

In addition to the net quadrant bias introduced at array reset, there is
some additional offset which is time-variable and, to some degree,
stochastic. This variable quadrant bias has been described as the “pedestal
effect” in many discussions of NICMOS data, although we note here that
the term “pedestal” has aso been applied to other aspects of NICMOS
array behavior. The variable quadrant bias is usually constant over a given
array quadrant, but different from one quadrant to another Its amplitude
varies from readout to readout, sometimes drifting gradualy, but
occasionally with sharp changes from one readout to another (not always
seen in al quadrants simultaneously).

The unpredictable nature of this variable quadrant bias means that it is
not possible to remove it with standard reference frames. (In passing, we
note that it also considerably complicates the task of generating “clean”
calibration reference files of any sort in the first place.) The user must
attempt to determine the bias level from the dataitself and subtract it before
flatfielding the data. Removing pedestal during pipeline calibration is under
investigation and maybe implemented in the future. For a more detailed
discussion of the pedestal effect, see Chapter 4, “Anomalies and Error
Sources’, in the NICMOS Data Handbook Version 4.0 at URL :

http://www.stsci.edu/documents/data-handbook.html
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Polarimetry and
Grism Spectroscopy

In this chapter ...

Coronagraphy / 77
Polarimetry / 88
Grism Spectroscopy / 96

This chapter provides information on three specialized uses of
NICMOS, namely, coronagraphy, polarimetry, and grism spectroscopy.

Coronagraphy

NICMOS Camera 2 (NIC2) has a coronagraphic observing mode. A
hole was bored through the Camera 2 FDA mirror. This hole, combined
with a cold mask at the pupil (Lyot stop), provides coronagraphic imaging
capability. Internal cold baffling was designed to screen out residual
thermal radiation from the edges of the HST primary and secondary
mirrors and the secondary mirror support structures (pads, spider, and
mounts).

Animage of astar isformed on the FDA mirror and is re-imaged on the
detector. The image of a star in the hole will have diffraction spikes. The
hole traps the light from the core of the PSF, reducing the diffracted energy
outside of the hole by reducing the high frequency components in the PSF.

77
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The light scattering downstream of the FDA is greatly reduced. The hole
edge acts as a new diffraction aperture, and the residual roughness about
the hole from the drilling process (Figure 5.1) creates a complex image of
the star in the hole. At aradius of 0.3 arcsec, in an idealized PSF, a natural
break occurs in the encircled energy profile at 1.6 um with 93% of the
energy in the PSF enclosed. Beyond this radius, the encircled energy
profile flattens out toward larger radii.

Figure 5.1: Image of the coronagraphic hole in NIC2. The rough edges created by
the final drilling process are evident in this figure.

Figure 5.2: Star images. Star imaged outside the hole (left) and within the corona-
graphic hole (right). Images were obtained with the F160W filter. Two of the three
bright glint regions are marked with arrows. The other is on top of the hole.
Images displayed to same stretch.

outside hole within hole

The light pattern about the coronagraphic hole is not symmetric due in
part to the coronagraphic optics and to the Optical Telescope Assembly
(OTA) input PSF. The spectral reflections from the roughness about the
hole, and imaged in Camera 2, will vary depending upon the location of the
target in the hole. There is one azimuth region where the residual light
pattern, historically called glint, is brightest. Figure 5.2 presents enlarged
images of the same target outside and positioned within the coronagraphic
hole displayed to the same stretch. The structure of the scattered light
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pattern about the hole is different from the NICMOS stellar PSF pattern.
The presence of glint brings the useful coronagraphic radius at the detector
to ~0.4 arcsec.

The FDA mirror and the Camera 2 /45 optics image planes are not
exactly parfocal. For nominal Camera 2 imaging, the PAM is positioned to
achieve optimal image quality at the detector. For coronagraphic imaging,
the PAM is adjusted slightly for optimal coronagraphic performance. The
PAM is moved to produce a focused star image at the position of the
coronagraphic hole. This results in a very dlight degradation of the image
quality at the detector. The PAM movement is automatic whenever
OPMODE=ACQ Or APERTURE=NIC2-CORON are specified on the Phase
Il exposure line. If a series of exposures need the CORON focus position,
only one moveis performed.

The tilt of the PAM is changed to compensate for translation from the
nominal to coronagraphic setting, and to remove off-axis aberrations.

The NICMOS dewar anomaly caused the coronagraphic hole to migrate
to different locations on the detector, during Cycle 7 and 7N. The position
of the hole on the detector had been observed to move as much as ~0.25
pixel in three orbits. During the interval April-December 1998, the hole
moved about 1 pixel. The movement of the hole is not linear. Rather, the
hole “jitters’ back and forth along an X-Y diagonal by as much as +0.5
pixel. The movement of the holeis presented in Figure 5.3.

Figure 5.3: Coronagraphic hole location (detector coordinates). The movement in
the position of the hole over time is represented by the solid line.

movement
of the hole

y-position (pixels)
8

X-position (pixels)

The movement of the hole may cause a problem for coronagraphic
observations. Repeat positioning of targets in the coronagraphic hole to a
fraction of a pixel is necessary for PSF subtraction. For this reason, the
acquisition software is set up to locate the hole position for every
acquisition of an astronomical target.
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Coronagraphic Acquisitions

Coronagraphic imaging requires an acquisition sequence at the
beginning of the observation to center the target in the coronagraphic hole.
The size of the coronagraphic hole is smaller than typical HST
blind-pointing errors. The procedure for a coronagraphic acquisition is to
first image the target in Camera 2 using blind-pointing and then use either
an onboard (using the NIC2-ACQ aperture), reuse target offset, or
interactive acquisition to acquire the target. A telescope slew is calculated
and commanded to move the image of the target over the position of the
hole.

The target is positioned on the NIC2-CORON aperture, which has the
aperture fiducia point at the image position of the coronagraphic hole on
the detector. The science exposures are then specified using any of the
NICMOS observing modes and any of the NIC2 filters. The science
observations following the ACQ will specify the APERTURE =
NIC2-CORON.

Onboard Acquisition (Mode-2 Acquisition)

The Mode-2 Acquisition for coronagraphy includes two steps: first, the
position of the coronagraphic holeis located; second, the target is acquired
and placed in the hole.

The location of the coronagraphic hole is determined from pointed flat
field observations. Two short F160W filter exposures (7.514 seconds each)
with calibration Lamp 1 on (flat field) and two identical exposures with the
lamp off (background) are obtained before the acquisition images. The
background images are needed because NICMOS does not have a shutter
and the flat field images are also imaging the sky. The flight software
(FSW) combines the two background and two flat field images by
performing a pixel-by-pixel minimum to eliminate cosmic rays (using the
lower valued pixel of the two frames). The processed background is
subtracted from the processed lamp flat and the image is inverted by
subtracting the image from a constant. A small 32 x 32 pixel subarray
containing the hole is extracted and a small checkbox (15x15 pixels) is
used to find the centroid and a weighted moment algorithm is applied to
determine the flux-weighted centroid within the checkbox. The location of
the hole is temporarily stored onboard, but it is not saved in the images sent
to the ground.

Thetarget is positioned within a square area on the detector, a 128 x 128
pixel aperture (center at 157,128) of size 9.6 x 9.6 arcseconds. Two images
of equal exposure are obtained. (The Phase Il exposure time is not split.)
The two images are pixel-by-pixel minimized to eliminate cosmic ray hits
and a constant value (data negative limit) is added to the processed image.
The brightest point source in the acquisition aperture is determined by
summing the counts in a checkbox of size 3x3 detector pixels. The
algorithm passes the checkbox over the entire acquisition aperture. The
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brightest checkbox is selected and the location of the target is determined
by centroiding the X,Y center of the 3x3 checkbox.

The observer needs only to specify a NICMOS onboard Acquisition
(ACQ) to acquire the target. The software schedul es the background and flat
field observations first, followed by the observations of the target. The
exposure times for the pointed background and flat field observations are
7.514 seconds.

Note that the telescope is not slewed to position the target out of the
FOV for the background and flat field observations. If the target saturates
the NIC2 detector in 7.514 seconds with the F160W filter, aresidua image
will be created that will contaminate the onboard target ACQ observation.

Very bright targets will cause saturation, leading to poor results in the
centroid solution, and in the subsequent placement behind the occulting
hole. To avoid this, a narrow band filter may have to be used to reduce the
target flux. Targets brighter than H ~3.6 will saturate the central pixel of the
PSF when observed with the F187N filter (narrowest Camera 2 filter) using
the shortest ACQ integration time of 0.228 seconds. Since the NICMOS
filters are essentialy at a pupil plane, there will not be an image shift
introduced by using a different filter for the acquisition than for the science
observations. Shading will be a problem for centroiding when the target
lands near the shading break, as no dark subtraction is performed.

The location of the target and the slew are saved, and sent to the ground
together with the science observation.

The NICMOS ACQ exposuretimes, T ACQ, arequantized and with a
minimum exposure time of 0.228 seconds. For an ACQ exposure with
T ACQ=0.356 SEC, the overhead to complete the hole finding and
location of the target is about 3 minutes which includes the telescope slew
to move the hole over the target. A full description of the overheads for
Mode-2 Acquisitionsis given in Chapter 10.

For T AcQ exposures longer than ~5 minutes the probability of cos-
mic ray hits occurring in the same pixel in each of the two acquisition
images is sufficiently high that observers must instead use an early
v acquisition to avoid their observations failing due to a false center
determination. Early acquisitions are described in the next section. In
practice, this should not be a severe restriction as in the F160W filter
one will reach a signal-to-noise of 50 at H=17 in only 2-3 minutes.

The flight software processed images are not saved, but the two
background, two flat field, and two acquisition ACCUM images are sent to
the ground. These images, which are executed in a single target acquisition
observation, have been packaged into one data set with the same rootname
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but with different extensions. A full description of the extensions is given
in the HST Data Handbook.

Reuse Target Offset (RTO) and Interactive

Acquisitions

Bright targets will saturate the NICMOS Camera 2 detector resulting in
possible faillure of the onboard software (Mode-2 Acquisition) to
successfully acquire and position the target into the coronagraphic hole.
Any target that will saturate the detector in the shortest possible Mode-2
ACQ exposuretime, 0.228 seconds, should be considered a bright target. A
variation of the Reuse Target Offset (RTO) capability can be used to
acquire and position a bright target into the coronagraphic hole. However,
the onboard acquisition software may not successfully acquire the desired
target in a crowded field. For this case, an interactive acquisition
(INT-ACQ) may be required to successfully acquire the target.

The following discussion describes the necessary steps for a Reuse
Target Offset (RTO) acquisition to acquire a bright target and position the
target into the coronagraphic hole. These steps can also be used for an
interactive acquisition of atarget in a crowded field. It is recommended for
RTO acquisition that two orbits be used when observing a bright target
except possibly for an INT-ACQ. Thefirst orbit is used for the acquisition
and the second orbit for the coronagraphic observations.

Images of the target and coronagraphic hole are obtained afew orbitsin
advance of the coronagraphic observations, and sent to the ground for
analysis (RT ANALYSIS). The target exposures should be offset from the
NIC2-CORON aperture fiducia point to avoid having the target fall in the
hole.

The observer needs to specify at least two background, two flat field,
and two on-target exposures in the Phase Il template. The background and
flat field observations should be offset by 18-25 arcseconds from the target
position to avoid the diffraction spike from the image of an overexposed
target crossing the coronagraphic hole and introducing errors in the
measured position of the coronagraphic hole. The recommended pairs of
images are needed to remove cosmic ray hits.!

OPUS staff will assist the PI in identifying the target, centroiding, and
determining offsets. OPUS staff will then provide the offsets to the Mission
Operations and Systems Engineering Support (MOSES) office personnel,
Goddard Space Flight Center (GSFC) for uplink to the spacecraft in
advance of the coronagraphic observations. The ultimate responsibility for
determining the offsets will be the PI (or the PI’s representative), who must
be present at STScl at the time of the target/hole location observations.

1. NICMOS Instrument Science Report, NICMOS-1SR-031.


http://www.stsci.edu/instruments/nicmos/documents/isrs/isr_031.pdf
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PSF Centering

Both the total encircled energy rejection (from the occulted core of the
PSF) and the local contrast ratio obtainable in a coronagraphic image
depend on the accuracy of the target centering on the coronagraphic hole.
The goal is to center the PSF of the occulted source to a precision of a 1/6
pixel at a position x=-0.75, y=-0.25 pixels from the center of the hole, “the
Sweet Spot”. The decrease in the fractional encircled energy due to
imprecise centering of the core of an idealized PSF in the coronagraphic
hole is 0.3 percent for a 1/4 pixel offset, and 4.4 percent for a 1 pixel (75
milliarcseconds) offset at 1.6 microns.

In addition, a small error in target centering will create an asymmetric
displacement of the PSF zonal structures both in and out of the
coronagraphic hole, leading to position dependent changes in the local
image contrast ratios.

Temporal Variations of the PSF

Temporal variations of the NICMOS PSF due to HST breathing and
“wiggling” of the misaligned cold mask in NIC2 are discussed in Chapter
4. Of relevance to coronagraphic observers is that the effects of temporal
variations for PSF subtraction can be minimized by obtaining observations
of the same PSF in back-to-back orbits or twice in the same orbit, with a
roll of the spacecraft between the two observations. The success of this
technique is due to the orbital timescale of the PSF temporal variations.

During Cycles 7 and 7N, the NICMOS IDT reported very good results
for PSF subtraction when the same target was observed twice in the
same orbit with aroll of the spacecraft between observations. However,
it has yet to be demonstrated that this method will always improve the
quality of the results (NICMOS | SR-98-009).

Back-to-back coronagraphic observations of the same target with a roll
of the spacecraft between observations are scheduled as two separate visits.
The two vidits are linked close in time by using the Phase Il visit-level
requirement "AFTER", such as AFTER 01 BY 15 MINUTES TO 30
MINUTES as a requirement on the second visit. The timing link will be
used to schedule both visits in one orbit. Note that RPS2 will not show the
correct schedulability of visitslinked thisway, since the scheduling process
is still manual. Each coronagraphic visit, including guide star acquisition,
ACQ, exposure time, and overhead must not exceed 22 minutes in duration
to allow time to roll the telescope between visits.
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The roll between two visits must be expressed as a relative orient, such
as ORIENT 25D TO 30D FROM 01 as a requirement on the second visit.
The permitted amount of spacecraft roll varies throughout the Cycle as the
target position changes relative to the Sun. A roll of 6 degrees between
visits will take about one minute to complete which does not include the
overhead to ramp up and ramp down the motion. A 30 degree roll will take
about nine minutes to complete. These roll overheads need to be alowed
for in Phase | planning, but they are automaticaly handled by the
scheduling software when the visits are actually schedul ed.

FGS Guiding

Two guide star (GS) guiding is strongly recommended when performing
coronagraphic observations. For best coronagraphic results, the target
should be centered to better than 1/6 pixel.

Coronagraphic observations executed in back-to-back orbits should be
scheduled with the same guide star pair, except possibly if aroll of the HST
is performed between orbits. This is also critical for Reuse Target Offset
(RTO) Acquisitions, which require the same guide stars be used for al
observations. Switching guide stars between the acquisition and science
observations will force the respective target to either be positioned away
from the coronagraphic hole or on the edge of the hole.

The use of a single guide star is discouraged for coronagraphic
observations. The drift about a single guide star is small, but will yield
intense residuals for PSF subtraction. If we represent the linear motion due
to gyro drift around a star as X = D sin(at), where X equals the linear
motion, D the distance from the guide star to the aperture, a the angular
gyro drift rate, and t the time since the last FHST update, then for D = 20
arcmin (worst case) = 1200 arcsec and a = 0.001 arcsec/sec, for one
visibility period t = 50 min = 3000 sec we get X = 0.0175 arcsec or less
than 1/4 pixel in Camera 2. For two orbitst = 146 min = 8760 sec, X =
0.051 arcsec or alittle over 2/3 pixel in Camera 2.

guide star guiding. STScl plans on implementing two-guide star guid-

v NICMOS SNAP observations have thus far been scheduled with single
ing on all NICMOS SNAPsin Cycle 11.

For RTO acquisitions, the maximum default slew is 10 arcseconds. This
is set by the coordinate uncertainties as specified in the Phase |1 template.
If a dlew larger than the default 10 arcseconds is scheduled, it has to be
approved by the STScl Commanding Group and GSFC notified that a slew
of this size or larger will not force the guide stars out of the FGS field of
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view (ak.a. pickle). Increasing the target coordinate uncertainties will
increase the dew limit. STScl Commanding will use the coordinate
uncertainties to determine the size of the slew request timing. Guide star
selection is aso affected. If the requested amount of guide star movement
will force the guide star out of the pickle, the guide star selection software
will not select that star. This may result in single star guiding. One solution
to this problem is to decrease the distance between the target star and the
hole and correspondingly decrease the target coordinate uncertainties. Note
that the NIC2 field-of-view (FOV) is 22 arcsec on aside.

Cosmic Ray Persistence

Coronagraphic observations scheduled over more than one visibility
period will most probably be impacted by an SAA passage and possibly be
affected by charged particle induced persistence (see Chapter 4 for a
discussion on the cosmic ray persistence). To avoid breaking exposures
across visibility periods, coronagraphic observations should be scheduled
using the exposure level Special Requirement “SEQ <EXP. LIST»>
NON-INT”, which forces all observations to be within the same visibility
window, i.e., without interruptions such as Earth occultations or SAA

passages.

Contemporary Flat Fields

One of the coronagraphic calibration problemsis“proper” calibration of
images near the edge of the hole due to motion of the hole itself. The
problem arises from the fact that the OPUS flat field reference files are not
contemporary with the coronagraphic images. During Cycle 7 and 7N, the
coronagraphic hole moved about 0.1 to 0.2 pixels per month. In addition,
there is a second short term component to the movement along a pixel
diagona (back-and-forth) and imposed upon this motion a random jitter
third component of afew tenths of a pixel.

The light pattern about the coronagraphic hole is not symmetric due to
glint (see Figure 5.2), and will vary depending upon the location of the
target in the hole. Calibrating with a contemporary flat, which has the
coronagraphic hole pattern at the correct location, restores the flux level
and re-establishes the light pattern about the hole at the time of the
observation. For distances greater than ~0.7 arcseconds from the hole
(diameter ~17 pixels), the standard, high S/N flat is the best reference file
to use for calibration.

“Proper” calibration of coronagraphic images can be achieved with
contemporaneous lamp and background observations. These calibration
observations can be scheduled within the time allowed and will increase
the scientific return of the science data. Calibration observations are
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normally obtained as part of the STScl calibration program and GOs are
not usually allowed to request calibration data. However, the coronagraphic
programs are allowed to obtain lamp and background observations to be
used to locate the coronagraphic hole. For RTO Acquisitions, if there are no
pressing scientific reasons to fill the remaining acquisition orbit with
science observations, then it is recommended that lamp and background
observations be obtaned to support the coronagraphic science
observations.

Coronagraphic Decision Chart

The decision chart presented in Figure 5.4 helps guide the proposer
through the selection process to construct coronagraphic observations
when using an onboard acquisition or an early acquisition image. The
process for specifying RTO acquisitions of bright target is presented in
NICMOS-1SR-031 (13-Jan-1998). The observer is advised to contact the
STScl help desk, help@stsci.edu, for additional information.
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Polarimetry

NICMOS contains optics which enable polarimetric imaging with high
gpatial resolution and high sensitivity to linearly polarized light from 0.8 to
2.1 microns. The filter wheels of NIC1 and NIC2 each contain three
polarizing filters (sandwiched with band-pass filters) with unique
polarizing efficiencies and position angle offsets. The design specified that
the position angle of the primary axis of each polarizer (as projected onto
the detector) be offset by 120° from its neighbor, and that the polarizers
have identical efficiencies. While this clean concept was not strictly
achieved in NICMOS, the reduction techniques described in the HST Data
Handbook permit accurate polarimetry using both cameras over their full
fields of view. A description on NICMOS polarimetry can also be found in
Hines, Schmidt, and Schneider (2000)2.

The spectral coverageisfixed for each camera, and the polarizers cannot
be crossed with other optical elements. For NIC1 the polarizers cover the
wavelength range 0.8 to 1.3 microns (short wavelength), and for NIC2 the
coverage is 1.9 to 2.1 microns (long wavelength). Observationsin all three
polarizers will provide the mechanism for calculating the degree of
polarization and position angle at each pixel. To properly reduce
polarimetry data obtained with NICMOS, a new algorithm different from
that needed for ideal polarizers has been developed®4. Combined with
calibration measurements of polarized and unpolarized stars, this algorithm
enables accurate imaging polarimetry to < 1% (in percentage polarization)
over the entire field of view in both cameras.

In principle, polarimetry can be performed with the coronagraph, but
scattered light emanating from the hole and decentering makes this
extremely difficult.

2. Hines, D.C., Schmidt, G.D., & Schneider, G. 2000, "Analysis of Polarized Light
with NICMOS', PASP, 112, 983.

3. Hines, D.C., Schmidt, G.D., & Lytle, D., The Polarimetric Capabilities of NIC-
MOQOS, in The 1997 HST Calibration Workshop with a New Generation of Instruments,
ed. Casertano et al, 1997

4, Sparks, W.B. & Axon, D.J. 1999, "Panoramic Polarimetry DataAnalysis’, PASP,
111, 1298.
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NIC 1 and NIC2 Polarimetric Characteristics and
Sensitivity

The three polarizers in NIC1 are cadled POLOS, POL120S and
POL240S, and in NIC2 are called POLOL, POL120L, and POL240L,
where the suffix 0, 120 and 240 indicates the design specifications for the
position angle of the polarizer’s primary axis (in degrees). A summary of
the characteristics of the NIC1 and NIC2 polarizers are given in Table 5.1
below. The final column lists Pixel fraction which is the fraction of total
energy of the PSF contained in one pixel, assuming the source to be
centered on that pixel.

Table 5.1: Polarizer Characteristics

Camera Central Mean Peak FWHM Range Pixel
(um) (um) (um) (um) (um) fraction

NIC1 1.0450 1.0384 1.0245 0.4750 0.8-1.3 0.048

NIC 2 1.9943 1.9946 1.9100 0.2025 19—21 0.33

Observations must be obtained at all three primary axis angles
(POLO*, POL120*, and POL 240*) to measure the three linear Stokes
parameters |, Q and U, from which to derive the polarization intensity,
the degree of polarization and the position angle at each pixel.

In each Camera the three polarizers were designed to be identical and to
have the position angle of the primary axis of each polarizer offset by 120°
from its neighbor. In practice, this was not completely achieved and:

1. Each polarizer in each camera has a unique polarizing efficiency.

2. The offsets between the position angles of the polarizers within each
filter wheel differ from their nominal values of 120c-.

Table 5.2 below lists for each polarizer the position angle of the primary
axis and the filter efficiency (throughput of the filter only).

Table 5.2: Characteristics of the NIC1 and NIC2 polarizers

Filter Position Angle Throughput

POLOS 1.42 0.9717

POL120S 116.30 0.4771
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Table 5.2: Characteristics of the NIC1 and NIC2 polarizers

Filter Position Angle Throughput
POL 240S 258.72 0.7682

POLOL 8.84 0.7313
POL120L 131.42 0.6288
POL 240L 248.18 0.8738

In NIC1 the POL120S filter only has 48% transmission while the
POLOS filter has 98%. Observers should consider using POLOS at
multiple spacecraft roll anglesrather than POL 120S.

Theinstrumental polarization caused by reflections off the mirrorsin the
NICMOS optical train issmall (approximately less than 1%).

Aswith theimaging filters, sensitivity plotsfor the two sets of polarizers
for both extended and point sources are shown in Appendix 1, which also
contains throughput curves (convolved with the HST and NICMOS optics
and the detector’s response) for the polarizers. To work out how many
integrations are needed to get the desired S/N, the observer can use the
Exposure Time Calculator available on the WWW (see Chapter 1) or
Chapter 9. To get the total exposure time required for a polarimetric
observation the final answer must be multiplied by three to account for the
fact that all three polarizers must be used to get a measurement.

The proposer should be aware that the Exposure Time Calculator
computes the intensity based on the highest transmission of all the
polarizers for each camera and an unpolarized signal.

For the long wavelength polarizers in NIC2, thermal background must
be considered (see Chapter 4 for a description of the thermal background
seen by NICMOS and Chapter 11 for related observing strategies).

For a polarized source, the intensity measured by the detector depends
on the orientation of the spacecraft relative to the source in the sky. The
range of intensities is given by the Exposure Time Calculator value
multiplied by (/+peg;), where p is the fractional polarization of the
source and g is the polarizer efficiency.
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Ghost images

Multiple ghost images are present in NIC1 and NIC2 polarimetry data,
though the NIC2 ghosts are much fainter than in the NIC1. The location of
ghosts in each polarizer appears constant on the detector relative to the
position of the target (i.e. independent of telescope or object orientation).
For example, the NIC1 ghosts are offset between POLOS and POL 240s,
which produces a very highly polarized signal (100%) in percentage
polarization. This allows them to be easly distinguished from real
polarized signal. While all emission in the POLOS and POL 240S frames
will produce ghosts, experience with real data shows that the effect is most
important for strong point sources.

Figure 5.5 shows an example of the ghosts in NIC1 POLOS, POL 240S,
and the percentage of polarization. These ghosts will typically be seen as
regions of 100% polarization (seen as white blobs)

Figure 5.5: Ghost Images in NIC1 Polarizers®

Ghost Images in NIC1 Polarizers

POLOS POLOI20S

POL240S Pereentace Polarization

5. Refer to http://ecf.hq.eso.org/nicmos/sardinia/nodel4.html #2206, “Imaging Pola-
rimetry with NICMOS” for more details


http://ecf.hq.eso.org/nicmos/sardinia/node14.html#2206
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For NIC1, observers may want to consider an additional visit specify-
ing a different ORIENT to recover information lost due to ghosts so
that important structuresin the object are not near the image ghostsin
POLOS and POL 240S.

Observing Strategy Considerations

Observers should always use a dither pattern to help alleviate residual
image artifacts, cosmic rays, and image persistence, as well as to improve
sampling. The best choice for the number and size of the dithers depends
on the amount of time available and the goal s of the project, but aminimum
of four positions will alow optimal sampling and median filtering.

One strong recommendation is to execute afour position pattern in each
polarizing filter with N+1/2 pixel offsets, where N >= 10-50 depending on
the structure of the object and the field of view that the observer wants to
maintain. N=10 alleviates most persistence problems from point sources,
and the additional 1/2 pixel ensures good sampling. The same observing
process should be applied to each polarizer observation (e.g. POL120L and
POL240L). This strategy will result in aminimum of 12 images with which
to construct the linear Stokes parameters (I, Q, U).°

Exposure times should be set such that the source does not drive the
arrays into saturation, and only one exposure should be attempted per
dither position because the long decay time for persistence. If more
integration time is needed to achieve the desired S/IN, the entire dither
pattern for each polarizer should be repeated. For the best results, the
observing sequence should be POLO*, POL120*, POL240*, then repeat
POLO*, POL120*, POL 240*, etc.

Observers are reminded that for polarimetry observationsin NIC2 the
thermal background must be considered. In this case, background
images need to be obtained in all three polarizers

6. For more information on dithering, see Chapter 11
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The raw polarimetric images obtained through each polarizer are
routinely processed by the first stage of the pipeline like any other
exposure, but may require recalibration using updated flats and darks.

For NICMOS polarimetry, MULTIAcCcUM mode (see Chapter 8) is the
only exposure read-out mode recommended.

Limiting Factors

Limiting Polarization

Because the errors for percentage polarization follow a Rice
distribution’, precise polarimetry requires measurements such that
P/ meas >4 where p is the percentage polarization and o, its standard
deviation. Therefore, uncertainties 0.5-3% (per pixel) imply that objects
should have minimum polarizations of at least 2-12% per pixel.

Binning the Stokes parameters before forming the percentage
polarization p and the position angles reduces the uncertainties by
~ 1/.JN , whereN isthe number of pixelsin the bin. Uncertainties as low
as 0.2% in NIC2 should be achievable with bright objects.

Position Angle of Incoming Polarization Relative to NICMOS
Orientation

The non-optimum polarizer orientations and efficiencies cause the
uncertainty in polarization to be a function of the position angle of the
electric vector of the incoming light. For observations with low
signal-to-noise ratios (per polarizer image), and targets with lower
polarizations, the difference between the signals in the images from the
three polarizers becomes dominated by (photon) noise rather than analyzed
polarization signal. Therefore, observations that place important incoming
electric vectors at approximately 45° and 135° in the NICMOS aperture
reference frame should be avoided in NIC1. No such restriction is
necessary for NIC2.

Figure 5.6 shows the fractional signa measured in each NICMOS
polarizer as a function of incident electric position angle (PA) for 20%
polarized light. The lower curves are the differences in fractional signal
between images taken with successive polarizers. The vertical dashed lines
in the left panel (NIC1) represent the position angles of the incoming

7. Refer to Simmons & Stewart, “ Point and Interval Estimation of the True Unbiased
Degree of Linear Polarization in the Presence of Low Signal-to-noise Ratios’,
A& A142,ppl00-106, 1985
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electric vector where these differences are all small, and thus produce the
largest uncertainties in the measured polarization.

Figure 5.6: Fractional signal measured in each NICMOS polarizer as a function of
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8. Refer to http://ecf.hq.eso.org/nicmos/sardinia/nodel4.html #2206, “Imaging Pola-
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Polarimetry Decision Chart

The decision chart given in Figure 5.7 below helps guide the proposer
through the selection process to construct a polarimetry observation.

Figure 5.7: Polarimetry Decision Chart
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Grism Spectroscopy

NICMOS provides grism imaging sg)ectroscopy in the spectral range
between 0.8 and 2.5 um with Camera 3. NICMOS is used in this mode of
operation without any dlit or aperture at the input focus, so all objectsin the
field of view are dispersed for true multi-object spectroscopy. The grisms
reside in the NIC3 filter wheel, therefore the spatial resolution of the
spectroscopy is that of this Camera. The filter wheel contains three grisms
(G096, G141, G206), of infrared grade fused silica, which cover the entire
NICMOS wavelength range with a spectral resolving power of ~200 per
pixel.

A grismisacombination of a prism and grating arranged to keep light at
achosen central wavelength undeviated as it passes through the grism. The
resolution of a grism is proportional to the tangent of the wedge angle of
the prism in much the same way as the resolution of gratings are
proportional to the angle between the input and the normal to the grating.

Grisms are normally inserted into a collimated camera beam. The grism
then creates a dispersed spectrum centered on the location of the object in
the camerafield of view. Figure 5.8 shows an example of grism spectraof a
point source using G096, G141, and G206. The target is the brightest
source in the FOV, athough many other sources yield useful spectra as
well. The band along the bottom of the images, about ~15-20 rows wide, is
due to vignetting by the FDA mask, while the faint dispersed light on the
right edge of the G206 grating image is due to the warm edge of the
aperture mask.

The two shorter wavelength grisms exploit the low natural background
of HST while the longest wavelength grism is subject to the thermal
background emission from HST.

Figure 5.8: Grism slitless spectroscopy of a point source, using G096, G141, and
G206.

G096 G141 G206

9. NICMOS Instrument Science Report, NICMOS | SR-97-027
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The basic parameters of the NICMOS grisms are given in Table 5.3.

Table 5.3: Grism Characteristics

Grism Resol_ution Central Wedge Bandpass Lines
per Pixel Wavelength (um)  Angle (°)  (um) per mm
G096 200 0.964 5.219 0.8-12 45.0
G141 200 1401 5.5889 11-19 30.769
G206 200 2.058 5.6944 14-25 21.05

Multi-Object Spectroscopy

Grism observations are carried out in a similar manner as other
NICMOS imaging. A target is selected and imaged with one of the grisms.
We encourage all grism observers to dither their observations in the
direction perpendicular to the dispersion. Dithering parallel to the
dispersion may result in loss of data off the edge of the detector. However,
for the case of emission line point sources, one should dither in both
directions. This will improve both the line flux and wavelength
measurement of the line. Dither spacing should be a non-integer number of
pixels, e.g 2.1 arcsec (10 and a half pixels) and more than four positions
should be observed. Dithering the target on the detector will minimize
image anomalies such as grot affected pixels, cosmic ray hits, pixel
sensitivities, and residual persistence images.

Although multi-object spectroscopic observations can stand aone with
no supporting observations, we recommend pairing them with a direct
image in NIC3, through an appropriate filter, at the same pointing. This
provides the location of each object in the field and ads in the
identification of their individual spectra. Because of this natural pairingitis
anticipated that most spectroscopy observationswill be at least atwo image
pattern, that is, direct and grism images at the first dither point, move to
next dither position, direct and grism images at the second point, etc. The
new pattern syntax (see Chapter 11) makes this possible.

The direction of dispersion is perpendicular to the radial direction in
Camera 3 where theradial direction is defined by a vector originating at the
center of the field of view for Camera 3 and pointing toward the center of
the HST OTA axis. In complex fields, such as extended objects and
crowded fields, individual spectra of targets may overlap and cause
confused images. In such cases, it may be possible to alleviate the
superposition of spectra by requesting a specific orientation of the
telescope during the Phase 11 Proposal submission. For complex fields or
extended targets, observations of the same field at 3 or more different
spacecraft orientations (roll-angles) are advisable, to deconvolve
overlapping spectra. It is essential that matching direct images be obtained
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in this case. It should be recognized that specifying an orientation for a
grism observation creates constraints on the number of visibility windows
available for scheduling. If different orientations are needed over a short
period of time to unscramble the source spectra, telescope scheduling will
be difficult.

Grism Calibration

The NICMOS spectroscopic grism mode calibrations were determined
from on-orbit observations (Cycle 7 and 7N calibration program IDs: 7695,
7696, 7806, 7903, 7959). Observations were obtained with each grism in
and out of Camera 3 campaign mode. Wavelength calibration was carried
out by observing planetary nebulae, Vy 2-2 (before January 1998) and
HB12 (after this date). The inverse sensitivity curves were derived from
observations of the white dwarf G191-B2B and G-dwarf P330E. Grism
calibration data reductions were performed at the Space Telescope
European Coordinating Facility (ST-ECF). The ST-ECF NICMOS web
page is http://ecf.hqg.eso.org/nicmos/nicmos.html.

Relationship Between Wavelength and Pixel
Table 5.4 gives the dispersion relationship in the form:

wavelength = m - pixel +b ,

where wavelength isin microns and the O pixel is at the central wavelength
defined by the position of the object in the direct image. Therelationship is
plotted in Figure 5.9. The actual location of the positive and negative pixels
will be dependent on the grism orientation and the location of the source in
the image. The grisms were aligned as accurately as possible along a row
or column of the array. We do not expect any distortion or curvature in the
Spectrum.

During Cycle 7 and 7N, there was a measured change in the angle
between the NIC3 chip axes and the GRISM dispersion. A half a
degree of rotation was determined between the January 1998 and June
1998 NI C3 campaigns, with the rotation with respect to the detector X
axisincreasing with time.

The orientation and position of the spectra relative to the direct object
has been measured in-orbit and was found to be similar to the Thermal
Vacuum measurements except for a small 0.5° rotation. The dispersion
parameters have remained fairly constant during the in-orbit observations.
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They are significantly different from the pre-flight measurements, and the
current best estimates of the dispersion relations are those determined from
on-orbit observations.

Table 5.4: Grism wavelength to pixels relationship

Grism m b
G096 -0.00536 0.9487
G141 -0.007992 1.401
G206 -0.01152 2.045

Figure 5.9: Wavelength Versus Pixel Number for each Grism. Note that the actual
location of the central wavelength on the detector depends on the position of the
source.

Grism Spectra

10D

=]

Plzela
[

-50

-1oD

IIIIIIIIIIIIIIIIII-‘.'IIIIIIIII
!
!

1 15 F

¥avelangth {am)

R
n

Sensitivity

Background radiation will be a greater concern for grisms than for
imaging observations. Every pixel on the array will receive background
radiation over the spectral bandpass of the particular grism, while the
source spectrum will be dispersed over many pixels. Therefore, the ratio of
the source to background flux will be much lower for the grisms than for
the regular imaging mode filters. The background rate per pixel (sky +
telescope) expected with NCS operations is presented in Table 5.5 below
for the three grisms.  Observing a source with flux at all wavelengths
egual to the peak response for each grism will result in a peak count rate
equal to the background. The increase in the background flux for the G206
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grism is dramatic. Grisms G096 and G141 should therefore be used
whenever possible. Despite its broad wavel ength coverage, the G206 grism
should be used for the longest wavelengths only. Dithered observations,
especially when the field is uncrowded, can often be used to remove the
background quite well. Thus breaking observations into several spectra,
taken on different parts of the detector, is strongly recommended.

Table 5.5: Grism Background Radiation (sky + telescope)

. Wavelength Background Background Peak
Grism range (e/secipixel)  (Jansky/pix) Response
microns P yip (DN/sec/mJy)
G096 0.8-1.2 0.364 6.1x10°6 4419
G141 1.1-1.9 2.209 2.1x10° 7733
G206 1.4-25 527.155 4.0x103 10260

Figure 5.10 gives the sensitivity of each grism as a function of
wavelength, as measured for the standard star P330E in June 1998 (left
panels) and renormalized to the DQE expected in Cycle 11 onward, after
installation of the NCS (right panels). The signal was measured in an
aperture of 10 pixels (2 arcsec) in the spatia direction. Table 5.6, 5.7, and
5.8 present the basic information for the three NICMOS grisms. In the
same tables, the best direct imaging filter to associate with each grism is
given with the list of its characteristics.

Note that for the G206 grism, the large thermal background means
that exposures can never be longer than about five minutes, even for
faint sources, because the detector will be saturated by the back-
ground. See Chapter 4 for more details on the thermal background
seen by NICMOS. The dithering/chopping strategies described in
Chapter 11 for background removal should be used with this grism.
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Figure 5.10: Grism Inverse Sensitivity Curves, G096 (top), G141 (middle), and
G206 (bottom), both measured (June 1998 observations, left) and predicted with
the expected Cycle 11 DQEs (right).
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Table 5.6: Grism A: G096
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Ce_ntral Me_an Pe_ak FWHM Range Max Trans.
(microns) (microns) (microns) (microns) (percent))
0.9673 0.9911 1.0010 0.4029 0.8-1.2 69.8

Direct Imaging Filter F110W
1.0998 1.1035 1.2035 0.5915 0.8-14 94.9

Table 5.7: Grism B: G141 Thermal background is important.

Central Mean Peak FWHM Range Max Trans.
(microns) (microns) (microns) (microns) (microns) (percent)
1414 1.5100 1.4020 0.7914 1119 74.7

Direct Imaging Filter F150W
1.5035 1.5069 1.6355 0.8020 1119 97.7

Table 5.8: Grism C: G206 High thermal background. Use only for bright
sources, at longest wavelengths.

Central Mean Peak FWHM Range Max Trans.
(microns) (microns) (microns) (microns) (microns) (percent)
2.067 1.9523 2.0880 1.1575 14-25 73.4

Direct Imaging Filters F175W, F240M
1.7530 1.7508 1.9070 1.0940 1223 96.6
2.3978 2.3977 2.3155 0.1975 2.3-25 92.4
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Intrapixel Sensitivity

The same intrapixel sensitivity problem which affects NIC3 images (see
Chapter 4) will affect the grism spectra since the dispersion direction is not
exactly aligned with the detector rows: as the heart of the spectrum crosses
from one row to the next, the flux will dip by 20 percent or so. This effect is
not obvious in emission line spectra but can be very clear in continuous
spectra. The frequency of the dip and the placement of the sensitivity
minima within the spectrum will depend on exactly where the spectrum
falls on the detector, and the angle between the dispersion direction and the
detector X axis. Note that the former changes with the dithering position,
and the latter is temporally variable. As noted earlier, the grisms and the
detector appear to have rotated with respect to each other by a half a degree
between the two NIC3 observing campaigns. A correction procedure has
been added to NICM OSlook.
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Grism Decision Chart

The decision chart given in Figure 5.11 helps guide the proposer
through the construction of a grism observation.

Figure 5.11: Grism Decision Chart
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CHAPTER 6:

NICMOS Apertures
and Orientation

In this chapter ...

NICMOS Aperture Definitions / 105

NICMOS Coordinate System
Conventions / 106

Orients / 107

In this chapter we give the aperture definitions, the instrument
orientation on the sky and the coordinates convention.

NICMOS Aperture Definitions

Each HST Science Instrument requires its own local coordinate system
and apertures to support both target acquisition and small angle maneuvers
(SAMs). Apertures are calibrated locations in the HST focal plane relative
to the FGS frame. All acquisitions and SAMs are relative to apertures. Any
location within the field of view of a NICMOS camera can be specified by
the POSTARG special requirement (described in the HST Phase |1 Proposal
Instructions).

The basic philosophy of the NICMOS aperture definitions follows that
used by WF/PC-1 and WFPC2. Each NICMOS camera has two primary
apertures. One is positioned at the geometric center of the detector and the
other at an optimal position close to the center. The first of these apertures
is anchored to that fixed location, while the second may be moved in the
future. In this way the optimal aperture may be shifted to avoid array

105
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defects, even if these are time dependent. Observers with large targets
which fill the field of view of a particular camera are generally advised to
use the first type of aperture, while for observers with smaller targets the
second type is recommended.

Additional apertures are defined in Camera 2 for use in the Mode 2
coronagraphic acquisition.

The names of the defined apertures are listed in Table 6.1 along with a
description of their function and their initial location

Observers should note that while apertures are defined by their pixel
position in each detector, displacements relative to the default aperture
position given with POSTARG are expressed in arcseconds (see the Phase
I Proposal Instructions).

Table 6.1: NICMOS Aperture Definition

Aperture Name Description Position (detector

pixels)
NIC1 Optimal center of Camera 1 162,100
NIC1-FIX Geometric center of Camera 1 128,128
NIC2 Optimal center of Camera 2 149,160
NIC2-FIX Geometric center of Camera 2 128,128
NIC2-CORON? Center of coronagraphic hole
NIC2-ACQ Center of Mode 2 ACQ region 157,128
NIC3 Optimal center of Camera3 140,135
NIC3-FIX Geometric center of Camera3 128,128

1. NIC2-CORON aperture position not given here asit is
time dependent and automatically determined onboard for
each coronagraphic acquisition.

NICMOS Coordinate System Conventions

Figure 6.1 shows how the NICMOS cameras are arranged in the HST
field of view. The alignment of each camera is not exact, and the internal
coordinate systems attached to each of them will differ by small rotations
(< 1 degree). The FITS format data files generated for NICMOS observers
will have a World Coordinate System specified appropriately for each
camera. The adopted coordinate system for the 3 camerasis summarized in
Figure 6.1.
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i N Camera 2

y (256,256)
(1.1) t} X Cameral

(1,256) 1D (256,256)
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Orients

NICMOS orientations are specified relative to the +y axis shown in
Figure 6.1. Eastward rotations are counterclockwise (in the usua
astronomical convention). Spacecraft orientations are specified relative to
the U2-U3 telescope axis (Figure 6.2). The NICMOS coordinate system is
rotated by 225 degrees from U3 axis.

Due to the linear arrangement of the 3 NICMOS cameras on the sky, it
will often be advantageous to consider the specification of a unique
telescope orientation. Observers should be aware that such constraints may
decrease the duration and number of scheduling opportunities for their
observations and, under some circumstances, may make the identification
of suitable guide stars impossible.

While the Phase Il proposal instructions contain the definitive
instructions and examples for specifying the desired orientation for HST,
we provide a simple example in Figure 6.2. A binary star with a position
angle (PA) 30° measured east from north is to be positioned with the
southern star in Camera 3 and the northern star in Camera 2. That is, we
want the line connecting the two stars to lie along the NICMOS +y axis.
The resulting HST orientation is 225° + 30° = 255°. (HST ORIENT = PA
+ 225° for NICMOS).
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Figure 6.2: Definition of Orient for NICMOS
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CHAPTER 7:

NICMOS Detectors

In this chapter ...

Detector basics / 110
Detector Characteristics / 112
Detector Artifacts / 123

In this chapter, we first briefly explain the physical principles of the
NICMOS detectors. We then report on a number of properties that have
significance for the scientific performance of NICMOS. Many of these
properties are temperature dependent, which is important since the
operating temperature for NICMOS under NCS is not yet well known.
Expectations for performance in Cyclell come from a set of monitoring
programs executed at the end of Cycle 7N, during the period November
1998 - January 1999. These programs monitored darks, flat-field and focus
position while NICMOS was warming up, due to cryogen exhaustion.
During warm-up, the NICMOS temperature increased from ~ 62 K to
environment temperature, crossing the region around 72 - 77 K, which is
the target temperature range under NCS operations. We will discuss how
the various aspects like e.g. quantum efficiency, read-noise, and dark
current depend on temperature, and how this will affect the NICMOS
sengitivity. Also, we discuss a number of detector artifacts like shading,
amplifier glow, and others, all of which can be corrected, either in pipeline
processing or at the analysis level.

109
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We emphasize again that the expected operating temperature of the
NICMOS detectors is still rather uncertain, somewhere between 75

v and 86 K, with a current best estimate of 78.5 K. The expected NIC-
MOS performance, however, does not drastically change over thistem-
perature range.

Detector basics

In this section we briefly describe the operationa principles of the
NICMOSS3 detectors. Figure 7.1 (adapted from McLean 1997) shows the
basic physical structure of a photovoltaic HgCdTe detector.

Figure 7.1: Cross-section of a NICMOS3-type detector (not to scale)
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An infrared detector is basically a photodiode, the core of which is a
p-n-junction created during the wafer processing. The Fermi-levels of the
p- and n-type materials, i.e. the highest occupied energy state of the
electron gas within the semiconductor material, must match, which
effectively creates an electric field across the junction. The incident
infrared photons free electron-hole pairs into the conductance band at or
near the junction which are immediately separated by the electric field. The
accumulated charge carriers cause a voltage change across the junction
which can be detected and used as a measure of the incident light. One can
think of the detector as a capacitor that is discharged by the infrared
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photons. In practice, the voltage change is monitored by a Si field effect
transistor (FET), used as a source follower amplifier. Figure 7.2 shows the
equivalent circuit diagram for the NICMOS3 “ unit cell”

Figure 7.2: Equivalent circuit diagram of the NICMOS3 unit cell.
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In order to produce an “imaging” detector, a large number of such unit
cells, or pixels, are combined into an array. The photon-sensitive layer
(HgCdTe in the case of NICMOS3 detectors) and the Si-multiplexer
(which contains the array of FETS) are combined in a “hybrid” structure,
connected via tiny indium bumps (Figure 7.3). For better mechanical
stability, the “hybrid” array structure is put on an infrared-transparent
Sapphire substrate. Since each pixel contains its own FET, there is no
“bleeding” aong columns, as in CCD chips, and bad pixels do not block
the rest of the column.
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Figure 7.3: Basic “hybrid” structure of infrared array detectors. Top: schematic of
the detector array. Bottom: enlarged cross-section of a few unit cells, or pixels.
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Detector Characteristics

Overview

Each NICMOS detector comprises 256 x 256 sgquare pixels, divided into
4 quadrants of 128 x 128 pixels, each of which is read out independently.
The basic performance of the nominal flight detectors is summarized in
Table 7.1. Typically, the read-noise is ~30e/pixel. Only a few tens of bad
pixels (i.e, with very low response) were expected, but
particulates—possibly paint flakes—have increased this number to >100
per detector. The gain, ~5-6 €/ADU, has been set so as to map the full
useful dynamic range of the detectors into the 16-hit precision used for the
output science images.
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Table 7.1: Flight Array Characteristics

Characteristics Camera 1 Camera 2 Camera 3
Dark Current (e /second)1 0.4-2.0 0.4-2.0 0.4-2.0
Read Noise (€)? ~30-35 ~30-35 ~30-35
Bad Pixels (including particles) 213 (.33%) 160(0.24%6) 139(0.21%)
Conversion Gain (€ / ADU) 5.4 5.4 6.5
SATURATION (€)2 (98% Linearity) 145,000 145,000 185,000
50% DQE Cutoff Wavelength (microns) 2.55 2.53 2.52

1. The dark current strongly depends on whether the “bump” anomaly will be
observed or not (see next section) when NICMOS will be cooled down to operat-
ing temperatures with the NCS.

2. The quoted readout noiseis the realized noise from a pair of readouts (i.e., the
quadrative sum of asingle initial and final readout). The following sections will
give more information for each of the quantities of this table.

3. Saturation is defined as 2% deviation from quadratic non-linearity.

Dark current

A NICMOS exposure taken with the blank filter in place should give a
measure of the detector dark current. However, the signal in such an
exposure consists of three different components:. amplifier glow, shading,
and linear dark current. The linear dark current is the current produced by
the minority carriers inside the detector material. It increases linearly with
exposure time, hence the name. It can be measured after subtraction of
amplifier glow and correction for shading, both of which we will describe
in the next section. The linear dark current was carefully monitored
throughout the NICMOS warm-up at the end of Cycle 7N in order to
estimate its value for operation under the NCS. Special care was taken to
minimize the impact of those measurements that were affected by cosmic
ray persistence after passage through the South-Atlantic Anomaly (see
Chapter 4). The mean dark current of al three NICMOS chips for the
whole temperature range of the warm-up is plotted in Figure 7.4. The
characteristic increase and subsequent decline of the dark current between
75 and 85 K is an unexpected feature which is commonly referred to as the
“bump”.
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Figure 7.4: NICMOS linear dark current as function of detector temperature.
Upper plot presents NICMOS end-of-life (EOL) data with bump, and lower plot
shows the dark current with the bump interatively removed.
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The theoretical expectation for the dark current at temperatures above ~
140 K is to follow the charge carrier concentration, which rises with
temperature according to the Boltzmann factor eBkT At temperatures
between 90 and 140 K, generation-recombination models provide the best
agreement with laboratory measurements. The two regimes both produce a
basically linear relation of log(dark current) vs. /T, but with different
slopes. At temperatures below 90 K, poorly understood tunneling effects
are known to cause a deviation from the generation-recombination model.
These result in a flattening of the dark current decrease towards colder
temperatures, until a basically constant dark current is reached. Except for
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the bump, the NICMOS dark current follows these general trends, as
demonstrated in Figure 7.4.

The "bump"

The excess signa responsible for the bump shows the flatfield
morphology (see NICMOS ISR 99-001 for more details). Moreover, the
small specks of black paint known as “grot” are not visible in the bump
images. Taken together, these observational facts suggest that some amount
of excess charge was released inside the detector material, and
subsequently picked up by the pn-junctions. The idea of an additional
component to the normal "linear" dark current is also supported by the fact
that subtracting a scaled flatfield exposure - constructed from the set of
calibration flats and weighted by the DQE curve appropriate for the
respective temperature - effectively flattens the dark current image, and
smoothly interpolates the dark measurements before and after the bump
(lowest linein Figure 7.4). A possible explanation for this additional signal
component are low-energy electronic states (“traps') inside the detector
material which can be produced, for example, either by the manufacturing
process, or by cosmic ray bombardment. These traps were presumably
filled during the ~ 4 year long "cold period" of the instrument during which
the detectors were at temperatures around 60 K. The trapped charge was
only released when the detectors warmed up through 75 K during the
end-of-cryogen warmup. A laboratory test program designed to investigate
the trapped charge theory and conducted at the University of Arizona,
however, did not reproduce this signal (NICMOS ISR 00-002). Therefore,
the exact dark current levels of the NICMOS detectors during Cycle 11
remain uncertain at thistime.

The NICMOS Exposure Time Calculator (ETC) allows the user to
choose between two dark current levels which reflect the best (0.5¢" /5/pixel
at 75 K) and worst (2€ /s/pixel at 78 K) case scenarios. Phase | proposers
are recommended to use the worst case scenario (default ETC setting) for
their exposure time calculations because of the current uncertainty for the
NCS/NICMOS on-orbit performance. Orbit allocations derived from
optimistic dark current estimateswill NOT be adjusted if the dark current is
indeed elevated above the assumed levels. We also point out that for most
proposals, the difference between the two scenariosis negligible, as shown
by the sensitivity curves in Appendix 1. This is because only the longest
NICMOS exposures at wavelengths shorter than ~1.7 um are in fact dark
current limited.

Flat fields and the DQE

Uniformly illuminated frames taken with the NICMOS arrays show
response variations on both large and small scales. These fluctuations are
corrected in the normal way by flat fielding, which is an essential part of
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the calibration pipeline. In order to monitor the flat field structure of the
NICMOS detectors, alarge program of calibration lamp and earth flats was
executed during Cycle 7 and throughout the warm-up. At the NICMOS
temperatures achieved during Cycle 7, the flat field exposures showed
considerable spatial structure, i.e. the relative responsivity of individual
pixels varied by a large amount. Peak-to-peak variations between the
highest and lowest sensitivity areas on the array were as much as a factor of
5 at 0.8 microns. The amplitude of the variations declines both with
increasing wavelength and temperature. For the detector temperatures
expected for Cycle 11, the flat field response will vary by a factor of ~2.5
(2) at the short (long) end of the NICM OS wavelength range.

The detective quantum efficiency (DQE) monitoring program during the
warm-up of the instrument was designed to determine what exactly the
response function of the NICMOS detectors at the NCS operating
temperatures will be. Expectations were that low sensitivity pixels would
experience a dgignificant increase in DQE, especially at shorter
wavelengths. Figure 7.5 shows the pixel response of al cameraffilter
combinations that were used during the monitoring (details of the data
reduction are found in NICMOS ISR 99-001).

For all regions, the DQE increases roughly linearly between 63 K and
78 K, with asmall curvature term. In all cameras, the linear slope is higher
than average for low sensitivity regions, and lower than average for high
senditivity regions. This behavior effectively flattens out the DQE
variations across the array, relative to Cycles 7 and 7N. The average
responsivity at 75 K increased by about 45% at J, 33% at H, and 17% at K.
The resulting wavelength dependence of the expected DQE for NICMOS
operations at 78 K is shown in Figure 7.6. Here, we have scaled the
pre-launch DQE curve, which was derived from ground testing of the
detectors, to reflect the changes measured at the wavelengths used in the
monitoring program.
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Figure 7.5: DQE variations with temperature for all camera/filter combinations of
the monitoring program. The coefficients of a second order polynomial fit are
listed on the top left of each plot. For each dataset, the three curves depict a low

sensitivity region on the chip (highest curve), the median DQE over the full chip

(middle curve), and a high sensitivity region (bottom curve). Note also that the
%DQE increase is larger for shorter wavelengths
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Figure 7.6: Expected NICMOS DQE as a function of wavelength for operations at
78 K (crosses), compared to pre-launch measurements.
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The fine details in these DQE curves should not be interpreted as
detector features, as they may be artifacts introduced by the test set-up. At
the blue end, near 0.9 microns, the DQE at 78 K is ~20%; it rises
quasi-linearly up to a peak DQE of ~90% at 2.4 microns. At longer
wavelengths, it rapidly decreases to zero at 2.6 microns. The NICMOS
arrays are blind to longer wavelength emission. Figure 7.7 shows the ratio
of the DQE at 78 K to the DQE at 63 K, as a function of wavelength. The
continuous line is extrapolated from the average measured in the three
cameras during the warm-up monitoring for a subset of wavelengths
(filters). When looking at these DQE curves, the reader should bear in mind
that thisis not the only criterion to be used in determining sensitivity in the
near-1R. For example, thermal emission from the telescope starts to be an
issue beyond ~1.7 um. The shot-noise on this bright background may
degrade the signal to noise obtained at long wavelengths, negating the
advantage offered by the increased DQE.
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Figure 7.7: The ratio of the expected DQE at 78 K to the DQE at 63 K for the three
NICMOS cameras. The symbols are measurements. The continuous line is a lin-
ear extrapolation.
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It isimportant, especially for observations of very faint targets for which
the expected signal to noise is low, to note that the DQE presented here is
only the average for the entire array. The flat field response is rather
non-uniform, and thus the DQE curves for individual pixels may differ
substantially. To demonstrate this, we plot the relative response of four
selected detector areas in Figure 7.8. Each region consists of three adjacent
pixels, either inalineor inan “L” shape. Two of them have relatively high
sensitivity, and the other two show a lower than average sensitivity. The
pixel sengitivity relative to the average over the entire array is plotted
versus wavelength, using a number of 10% bandwidth measurements. For
many pixels, the response variation is fairly sow between 1.0 and 2.2
microns. However, at about 2.25 microns, there is a pronounced turnover,
beyond which the change with wavelength is significantly larger. Note,
however, that these data were taken at temperatures around 60 K.
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Figure 7.8: Relative Response as a function of wavelength of three-pixel groups.
The curves show the DQE of individual pixels relative to the mean DQE for the
entire array, for low- (top panel) and high sensitivity pixels (bottom panel).
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The steeper gradient in the flat field response longward of 2.25 microns
is likely to somewhat degrade the photometric accuracy of observationsin
the longest wavelength NICMOS filters. However, In Cycle 11, the
NICMOS detector arrays are expected to be much flatter compared to
Cycle 7 because of the stronger DQE increase with temperature of the
low-sensitivity pixels described above. Figure 7.9 demonstrates this effect.
As can be seen from the histograms on the right, the overall spread in pixel
response values is much smaller at the temperatures expected for Cycle 11.
Therefore, the photometric accuracy at the long wavelength end should be
improved. Nevertheless, specia care should be taken when observing
sources with extreme colors (see Chapter 4).
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Figure 7.9: Normalized flat field exposures of all NICMOS detectors, taken
through the F110W filter at temperatures of 62 K (left) and 78 K (right). The gray-
scale stretch is the same for both temperatures in each camera. The histograms
on the right show the “flattening” of the arrays at the higher temperature which can
also be seen by comparing the images.
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Read Noise

Each detector has four independent readout amplifiers, each of which
reads a 128 x 128 quadrant. The four amplifiers generate very similar
amounts of read noise. This is illustrated in Figure 7.10 which compares
the pixel read noise distributions for the 1st and 4th quadrants of Camera 1.
The distributions for all quadrants is relatively narrow, with a FWHM of 8
electrons. This means that there are only few very noisy pixels. The read
noise does not change with temperatue.
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Figure 7.10: Read Noise Characteristics for Two Quadrants on Camera 1 Detector
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Linearity and Saturation

Until after Cycle 7, the linearity correction of the calibration pipeline
had been based on the assumption that the NICMOS detector response was
perfectly linear until count numbers reached a certain value, usualy
referred to as Node 1. No linearity correction was performed until this
point was reached. The pixel was flagged as saturated when the deviation
from the linear response reached 2%. This point, the so-called Node 2,
occurs at about 90% of the full-well. However, an extensive Cycle 7
calibration program indicated that the detector response is in fact
non-linear over the full dynamic range. For Cycle 11, a revised linearity
correction will be implemented into the calibration pipeline which will
correct data over the entire dynamic range of the defined saturaion level
(Node 2). In other words, Node 1 will be set to zero. Figure 7.11 compares
the new procedure to the one previoudy used. Here, we plot the response of
a (arbitrary) NIC3 pixel, as derived from differencing subsequent readouts
(“first differences’).
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Figure 7.11: Comparison between previous(dashed) and new (dash-dotted) lin-
earity correction. The true pixel response is shown by the solid line.
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Detector Artifacts

Shading

The NICMOS arrays exhibit a noiseless signal gradient orthogonal to
the direction of primary clocking, which is commonly referred to as
shading. It is caused by changes of the pixel bias levels as a function of
temperature and time since the last readout (“delta-time”). The amplitude
of the shading can be as large as several hundred electrons for some pixels
under some circumstances. The first pixels to be read show the largest bias
changes, with the overall shading pattern decreasing roughly exponentially
with row number. The shading is a noiseless contribution to the overall
signal, therefore it can be completely removed during pipeline processing
once it has been calibrated with delta-time and temperature.

For a given delta-time, the bias level introduced by the shading remains
constant. For MULTIACCUM readout sequences (see Chapter 9) where the
time between readouts is increasing logarithmically, the bias level changes
with each successive read, and thus the overall shading pattern evolves
along the MULTIACCUM sequence. We have calibrated the dependence of
shading as afunction of delta-time for each of the three NICM OS detectors
using Cycle 7 darks, and are now able to use this information to construct
“synthetic” dark current calibration reference files for NICMOS
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observations. The accuracy of this calibration is good (a few percent for
most readout times).

The warm-up monitoring program provided an opportunity to measure
the temperature dependence of the shading signal. Figure 7.12 shows how
the shading profile of NIC2 varied with increasing detector temperature,
and how this change can be effectively modeled for calibration.

Figure 7.12: Top: temperature dependence of the shading profile in camera 2.
Shown are cuts along the line direction for all dark exposures throughout the
warm-up, with the lowest curves corresponding to the lowest temperatures. Bot-
tom: mean shading signal over columns 145 to 155 (indicated by the grey arrow)
as a function of detector temperature.:
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Amplifier Glow

Each quadrant of a NICMOS detector has its own readout amplifier
situated close to the corners of the detector. Each time the detector is read
out, the amplifier warms up and emits infrared radiation that is detected by
the chip. This signal, known as amplifier glow, is largest in the array
corners with ~ 80 €/read, and falls rapidly towards the center of the
detector where it is about 10 €/read. The signal is cumulative with each
non-destructive readout of an exposure. It is highly repeatable, and is
exactly linearly dependent on number of reads. It also is constant with
temperature, as shown in Figure 7.13.

Figure 7.13: Amplifier glow signal as a function of detector temperature
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In contrast to the shading, the amplifier glow is a photon signal, and
thusis subject to Poisson statistics. It therefore contributes to the total noise
in NICMOS exposures. Amp-glow images for all three cameras are shown
in Figure 7.14. For the case of an ACCUM exposure with multipleinitial and
final reads (see Chapter 9), the photon noise produced by amplifier glow
can outweigh the read noise reduction from the multiple reads, especially
close to the array corners producing a total noise reduction never larger
than ~ 40 - 50%. Similarly, the trade-off between improved cosmic ray
rejection, reduced read noise, and increased photon noise in a
MULTIACCUM sequence is complicated.
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Figure 7.14: Amplifier glow for Cameras 1 (left) through 3 (right), on a uniform
grayscale, and below a plot of rows (near the bottom) of each camera.
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Overexposure of NICMOS Detectors
Effects of photon and cosmic-ray persistence are described in Chapter 4.

Electronic bars and bands

Electronic "bars' are an anomaly in NICMOS data taken during Cycles
7 and 7N. They appear as narrow stripes that cross the quadrants of an
array, and occur identically in al 4 quadrants at the same rows/columnsin
each. The bars are caused by pick-up of an amplifier signal on one of the
row/column address lines, causing a momentary change in the bias for that
pixel.

Similarly, electronic bands are caused when one of the NICMOS
detectorsis reset while another is being read out. The reset pulse causes a
sudden jump in the bias of the detector which is being read. The bias jump
then appears as an imprint on the image that looks like a band.

The bars typically run the length of a quadrant (128 pixels), and are 3
pixels wide - the first pixel is lower than the mean, the second is at the
mean level and the third is higher than the mean, giving the impression of
an undersampled sinusoidal spike with an amplitude of up to ~10 DN
peak-to-peak. If a bar appears in the Oth readout, it will be subtracted from
all the other readouts as part of the normal calibration process, and will
appear to be the negative of the above description. The bars are aimost
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aways brokenin at least one place, with a shift of 2-10 pixelsin the narrow
direction. These sometimes correspond loosely with the breaks in the "bias
jump" bands in the last readout of a MULTIACCUM sequence, indicating
they may be related to the same electronic phenomenon.

The bars run parallel to the slow readout direction, which is vertical in
NIC1, and horizontal in NIC2 and NIC3. Normally there is only one bar
per quadrant, but occasionally there are more, always reflected in all 4
guadrants. Sometimes the bars will be "in sync" and appear at the same
place in successive or every other readout, or may appear to march across
the frame over the course of a MULTIACCUM sequence. A more detailed
description of the electronic bars and bands is given on the NICMOS
WWW site:

http://www.stsci.edu/cgi-bin/nicmos

For Cycle 11, we will implement a modified readout sequence for the
three NICMOS cameras which reduces the probability that a detector
is being reset while another is read. This procedure will be completely
transparent to users and should significantly reduce the electronic
bands problem.

Bad Pixels

Hot pixels are pixels with excessive charge compared to the surrounding
pixels, while cold pixels are less sensitive than the surrounding pixels or
have no sensitivity. Many of these pixels were identified during the
Therma Vacuum testing performed on the ground in August 1996.
Statistics of the hot/cold pixels in the three NICMOS cameras is given in
Table 7.2. The best way to minimize the effect of hot or cold pixelsisto
dither the observations

Table 7.2: Hot and Cold Pixels in NICMOS

Pixel

Characteristics NICL NIC2 NIC3

Cold 68 94 17
Hot 10 11 3



http://www.stsci.edu/cgi-bin/nicmos

128 | Chapter 7: NICMOS Detectors

"Grot"

Flat fields taken on orbit revealed a new population of pixels with very
low count rates. It is believed that the bad pixels are caused by debrislying
on top of the detectors. Paint flakes from the optical baffles are one possible
source of this debris. The largest of these areas of bad pixels occurs in
NIC1 and is shown in Figure 7.15 below. Approximately 100 - 200 pixels
in each of NIC1, NIC2 and NIC3 are affected by this debris. Dithering is
recommended for observers who believe that these and other pixel defects
could adversely affect their science goals. We expect the "grot” to still be
present in Cycle 11 asit wasin Cycle 7 and 7N.

Figure 7.15: A portion of a NIC1 flat field image shows the largest of the groups of
pixels affected by debris ("grot"). This bit of “grot” is roughly 5 by 9 pixels and is
located in the upper left quadrant of NIC1.
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In this chapter ...
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Acquisition Mode / 141

The NICMOS flight software supports several detector readout modes
which take advantage of the non-destructive read capabilities of the
detectors to yield the optimum signal to noise for science observations.
These are described in detail in this chapter. In describing these we
introduce the nomenclature used to command each of the modes in the
Phase |1 proposal instructions.

v Nearly all observers should use the MULTIACCUM mode.

129
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Introduction

NICMOS has four detector readout modes that may be used to take data.
After observing time has been approved, the readout mode can be selected
by the observer when completing the Phase Il proposal entry. However,
potential observers must understand the advantages and limitations of each
of the readout modes in order to properly design their Phase | proposal.
Since BRIGHTOBJ is an available mode (i.e., not supported by STScl),
the necessity for its use should be spelled out in the Phase | proposal.
Efficiency is not an acceptabl e reason to use an available mode.

There are three supported readout options within this general
framework:

1. Multiple-accumulate Mode.
2. Accumulate Mode.
3. Acquisition Mode.

The basic scientific rationale behind each of these modes, and a
summary of their capabilities is outlined in Table 8.1, aong with a
recommendation regarding their use. The Phase Il proposa instructions
needed to identify the readout modes are given in brackets under the mode

name.

Table 8.1: Readout Modes and their Functions

Mode Use Functionality Recommendation
Accumulate Simplest observing mode t > 0.57 seconds MULTIACCUM modeis
(accum) Produces asingle image Limited to 173 tabular integration  preferred.

May help ease data volume con-
straints

times

Multiple-Accumulate Faint targets Multiple readouts at Suitable for most pro-
(MULITACCUM) Large dynamic range specific times during grams.
Optimal image construction. an integration Use whenever high
Ground processing of 8590 > t > 0.215 seconds dynamic range needed
cosmic rays and saturation. Number of readouts < 25 e.g., source with bright
core and faint extended
emission or long inte-
grations times.
Onboard Acquisition Locate brightest sourceinasubar- ~ ACCUM exposures are obtained, Reasonably bright
(AacQ) ray and reposition telescope to combined with cosmic ray rejec- sources in uncrowded
place source in coronagraphic hole  tion, holelocated, sourceslocated  fields. See Chapter 5
and centered. for more details.
Bright Object For coronagraphic acquisition of reset/read/wait/read each pixel When possible use a
(BRIGHTOBJ) bright targetswhichwould saturate  sequentially in a quadrant narrow filter with
the arraysin the other modeswith ~ 0.001024 < t < 0.2 seconds ACCUM Of MULTI -

the shortest integration time
allowed

ACCUM instead
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The BRIGHTOBJ modeisnot supported for Cycle 11; it is, however, an

available mode for the special case of acquisition of very bright targets
under the coronagraphic hole. See Appendix 3 for a more detailed

description of this mode.

Detector Resetting as a Shutter

It is important to remember that NICMOS does not have a physical
shutter mechanism. Instead, the following sequence of operations are
performed to obtain an exposure:

» Arrayreset: All pixels are set to zero—the bias level.

» Array read: The chargein each pixel is measured and stored in the
on-board computer’s memory. This happens as soon as practical after
the array reset. In effect, avery short exposure image is stored in
memory.

* Integration: NICMOS exposes for the period specified for the inte-
gration.

» Array read: The chargein each pixel is measured and stored in the
on-board computer’s memory.

Accumulate Mode

The Accumulate Readout Mode (ACCUM) generates the simplest basic
exposure. In its simplest incarnation, two sample readout, illustrated in
Figure 8.1 it is analogous to a WFPC2 readout. This ssimple two sample
readout strategy is the one to use for short integrations of relatively bright
objects, and when you are observing in the background limited regime at
long wavelengths. This section is therefore a good place to start to get
familiar with the concepts inherent in the operation of the NICMOS arrays,
including their non-destructive readout capabilities. The allowed ACCUM
mode integration times are restricted to 173 tabular values.

The first action of an ACCUM exposure is three passes through the
detector resetting all pixels. The reset isimmediately followed by a fourth
pass through the detector non-destructively reading and storing the pixel
values. This marks the beginning of the integration. The final action is a
second non-destructive reading of the detector, which marks the end of the
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integration. The returned image is the difference between the second and
the first pass pixel values, and the integration time is defined as the time
between the first and second read of the first pixel. The minimum exposure
timeis~ 0.6 sec, and the minimum time between successive exposuresis ~
8-12 seconds. ACCUM does not allow pipeline identification of cosmic ray
events or to correct for pixel saturation.

Figure 8.1: Basic NICMOS Readout—Simple Two-Sample Readout
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Flush timeis 0.615s and is followed immediately by the Initial Readout.

Multiple Initial and Final Sample Readout

The observer has the option of requesting multiple reads in place of the
single initial and final readouts in ACCUM mode. In this case after the
detector array isreset it will be followed by 1-25 (specified by the NREAD
parameter) reads of the initial pixel values which are averaged onboard to
define theinitial signal level. After the exposure time has elapsed, the final
pixel values are again read NREAD times and averaged onboard. The data
downlinked is the difference between the initial and final average signal
levels for each pixel. The integration time is defined as the time between
the first read of the first pixel in the initial NREAD passes and the first read
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of the first pixel in the final NREAD passes. The use of multiple reads in
ACCUM modeisillustrated in Figure 8.2 for the case of NREAD = 4.

For Cycle 11 only nreap =1 or 9 is supported (any other values are con-
sidered “ available” —unsupported—modes).

The advantage of this method is a reduction in the read noise associated
with the initial and final reads, which can reduce the noise in intermediate
time integrations on faint sources. In theory the read noise should be
reduced by Jj(n)”2 where n is the number of reads. However, the amplifier
glow (see Chapter 7) adds extra signal and associated photon noise for each
read, especialy towards the corners of the array. Amplifier glow is an
additive noise source large enough that for NREAD > 9 there islittle further
gain in noise. In practice, the maximum improvement in effective read
noise over asingle initial and final read is no larger than a factor 40-50%,
due to the added amplifier glow that each read-out adds to the final noise
budget. For integrations where source photon noise or dark current noise
exceeds the detector read noise the multiple readouts may not offer much
advantage. This option puts a higher burden on the CPU and requires an
additional time per readout of 0.3 secondsin FAST mode. This mode does
not allow pipeline identification of cosmic ray events or to correct for pixel
saturation.
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Figure 8.2: AccuM Mode with Four Initial and Final Readouts
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Read Times and Dark Current Calibration in
ACCUM Mode

Because of the effects of shading, and the possibility that the underlying
dark current may vary with time since reset, the removal of dark current
(for calibration purposes, we implicitly assume shading and amplifier glow
is a part of the time variable “dark current”) from NICMOS data is more
complicated than for many other instruments. The most accurate way to
remove the dark current from any observation is a measurement of the dark
current with an identical integration time and at the same detector
temperature. For ACCUM observations we will make dark current
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calibration observations for a set of 8 exposure timesfor asingleinitial and
final read below and 14 exposure times for 9 initial and final read. See
Table 8.2 below.

Table 8.2: Exposure Times with Dark Current Calibration

Time (seconds) Time (seconds)

(NREAD=1) (NREAD=9)
1.071 9.939
2.038 12.075
4.963 15157
9.715 18.339

25.714 22.533
58.142 30.274
110.246 44.969
229.680 62.702
88.335
114.806
163.642
234.240
365.156
485.148

Multiple-Accumulate Mode

Normally a single integration on a target results in a single 256x256
image at the termination of the exposure. The non-destructive nature of the
NICMOS readout offers more elaborate methods of using the instrument
which aim to optimize the scientific content of the results. In particular itis
possible to read-out images at intermediate stages of an integration and
return both these and the final image to the ground. In this mode of
operation, known as Multiple-Accumulate (MULTIACCUM), each
intermediate readout can only consist of a single readout. The observer
uses this capability by creating a list of times, specified by the
SAMP-TIME parameters, at which the detector pixels are read out
non-destructively creating images of various integration times. The choice
of read times during the integration is very flexible, for example they might
be linearly spaced or logarithmically spaced. Linearly spaced exposures
may be useful for faint targets where cosmic ray filtering isimportant while
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logarithmically spaced exposures permit the observation of awide dynamic
range. The process is shown schematically in Figure 8.3 for the case of
logarithmically spaced intervals with NSAMP=4. In MULTIACCUM the
detector reset isfollowed by asingle read of theinitial pixel values. Then a
sequence of non-destructive array readouts are obtained at observer
specified times. Up to 25 readouts can be specified spanning a total
integration time from 0.203 seconds to 8590.0 seconds. The last read of the
detector array ends the exposure and thus the last sSaMP-TIME will be
equal to the total exposure time. All of the readouts, including the initial
readout, are stored and downlinked without any onboard processing. This
is different than ACCUM mode as the initial read is aso returned and no on
board subtraction occurs. For N readouts, this mode requires the storage
and transmission (downlink) of N+1 times as much data volume for ACCUM
mode.

In most cases, MULTIACCUM mode provides the highest quality
scientific data. The benefits of obtaining observations in MULTIACCUM
mode fall into two aress.

» The dynamic range of the observation is greatly increased. Rather
than being limited by the charge capacity of a NICMOS pixel (afew
x 10° electrons), an observation’s dynamic rangeisin principle lim-
ited by the product of the pixel capacity and the ratio of the longest
and shortest exposures (8590.0 and 0.203 seconds). In practice, the
PSF and internal stray light will probably be the limiting factors.

* Animage can be reconstructed by processing of the stack of readouts
to cope with the effects of cosmic rays and saturation.

MULTIACCUM provides the best choice for deep integrations or
integrations on fields with objects of quite different brightness except when
the background signal is so bright that it requires the use of short
exposures. In the absence of compelling reasons, observers should use
murtiaccum for all observations.
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Figure 8.3: Example MULTI-ACCUM with NSAMP = 4
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4>| samptime02 = Time interval since the START of the Oth readout

>| samptime03 = Time interval since the START of the Oth readout
>| samptime04 = total integration time

Time interval since the start of
the Oth readout

MULTIACCUM Predefined Sample Sequences
(SAMP-SEQ)

While it is possible to specify MULTIACCUM observations with nearly
any set of up to 25 readout times, such usage requires sending excessive
volumes of commanding information up to HST. Accordingly, STScl and
the NICMOS IDT defined a set of sequences which should cover nearly all
applications of MULTIACCUM. These are defined in Table 8.3. The
observer specifies the name of the sequence and the number of samples to
be obtained. The SCAMRR and MCAMRR are to be used when the fastest
temporal sampling is desired. The SPARS64 and SPARS256 Sequences
have relatively few readouts and may be hel pful when two or more cameras
are operated in parallel (in particular they generally permit a second and
third camera to operate in parallel with a minimal impact on the operation
of the primary camera). They are also recommended for observations of
fields where only faint targets are present. The STEPXX sequences all start
with three rapid readouts and then are logarithmically spaced to provide a
large dynamic range up to their defined time (e.g., STEP64 has log steps
up to 64 seconds) and then revert to linear spacing. The STEPXX
sequences are recommended for observations involving both bright and
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faint targets, where high dynamic range is required. The use of the MIF
sequences is not recommended because the multiple initial and final reads
induce additional amplifier glow without much advantage over other
sequences.

The fastest time to read a single camera is 0.203 seconds, while 0.303

seconds is the fastest time when more than one camera is used.
Accordingly, the MULTIACCUM sequences have been set up so that the first
read is always the fastest time possible. The second read for all of the
sequences, except for the SCAMRR, has atime of 0.606 seconds.

Table 8.3: muLTIACCUM SAMP-SEQS

Sequence Readout Times Description

Name

SCAMRR 0.203 0.406 0.609 0.812 1.015 Single camerafastest possible
1.218 1421 1.624 1.827 2.030 operation
2.233 2.436 2.639 2.842 3.045
3.248 3.451 3.654 3.857 4.060
4.263 4.466 4.669 4.872 5.075

MCAMRR 0.303 0.606 0.909 1212 1515 Fastest possible operation
1.818 2121 2.424 2.727 3.030 with 2 or 3 camerasused in
3.333 3.636 3.939 4.242 4.545 parallel
4.848 5.151 5.454 5.757 6.060
6.363 6.666 6.969 7.272 7.575

STEP1 0.303 0.606 0.995 1.993 2.991 Rapid reads up to 1 second
3.989 4.987 5.985 6.983 7.981 then 1 second steps
8.979 9.977 10.975 11.973 12.971
13.969 14.967 15.965 16.963 17.961
18.959 19.957 20.955 21.953 22.951

STEP2 0.303 0.606 0.995 1.993 3.987 Rapid reads up to 2 seconds
5.981 7.975 9.969 11.963 13.957 then 2 second steps
15.951 17.945 19.939 21.933 23.927
25.921 27.915 29.909 31.903 33.897
35.891 37.885 39.879 41.873 43.867

STEP8 0.303 0.606 0.995 1.993 3.987 Rapid reads up to 8 seconds
7.981 15.975 23.969 31.963 39.957 then 8second steps
47.951 55.945 63.939 71.933 79.927
87.921 95.915 103.909 111.903 119.897
127.891 135.885 143.879 151.873 159.867

STEP16 0.303 0.606 0.995 1.993 3.987 Rapid reads up to 16 seconds
7.981 15.975 31.969 47.963 63.957 then 16second steps
79.951 95.945 111.939 127.933 143.927
159.921 175.915 191.909 207.903 223.897
239.891 255.885 271.879 287.873 303.867

STEP32 0.303 0.606 0.995 1.993 3.987 Rapid reads up to 32 seconds
7.981 15.975 31.969 63.969 95.969 then 32 second steps
127.969 159.969 191.969 223.969 255.969
287.969 319.969 351.969 383.969 415.969
447.969 479.969 511.969 543.969 575.969
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Table 8.3: muLTIACCUM SAMP-SEQs (Continued)

Sequence Readout Times Description
Name

STEP64 0.303 0.606 0.995 1.993 3.987 Rapid reads up to 64 seconds
7.981 15.975 31.969 63.969 127.967 then 64second steps
191.965 255.963 319.961 383.959 447.957
511.955 575.953 639.951 703.949 767.947
831.945 895.943 959.941 1023.939 1087.937

STEP128 0.303 0.606 0.995 1.993 3.987 Rapid reads up to 128 sec-
7.981 15.975 31.969 63.969 127.967 onds then 128 second steps
255.961 383.955 511.949 639.943 767.937
895.931 1023.925 1151.919 1279.913 1407.907
1535.901 1663.895 1791.889 1919.883 2047.877

STEP256 0.303 0.606 0.995 1.993 3.987 Rapid reads up to 256 sec-
7.981 15.975 31.969 63.969 127.967 onds then 256 second steps
255.961 511.961 767.961 1023.961 1279.961
1535.961 1791.961 2047.961 2303.961 2559.961
2815.961 3071.961 3327.961 3583.961 3839.961

MIF512 0.303 0.606 0.909 1212 1515 Eight rapid readout at start
1.818 2121 2.424 31.994 63.994 and end with 7 evenly spaced
127.992 191.990 255.988 319.986 383.984 readouts over 512 seconds
447.982 511.980 512.283 512.586 512.889
513.192 513.495 513.798 514.101 514.404

MIF1024 0.303 0.606 0.909 1.212 1.515 Eight rapid readout at start
1.818 2121 2424 63.999 127.997 and end with 7 evenly spaced
255.991 383.985 511.979 639.973 767.967 readouts over 1024 seconds
895.961 1023.955 1024.258 1024.561 1024.864
1025.167 1025.470 1025.773 1026.076 1026.379

MIF2048 0.303 0.606 0.909 1212 1515 Eight rapid readout at start
1.818 2121 2.424 127.995 255.989 and end with 7 evenly spaced
511.989 767.989 1023.989 1279.989 1535.989 readouts over 2048 seconds
1791.989 2047.989 2048.292 2048.595 2048.898
2049.201 2049.504 2049.807 2050.110 2050.413

MIF3072 0.303 0.606 0.909 1.212 1515 Eight rapid readout at start
1.818 2121 2424 127.995 255.989 and end with 7 evenly spaced
639.988 1023.987 1407.986 1791.985 2175.984 readouts over 3072 seconds
2559.983 3071.981 3072.284 3072.587 3072.890
3073.193 3073.496 3073.799 3074.102 3074.405

SPARS64 0.303 0.606 63.994 127.992 191.990 Similar to STEP64 but with-
255.988 319.986 383.984 447.982 511.980 out the rapid initial readouts
575.978 639.976 703.974 767.972 831.970
895.968 959.966 1023.964 1087.962 1151.960
1215.958 1279.956 1343.954 1407.952 1471.950

SPARS256 0.303 0.606 255.996 511.996 767.996 Similar to STEP256 but

1023.996 1279.996 1535.996 1791.996 2047.996 without the rapid initial read-
2303.996 2559.996 2815.996 3071.996 3327.996 outs

3583.996 3839.996 4095.996 4351.996 4607.996

4863.996 5119.996 5375.996 5631.996 5887.996
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Trade-offs Between ACCUM and
MULTIACCUM

Given that there is so much more information present in a
MULTIACCUM dataset than in an ACCUM dataset, it may seem obvious that
MULTIACCUM should always be the preferred readout mode. In practice,
the trade-off is not aways so straightforward.

Because of the fixed read-out patterns available for use in
MULTIACCUM mode (the SAMP-SEQS), in order to make an exposure of
total integration time a minute or two, it is necessary in most modes to
make a significant number of readouts. This leads to a significant volume
of data to process. Additionally, the readouts are initially stored in a buffer
in the NICMOS flight computer. A maximum of 94 readouts can be stored
in this buffer, after which the content of the buffer must be dumped to the
Solid State Recorder. A full dump of 94 reads takes about three minutes.
The data dumps occur in paralel with the beginning of another set of
exposures in most, but not all, circumstances. Thus, during the preparation
of the Phase Il proposals, some observers with very short (1-2 minutes)
exposures may consider the trade-offs between AccuM and
MULTIACCUM.

There are a variety of disadvantages to ACCUM mode. First, the ability
present in a MULTIACCUM exposure to filter out CR hits which occur
during the exposure is lost. We find for NICMOS that typically between 2
and 4 pixels are hit per second per camera by CRs: most of these are low
energy and so can be filtered out of a MULTIACCUM exposure by the
calibration pipeline software. In ACCUM mode the process of CR removal
requires separate exposures, and has to be done in post-processing. Second,
the ability to detect pixel saturation, which again is done automatically for
MULTIACCUM observations by the calibration software, can in some
circumstances be lost in ACCUM mode. The reason for this is that the time
elapsed between the first read for each pixel and the reset immediately
prior to the read is approximately 0.2 seconds. During this time, pixels
exposed to a bright target will accumulate significant signal, which is then
present in the first read. When this is subtracted on-board in ACCUM mode,
al the charge accumulated in the time between reset and read will be
subtracted. If the pixel has saturated during the exposure, the difference
between initial and final reads will be less than the expected saturation
valuefor the pixel, and thus it may be impossible to recognize that the pixel
is saturated. Thus in the case of bright targets, erroneous signal levels may
be recorded in AccuM mode. Third, in ACCUM mode, even if pixel
saturation is detected, it is not possible to repair the data obtained in the
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saturated pixel. In MULTIACCUM mode, pixels which have saturated can
be repaired by using the results of previous, unsaturated reads during the
same exposure.

In conclusion, in cases where a multitude of short duration exposures
must be made per orbit, and data volume is therefore a problem, AcCcuM
may possibly (but not necessarily) be a good choice. In al other casesit is
likely that MULTIACCUM will yield the best results, and we recommend
that all observers attempt to use MULTIACCUM.

Acquisition Mode

Images obtained using the coronograph in Camera 2 may be taken using
any of the detector read-out modes. An ACQ mode observation performs an
autonomous on-board acquisition (Mode-2 Acquisition) for subsequent
coronagraph images. This mode is described in detail in Chapter 5

(Coronagraphy).
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PART Il

How to Plan an
Observation

The chapters in this part provide the details of how to construct a
NICMOS observation: exposure time calculations; overheads and orbit
time determinations, and a description of observing techniques for
dithering, measuring the background, and mapping extended targets.

143



144 | Partlll: How to Plan an Observation



CHAPTER 9:

Exposure Time
Calculations

In this chapter ...

Overview / 145
Calculating NICMOS Imaging Sensitivities / 149

WWW Access to the Exposure Time Calculator / 155

In this chapter we provide information needed to estimate exposure
times for NICMOS Cycle 11 Phase | proposals. We provide some generd
comments about NICM OS imaging exposure time issues. We then describe
how to use the Web-based NICMOS Exposure Time Calculator (ETC).
Imaging is the only capability currently implemented in the ETC, which
uses the expected instrument performance under NCS. Thiswill be updated
as more in-flight information becomes available. This ETC also uses
measured values for HST primary and secondary mirror emissivities and
temperatures, and throughput calculations are performed by the STSDAS
SYNPHOT package's COUNTRATE task. With this approach, our
estimation of the thermal background is in good agreement with observed
values.

Reference sensitivity curves are also given in Appendix 1 for imaging,
and in Chapter 5 for grism spectroscopy.

Overview

We describe some instrument-specific behavior which must be taken
into account when estimating required exposure times. The WWW

145
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N

NICMOS ETC provides the most convenient means of estimating count
rates and signal-to-noise ratios (SNRs) for imaging observations. The ETC
handles either point sources or extended objects.

The ETC generates either the exposure time required for a specified
SNR or the expected SNR for a user-defined exposure time. It will also
indicate the read noise and the source and background count rate, aswell as
the saturation-limited exposure time for the object in question.

The WWW NICMOS Exposure Time Calculator (ETC) should be
regarded asthetool of choicefor estimating integration timesfor NI C-
MOS observations. The ETC provides the most accurate estimates with
the most current information on instrument performance; itsreference
tables are constantly updated with the most recent values of the instru-
ment’s characteristics as our knowledge of the NICMOS performance
under NCS operations improves.

A few comments about the limitations of making exposure time and
SNR estimates are in order here.

NICMOS performance will change in Cycle 11 (relative to previous
values) because the instrument will be operated at a different temperature
with the NCS. This is expected to improve the DQE, but will also increase
the dark current. The exact performance characteristics are not currently
known, and will not be known accurately until the revitalized instrument is
tested in flight during SMOV after the NCS is installed. The ETC
incorporates our best guess at the likely instrumental performance at the
new operating temperature, and it will be updated after SMOV. We aso
provide tools to estimate various detector temperature/dark current
scenarios.

The settings we recommend to use for Phase | proposals are as fol-
lows: detector temperature of 78 K, with dark current bump. These are
the default settings of the ETC. Observers who choose to use different
parameters from these for their orbit requests should specify what val-
ues they used in their Phase | proposal. However, no adjustments will
be madeif their chosen parameters turn out to be overly optimistic.

The instrumental characteristics used by the ETC are average values
across the field of view of the camera. The actual sensitivity will vary
across the field because of DQE variations (See Chapter 7 for details.). A
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second source of spatial variation not included in the ETC occurs near the
corners of the chip because of amplifier glow.

The ETC will calculate SNR or exposure time, where the signal is the
number of electronsin the peak pixel and noise is the standard deviation in
a pixel due to photon statistics and instrumental noise. We also provide an
estimate of the total counts for point sources in 17, 1”7 and 2” diameter
apertures for NIC1, NIC2, and NIC3 respectively. (Size of apertures used
for the NICMOS standard star photometric calibration.)

For photon-limited observations (limited either by the target count rate
or the background), SNR increases as the sguare root of the total
observation time, regardless of how the observation is subdivided into
individual exposures. However, some NICMOS observations may be
significantly affected by read noise, and the net SNR from the sum of
severa exposures will depend on the relative contributions of read noise
and photon noise.

Phenomena such as cosmic ray persistence (Chapter 4) can degrade
sengitivity for faint object imaging by increasing the level of background
noise. Theimpact of cosmic ray persistence is not easily quantified because
it is non-Gaussian, correlated noise. It is not possible to predict the extent
of this effect at the time the observations are planned, so it is not included
in the ETC caculations. Additional information on the ETC and its
structure can be found in the Instrument Science Reports (I1SRs) posted on
the STScl NICMOS Instrument web page.

http://www.stsci.edu/cgi-bin/nicmos/

Instrumental Factors

Detectors

The detector properties which will affect the sensitivity are ssmply those
familiar to ground-based optical and IR observers, namely dark current and
read noise, and the detector quantum efficiency (DQE). The variation of
detector dark current with temperature (See Chapter 7 for detalls) is
modelled in this ETC, and the variation of the DQE as a function of
wavel ength and temperature is also taken into account.

Optics

NICMOS contains a fairly small number of elements which affect the
sengitivity. These elements are the filter transmission, the pixel field of
view (determined by the NICMOS optics externa to the dewar, in
combination with the HST mirrors), the reflectivities and emissivities of
the various mirrors and the transmission of the dewar window.

Filter transmissions as a function of wavelength were measured in the
laboratory, and the resulting curves are presented in Appendix 1, convolved
with OTA, NICMOS fore-optics and detector response.


http://www.stsci.edu/instruments/nicmos
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NICMOS contains atotal of seven mirrors external to the dewar, each of
which reduces the signal received at the detector. The mirrors are silver
coated (except for the field divider assembly which is gold coated) for a
reflectivity of 98.5%. The dewar window has a transmission of roughly
93%. Therefore, the combination of optical elements is expected to
transmit ~84% of the incoming signal from the OTA.

The sensitivity will obviously be affected by the pixel field of view. The
smaller the angular size of apixel, the smaller the fraction of a given source
that will illuminate the pixel, but compensating will be a lower sky
background. Finally, the optical efficiency will be degraded further by the
reflectivities of the aluminum with MgF, overcoated HST primary and
secondary mirrors.

Background Radiation

At long wavelengths the dominant effect limiting the NICMOS
sengitivity is the thermal background emission from the telescope. The
magnitude of this background depends on the temperatures of the primary
and secondary mirrors and their emissivities. At shorter NICMOS
wavelengths, sensitivities are affected by the zodiacal background. Both
sources of background are described in Chapter 4.
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Calculating NICMOS Imaging Sensitivities

In some sSituations it may be desirable to go through each step of the
calculation. One example would be the case of a source with strong
emission lines, where one wants to estimate the contribution of the line(s)
to the signal. This could include the case of a strong emission line which
happens to fall in the wing of a desired filter’s bandpass. To facilitate such
calculations, in this section we provide recipes for determining the signal to
noise ratio or exposure time by hand.

Signal to noise Calculation
Thesignal, in €/s, generated by a continuum source with a flux
F
1072w - m” - hz - pixel

cont

FlJy] =

CC = Fj’Yopt’Ydet’YfiltAprimE: anc[e-/sec]

where:

Yo 1S the transmittance of the entire optical train up to the detector,
excluding thefilters;

Y4 1S the detector quantum efficiency;

sy 1S the filter transmittance;

A, 1S the unobscured area of the primary;

E isaconstant given by:

E = 107/

where h is Planck’s constant and A the wavelength. The quantities F, Yo,
Yaet @Nd ¥5ij¢ are al frequency dependent. The expression for C. has to be
integrated over the bandpass of the filter, since some of the terms vary
significantly with wavelength. It should be noted that to determine C. more
accurately, the source flux F; should be included in the integral over the
filter bandpass, since the source flux is bound to be a function of
wavelength. We have assumed a source with an effective temperature of
5,000K.
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For an emission line with intensity 1;; (in W m pixel™ falling in the
bandpass of the filter, the countsin €/s are given by:

Cline = Iljyoptydet, k’Yfilt, kAprimE: gk]ij[e-/sec]

where E is defined as before. In this case, the detector quantum efficiency
and filter transmission are determined for the wavelength A of the emission
line. The total signal per pixel isthe sum of the continuum and line signals
calculated above, namely C=C.+C,.

The values for n. and ¢, are listed in Table 9.1, 9.2, and 9.3 for two
limiting cases of NICMOS operation in Cycle 11, namely a detector
temperature of 75 K without the elevated dark current and a detector
temperature of 78 K with elevated dark current. In Appendix 1, we show
the resulting sensitivity curves for both cases.

The source signal is superimposed on sky background and thermal
background from warm optics. At A > 1.7 um the background is often
much brighter than the source. In such cases the observation is background
limited, not read noise limited. There is little point in increasing the
number of multiple initial and final reads when the observation is
background-limited, though multiple exposures and dithering will help
cosmic ray removal and correction of other effects such as persistence from
previously-observed bright objects.

The other components of unwanted signal are read noise, N,, and dark
current, l4 (in €/s/pixel). By read noise, we mean the electronic noisein the
pixel signal after subtraction of two reads (double correlated sampling).

It is now possible to calculate the signal to noise ratio expected for an
exposure of duration t seconds, where a number N,gyq Of reads are taken
before and after the integration in aMIF sequence. It is:

C,t

’\/(CV +B+ Id)t + Niz‘f(Nread)

SNR =

Where Cg, the count rate in €/sec/pixel, is the sum of C. plus Cji,e B is
the background in €/sec/pixel (also listed in Table 9.1, 9.2, and 9.3), 14 is
the dark current in e/sec/pixel and N is the read-out noise, in €/pixel, for
one initial and one fina read. We represent the effectiveness of multiple
initial and final reads at beating down readnoise by the function f(N,gyq).
which is unity for N,goq= 1, and decreases with the number of reads for
Nreag < 9. This function is not well determined at present, so we use a
parabolic curve with aminimum at 9 reads of 20 €, and hasavalue of 30 €
at 1 read.

It is important to note that in these equations, the flux to be entered
(either F; or I}; or both) is not the total source flux, but the flux falling on a
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pixel. In the case of an extended source this can easily be worked out from
the surface brightness and the size of the pixel. For a point source, it will be
necessary to determine the fraction of the total flux which is contained
within the area of one pixel and scale the source flux by this fraction. For
Camera 1 in particular, this fraction may be quite small, and so will make a
substantial difference to the outcome of the calculation. Appendix 1 gives
the fraction of the PSF falling in the brightest pixel assuming a point source
centered on the pixel, for each filter.

The signal to noise ratio evaluated by a fit over the full PSF for point
sources would, of course, be larger than this central pixel SNR; this
discrepancy will be largest for the higher resolution cameras and for the
longest wavelengths. Appendix 1 provides SNRs and exposure times
calculated in reference apertures of 1" for NIC1 and NIC2, and 2" for NIC3
to account for this effect.

Saturation and Detector Limitations

Given a particular filter-detector combination and a requested target
flux, there is an exposure time above which the observation ceases to be
read noise limited. There is also an exposure time above which the detector
starts to saturate. The WWW NICMOS ETC will produce these two fluxes
or exposure times (as appropriate) when it performs the requested
estimation. The sensitivity plots of Appendix 1 report saturation curves.

Exposure Time Calculation

The other situation frequently encountered is when the required signal
to noise is known, and it is necessary to calculate from this the exposure
time needed. In this case one uses the same instrumental and telescope
parameters as described above, and the required timeis given by:

(SNR)*(C,+B+1)) + A/(SNR)4(CS +B+1,)" +4(SNR)*CN*f(N,.,..)

207

N

Sengitivity curves for fixed SNRs (SNR=3 and SNR=10) are given in
Appendix 1 for both point sources and extended sources.

Table 9.1: NIC1 Filter Sensitivity Parameters (per pixel)

75K No Dark Current Bump 78K With Dark Current Bump
Filter
ne [e/secldy] #le’/sec/Wim?] B [e/sec] n,[e/secldy] &le /sec/Wim3] B [e/sec]
FO90M 7.344e+05 1.542e+18 1.100e-02 7.837e+05 1.645e+18 1.200e-02
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Table 9.1: NIC1 Filter Sensitivity Parameters (per pixel)

75K No Dark Current Bump

78K With Dark Current Bump

et ne [e/secldy] #le /sec/Wim?] B [e/sec] n.[e/secldy] &le /sec/WimA] B [e/sec]
FO95N 4.151et+04 1.053e+18 1.000e-03 4.424e+04 1.122e+18 1.000e-03
FO97N 5.007e+04 1.310e+18 1.000e-03 5.333e+04 1.396e+18 1.000e-03
F108N 5.803e+04 1.907e+18 1.000e-03 6.164e+04 2.026e+18 1.000e-03
F110M 1.295e+06 2.903e+18 1.800e-02 1.375e+06 3.083e+18 1.900e-02
F110W 3.697e+06 3.980e+18 5.101e-02 3.922e+06 4.222e+18 5.401e-02
F113N 6.999e+04 2.221e+18 1.000e-03 7.425e+04 2.356e+18 1.000e-03
F140W 5.832e+06 9.057e+18 9.598e-02 6.130e+06 9.520e+18 1.014e-01
F145M 1.471e+06 5.991e+18 1.633e-02 1.546e+06 6.296e+18 1.735e-02
F160W 3.234e+06 9.097e+18 6.095e-02 3.383e+06 9.516e+18 6.319e-02
F164N 1.426e+05 6.689e+18 2.656e-03 1.490e+05 6.989%e+18 2.685e-03
F165M 1.615e+06 8.617e+18 2.727e-02 1.687e+06 9.001e+18 2.878e-02
F166N 1.398e+05 6.636e+18 1.819e-03 1.460e+05 6.930e+18 1.855e-03
F170M 1.686e+06 9.148e+18 4.584e-02 1.758e+06 9.538e+18 4.807e-02
F187N 1.504e+05 8.706e+18 2.047e-02 1.559e+05 9.025e+18 2.119e-02
F190N 1.502e+05 9.125e+18 2.708e-02 1.556e+05 9.453e+18 2.801e-02
POLOS 1.212e+06 1.302e+18 1.700e-02 1.288e+06 1.384e+18 1.800e-02
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Table 9.2: NIC2 Filter Sensitivity Parameters (per pixel)

75K No Dark Current Bump 78K With Dark Current Bump
er N [e/secldy] @[e;/nsg)i:/(W/ B [e/sec] N [e/secldy]  2le7sec/(W/m 2)] B [e7/sec]
F110W 4.252e+06 4.392e+18 1.780e-01 4.483e+06 4.631e+18 1.880e-01
F160W 3.556e+06 1.001e+19 1.636e-01 3.706e+06 1.043e+19 1.707e-01
F165M 1.798e+06 9.561e+18 7.848e-02 1.872e+06 9.954e+18 8.141e-02
F171M 6.938e+05 8.927e+18 4.042e-02 7.210e+05 9.277e+18 4.218e-02
F180M 6.646e+05 9.565e+18 7.432e-02 6.892e+05 9.919e+18 7.737e-02
F187N 1.697e+05 9.766e+18 4.282e-02 1.757e+05 1.011e+19 4.413e-02
F187W 1.896e+06 1.010e+19 6.188e-01 1.962e+06 1.045e+19 6.405e-01
F190N 1.655e+05 1.020e+19 5.545e-02 1.712e+05 1.055e+19 5.721e-02
F204M 9.175e+05 1.282e+19 1.471e+00 9.451e+05 1.320e+19 1.515e+00
F205W 5.490e+06 1.909e+19 3.373e+01 5.647e+06 1.964e+19 3.470e+01
F207M 1.221e+06 1.187e+19 3.315e+00 1.256e+06 1.221e+19 3.410e+00
F212N 1.840e+05 1.199e+19 6.690e-01 1.890e+05 1.232e+19 6.872e-01
F215N 1.693e+05 1.176e+20 7.975e-01 1.738e+05 1.207e+20 8.196e-01
F216N 1.825e+05 1.252e+19 1.002e+00 1.873e+05 1.285e+19 1.029e+00
F222M 1.261e+06 1.335e+19 1.249e+01 1.291e+06 1.367e+19 1.279e+01
F237M 1.424e+06 1.874e+19 4.856e+01 1.451e+06 1.910e+19 4.951e+01

POLOL 9.054e+05 7.266e+18 1.150e+00 9.336e+05 7.492e+18 1.185e+00




154 | Chapter 9: Exposure Time Calculations

Table 9.3: NIC3 Filter Sensitivity Parameters (per pixel)

75K No Dark Current Bump

78K With Dark Current Bump

et ne [e/secldy] #le /sec/Wim?] B [e/sec] n,[e/secldy] &le’/sec/W/m?] B [e’sec]
F108N 6.308e+04 2.051e+18 1.800e-02 6.666e+04 2.168e+18 1.900e-02
F110W 3.829e+06 4.018e+18 1.146e+00 4.042e+06 4.242e+18 1.209e+00
F113N 7.617e+04 2.322e+18 2.000e-02 8.041e+04 2.452e+18 2.200e-02
F150wW 6.455e+06 1.002e+19 2.650e+00 6.735e+06 1.046e+19 2.765e+00
F160W 3.414e+06 9.694e+18 1.001e+00 3.557e+06 1.010e+19 1.044e+00
F164N 1.509e+05 7.170e+18 4.346e-02 1.571e+05 7.465e+18 4.469e-02
F166N 1.448e+05 7.060e+18 3.843e-02 1.507e+05 7.348e+18 4.069e-02
F175W 8.790e+06 1.812e+19 1.042e+02 9.086e+06 1.873e+19 1.078e+02
F187N 1.578e+05 9.021e+18 1.987e-01 1.630e+05 9.319e+18 2.052e-01
F190N 1.647e+05 1.010e+19 2.710e-01 1.700e+05 1.042e+19 2.797e-01
F196N 1.740e+05 1.049e+19 5.884e-01 1.792e+05 1.080e+19 6.059e-01
F200N 1.786e+05 1.072e+19 8.624e-01 1.838e+05 1.103e+19 8.871e-01
F212N 1.771e+05 1.181e+19 3.093e+00 1.813e+05 1.209e+19 3.167e+00
F215N 1.626e+05 1.124e+19 3.689e+00 1.663e+05 1.150e+19 3.774e+00
F222M 1.213e+06 1.303e+19 5.817e+01 1.237e+06 1.329e+19 5.933e+01
F240M 1.742e+06 1.775e+19 3.667e+02 1.764e+06 1.798e+19 3.713e+02
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WWW Access to the Exposure Time
Calculator

The ETC tool can be found on the NICMOS web dite at
http://www.stsci.edu/cgi-bin/nicmos. Figure 9.1 through Figure 9.5 below
show the graphical user interface.

Figure 9.1: ETC Web interface
1. Select one Detector and an associated Filter:

4 NIC1 F110W
NIC2 BLANE
NIC3 BLANE

2. Specify the exposure parameters:

# Exposure time needed to obtain a S/ of |J1 0

5/M reached in an exposure time of mon seconds

Section 1: Select adetector and availablefilter.
Section 2: Specify wether you want your observation parameters to be
calculated for a given exposure time or arequired signal to noise limit.


http://www.stsci.edu/cgi-bin/nicmos
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Figure 9.2: ETC web interface
3. Choose one of the following spectral distributions for the source:

User Supplied Spectrum:

Eurucz Models: 05

HET Standard Star spectra: GDs0
Real Object Templates: Elliptical
a Black-body with T= |5000

a Power—law lambda ** | -1

#z Flat contimuurn,
Section 3: Specify the parameters for the source you wish to observe.

* User Supplied Spectrum: Thisisaccomplished by placing
the user input spectrum in an ftp staging area, which the program will
load for the simulation. This"staging area’ is the anonymous ftp
directory:

ftp.stsci.edu:/outside-access/in.coming

e Kurucz Model: These model spectraare calculated from the
Kurucz database (Dr. R. Kurucz, CD-ROM No. 13, GSFC) which
have been installed in the Calibration Database System (CDBYS).

e HST Standard Star Spectra: Thesespectraare availablein
CDBS and were chosen from the paper Turnshek et al., 1990, An
Atlas of HST Photometric, Spectrophotometric, and Polarimetric
Calibration Objects.

* Real Object Templates: Observed object spectrathat are
on-line.
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Figure 9.3: ETC web interface
4. Normalize the target’s flux:

BOIMT SQURCE with:

H =20 {¥ega magnitude) or

1.0e-5 Tyat|iz.0 microns or

Do not Renormalize Point Source Spectrum. Lse ondy for User fnpat Spectrum or Calibration Specira,

EXTENDED SQURCE with a surface brighiness of:

H =20 {Wega magnitudes/arcs ec2) or

1.0e-5 Jyjarcsecz at|2.0 microns or

Do not Renormalize Extended Source Spectramn, Use oaly for User Input Spectrum or Calibragion Spectra
E(B-V)  Average Calactc =|0.0

Section 4: Normalizing the source flux. Whether supplying your own
spectra or using one of the supplied model spectra, the source’s continuum
flux needs to be normalized at some wavelength. This wavelength needs to
be within the wavelength range of the input spectrum. The ETC will use it
only for normalization and calculate the appropriate flux values for the
wavelength range of the observations. If your object is point-like, it can be
normalized to a magnitude at a particular Johnson band, or it can be
normalized to aflux [in Janskys] value at a given wavelength.

If you supply your own spectrum or use one of the HST calibration
sources, you can either normalize this spectrum to afixed value, or you can
use the "Do not renormalize" option on the form. In this case the spectrum
must be in aform acceptable to SYNPHOT. The simplest form is an ASCI|
file with two columns, wavelength in Angstroms, and a flux in ergscm™
AL, For an extended source, you must specify the surface brightness.

E(B-V): Theflux is normalized after the extinction is taken into account
so that it always corresponds to the observed flux. The ETC supports two
different extinction laws:

-An average Galactic extinction law taken from Seaton (MNRAS, 187,
73p, 1979)

-An LMC extinction Law taken from Koorneef & Code (ApJ, 247, 860,
1981).
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Figure 9.4: ETC web interface
3. Specify the expected background levels :

Zodiacal Light Average

6. Specify the expected detector temperature

(cyele 7: 615K, cycle 10: ~78K)| 178, 0

7. Do you want to model the dark current hump seen in warmup?

Dark current burnp  Yes

Section 5: Specify the expected background levels. Currently only one
model is provided, regardless of choices made here: a zodiacal light level
corresponding to a 45 degree elevation above the ecliptic. In future more
choices (low and high zodiacal levels and earthshine) may be added to the
calculator.

Sections 6 and 7: The detector temperature option was added to allow
users to estimate exposure times in the NCS era of NICMOS operations.
During end of life, a large rise and decline in the dark current (known as
“the bump”) was observed over the predicted temperature range of
NICMOS operation in Cycle 11. Since it is currently unknown whether this
event will repeat itself after NCS is installed, the user should choose to
include it's effect in the exposure time calculation for Phase Il of the
proposals. A detector temperature of 78K should be used for Cycle 11
proposals.

Figure 9.5 shows an example output page that is returned to the user. It
contains the suggested exposure time, target signal to noise and the chosen
observation parameters.
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Figure 9.5: Returned output to the user

ETCID

Your ETC ID is: 19668

S/N and Exposure time:

Exposure time = 1992 seconds
S/M=10

» Target was a point source

» Standard aperture diameters are NI1C1: 1" MICZ: 1" WIC3: 2"
» Fracton of energy in stendard aperture = 0.847

» Electron counts in standard aperture = 3.2e+03

The observational parameters for this calculation were:

Detector= WIC1

Detector ternperature = 75,00
CDBS DGQE multiplied by 1.7
Filter = £110w

Spectrum: Flat Spectrum

Source Fluz: h=20

Average Galactic Reddening of E{B-¥) =00
The Zodical Light is average

Source counts (e per s tofal) = 189

Telescope thermal background (e per s per pizel) = 0,000
Sky background (e per s per pixel) = 0,054

Dark current bump: ¥

Dark current (e per s per pizely =2.450

Mumber of WMultiple Initial and Final read{s): 1

Pead noize with 1 end—point read(z); 30

Saturation in electrons = 145000
Exposure time to saturate = 3.1e+04
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In this chapter ...

Overview / 161
NICMOS Exposure Overheads / 162

Orbit Use Determination / 165

In this chapter we describe the overheads associated with NICMOS
observations to help distribute observations into orbits.

Overview

Once the set of science exposures and any additional target acquisition
or calibration exposures required for the science program have been
determined, they must be converted into a total number of orbits.
Generally, this is a straightforward exercise involving tallying up the
overheads on the individual exposures and on the selected pattern (see
Chapter 11), packing the exposure and overhead times into individual
orbits, and tallying up the results to determine the total orbit request. This
process may need to be iterated, in order to seek the most efficient use of
the orbit time.

We refer to the CP/Phase | Proposal Instructions for information on the
Observatory policies and practices with respect to orbit time requests and

161



162 | Chapter 10: Overheads and Orbit Time Determination

for the orbit determination. Below, we provide a summary of the NICMOS
specific overheads, and give an example to illustrate how to calculate orbit
requirements for Phase | Proposals.

NICMOS Exposure Overheads

The overheads on exposures are summarized in Table 10.1. All numbers
are approximate and, for the observatory level overheads, rounded up to the
nearest half minute. These overhead times are to be used (in conjunction
with the actua exposure time and the Cycle 11 Phase | Proposa
Instructions) to estimate the total time in orbits for NICMOS proposal time
requests. After an HST proposal is accepted, the observer will be asked to
submit a Phase Il proposa to alow scheduling of the approved
observations. At that time the observer will be presented with actual, up to
date overheads by the scheduling software. Allowing sufficient time for
overhead in the Phase | proposal is important; additional time to cover
unplanned overhead will not be granted | ater.

Overheads can be subdivided into two main categories:

e Generic (Observatory Level) Overheads:

- The first time an object is acquired, the overhead time for the
guide star acquisition must be included.

- In subsequent contiguous orbits the overhead for the guide star
re-acquisition must be included; if the observations are occurring
in the continuous viewing zone (CVZ, see the CP/Phase | Proposal
Instructions), no guide star re-acquisitions are required.

- The re-acquisitions can be assumed to be accurate to < 10
milli-arcsecs; thus additional target acquisitions or pick-ups are
not needed following a re-acquisition. However, if doing coron-
agraphy on a single guide star, a target re-acquisition is strongly
encouraged (see Chapter 5).

- Time must be allowed for each deliberate movement of the tele-
scope; e.g., if atarget acquisition exposure is being performed on
anearby star and then offsetting to the target or if a series of expo-
sures in which the target is moved relative to the camera (dithers
or chops) are being performed, time for the moves must be
allowed

e NICMOS Specific Overheads:

- The 18 second set-up time at the beginning of each orbit or at each
different telescope pointing is inclusive of the filter selection.

- For each pattern position, a 16 second overhead is scheduled for
filter wheel motion, even if no filter change is executed.
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Overheads are operating-mode dependent. The overhead for the
BRIGHTOBJ mode is particularly onerous, since this mode resets
and reads each pixel, one pixel at atime.

The target acquisition overhead of (157 + 2*exptime) seconds for
coronagraphy needs to be accounted for the first time an object is
acquired under the coronagraphic spot. Here, ‘exptime’ is the
exposure time needed to observe the target outside the corona
graphic spot for centroiding. No target re-acquisition is required
after afilter change or from one orbit to the next, if the same two
guide stars are re-acquired after occultation (see Chapter 5if using
asingle guide star).

Overhead times for changing cameras are given in Table 10.2. The
values in the Table include the time to perform the Small Angle
Maneuver (to change from one camera to the other) and the time
for Instrument reconfiguration (to change PAM position). In addi-
tion, the observer must include 18 seconds for set-up which
includes filter selection.

The amount of time required to chop depends on the chop throw,
and whether an on-target guide star re-acquisition is desired. The
telescope can maintain lock on the guide stars if the chop throw is
smaller than 1-2 arcminutes. If it is larger, then the observer can
choose to maintain pointing through the gyros (DROP - TO-GYRO)
or re-acquire the guide stars (3 minute overhead per re-acquisi-
tion—note that this is not the 5.3-minute orbit re-acquisition)
every time the telescope goes back to the target; with the first
option the pointing uncertainty is about 1 milliarcsec/second due
to telescope drift. The drop-to-gyro option can be adopted for
background pointings, where telescope drift is not a concern.

In most cases, the data management overhead of 3 minutes will be
hidden inside the orbit occultation time or placed in parallel with
exposures. The latter, however, does not always happen as the
software may not find a good location to place the data manage-
ment (buffer dump) in parallel. Proposers whose observations
require them to obtain multiple sets of 94 read-outs are advised to
include the data management overhead for at least half of the
timesin their orbit computation.
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Table 10.1: NICMOS Overheads

Action Overhead

Generic (Observatory Level)

Guide star acquisition Initial acquisition 6 minutes

re-acquisitions on subsequent orbits = 5 minutes per orbit

Spacecraft POSTARG moves for offsetslessthan 1 arcminute and more than 10 arcsecs =
1 minute, for offsets between 10 arcsecs and 1 arcsec = 0.5

minute; for offsets less than 1 arcsec in size = 10 seconds

Slew of x arcsecs to new target within an orbit
(dlew < 2 arcmin, same guide stars)

Type 2 Slew to new target within an orbit
(dew > 2 arcmin, new guide stars)

Spacecraft Roll

(x + 20) seconds

<1 degree slew: 2.5 min. + 7.1 min. guide star acqg.

1 degree < slew <10 degrees: 5.0 min. + 7.1 min. guide star

acq.
10 degrees < slew <100 degrees: 13 min. + 7.1 min. guide
star acq.
0-1degrees ~2 minutes
1-10 degrees  ~6 minutes
10-22 degrees  ~8 minutes

22-30 degrees  ~ 9 minutes

NICMOS Specific Overheads

Set-up at beginning of each orbit or at each
different telescope pointing - always required.
(other than dither/chop maneuvering)

Filter change

Exposure overheads:
ACCUM readout
MULTIACCUM
BRIGHTOBJ

Target acquisition (for coronography)
Dithering/Chopping of x arcsecs (< 1-2 arcmin)

Chopping of x arcsec (> 2 arcmin,
using drop-to-gyro)

Chopping of x arcsec (> 2 arcmin,
with guide star re-acquisition)

Data management (for every 94 read-outs within an orbit)

18 seconds

16 seconds
(shortest 10 seconds, longest 16 seconds)

(7 + NREAD * 0.6) seconds
4 seconds
(exptime x 16384 + 10) seconds

157 seconds + 2 * exptime seconds (includes slew)
(x + 10) seconds

(x + 31) seconds

(x + 31) seconds
+ 3 minutes for each guide star re-acq

3 minutes
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Table 10.2: Overheads (in seconds) for camera change. These include times
for telescope slews and for refocus of the NICMOS PAM.

Going To:
Going From: -
Coronagraph NIC1 Intermediate NIC 2 NIC3
Coronagraph 0 40 80 125 620
NIC1 55 0 40 85 580
Intermediate 95 40 0 45 540
NIC 2 150 95 55 0 285
NIC3 645 590 550 285 0

Orbit Use Determination

The easiest way to learn how to compute total orbit time requests is to
work through examples. We provide below two examples which should be
representative of the many types of observations. The first example
describes a thermal IR observation, with the TWO-CHOP pattern. The
second example describes a coronagraphic acquisition and subsequent
observations.

Observations in the Thermal Regime Using a Chop
Pattern and MULTIACCUM

Observations at long wavelengths will be obtained for target A in all
three NICMOS cameras. The F187N filter is used in each of the three
cameras in turn. The observer requires exposure times of 128 seconds in
each exposure, in MULTIACCUM mode. A good sequence for the target is
considered to be STEP8 with NSAMP=21. The target is extended and the
selected chopping throw is one detector width. Note that this changes the
time to chop for each camera. The NIC-TWO-CHOP pattern is used to
obtain background measurements.

The declination of the source is -40 degrees, so the visibility period
during one orbit is 59 minutes. The orbit requirement is summarized in
Table 10.3 on page 166.
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Table 10.3: Orbit Determination for Observations of Target A

Time

Action (minutes) Explanation
Orbit 1
Initial Guide Star Acquisition 6 Needed at start of observation of new target
18 seconds setup at beginning of each orbit
Science exposure, NIC1 F187N 25 128 s exposure time on target, 4 s for MULTIACCUM
overhead, 16 sfor filter wheel motion
Small Angle Maneuver (chop) 0.8 Move off-target, allow for filter wheel motion
Science exposure, NIC1 F187N 22 128 seconds exposure time off target
4 seconds for MULTIACCUM overhead
Small Angle Maneuver (chop) 0.8 Move back on-target, alow for filter wheel motion
Science exposure, NIC1 F187N 22 128 seconds exposure time on target
4 seconds for MULTIACCUM overhead
Small Angle Maneuver (chop) 0.8 Move off-target, allow for filter wheel motion
Science exposure, NIC1 F187N 22 128 seconds exposure time off target
4 seconds for MULTIACCUM overhead
Small Angle Maneuver (from NIC1 11 move on-target in NIC2 plus instrument reconfigura-
to NIC2) + Reconfigure Instrument tion (change focus from NIC1 to NIC2), and filter
wheel motion.
Science exposure, NIC2 F187N 22 128 seconds exposure time on target
4 seconds for MULTIACCUM overhead
Small Angle Maneuver (chop) 0.9 Move off-target, allow for filter wheel motion
Science exposure, NIC2 F187N 22 128 seconds exposure time off target
4 seconds for MULTIACCUM overhead
Small Angle Maneuver (chop) 0.9 Move on-target, alow for filter wheel motion
Science exposure, NIC2 F187N 22 128 seconds exposure time on target
4 seconds for MULTIACCUM overhead
Small Angle Maneuver (chop) 0.9 Move off-target, allow for filter wheel motion
Science exposure, NIC2 F187N 22 128 seconds exposure time off target
4 seconds for MULTIACCUM overhead
Small Angle Maneuver (from NIC2 6.1 move on-target in NI1C3 plus instrument reconfigura-
to NIC3) + Reconfigure Instrument tion (change focus from NIC2 to NIC3), and filter
wheel motion
Science exposure, NIC3 F187N 22 128 seconds exposure time on target
4 seconds for MULTIACCUM overhead
Small Angle Maneuver (chop) 11 Move off-target, allow for filter wheel motion
Science exposure, NIC3 F187N 22 128 seconds exposure time off target
4 seconds for MULTIACCUM overhead
Small Angle Maneuver (chop) 11 Move on-target, alow for filter wheel motion
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Table 10.3: Orbit Determination for Observations of Target A (Continued)

. Time .
Action (minutes) Explanation
Science exposure, NIC3 F187N 22 128 seconds exposure time on target
4 seconds for MULTIACCUM overhead
Small Angle Maneuver (chop) 11 Move off-target, allow for filter wheel motion
Science exposure, NIC3 F187N 22 128 seconds exposure time off target
4 seconds for MULTIACCUM overhead
DUMP NIC buffer ~3.0 Terminal dump, could go in occultation.

The total time spent on the target is 51.3 minutes, with a visibility
period of 59 minutes. Thus, there is room for a slight increase in exposure
time without having the observations go into a second orbit. Note that if the
observation were of a moving target, the slews to the new targets would be
taken up in the tracking overhead, and the small angle maneuvers (SAMS)
would all take 0.25 minutes, regardless of the camera.

Note that more detailed estimates may also be obtained by building test
RPS2 Phase Il proposals; some observers may wish to use this approach
for estimating time required for the observations. Not shown in the above
example are three parallel memory dumps.

Coronagraphic Overhead Example

The following table lists the overheads for each visit of a coronagraphic
observation with two identical visits (acquisitions) in the same orbit with a
roll of the spacecraft in between. The overhead associated with the
gpacecraft roll is accounted for by the scheduling software; it therefore
does not appear in thistable

» Target: HR4796
* Declination: -39 degrees
* Vighility: 55 minutes.
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Table 10.4: Time Estimator Example for NICMOS Coronagraphy - Visit 01

Activity Duration Elapsed Time
Orbit 1
GSACQ 6m 6m
NIC2-ACQ 2 X 0.284s, F171M
Overhead 2m57s om
Dark (to remove 1x14.28s
persistence)
Overhead 1x(7+25* 0.69) 10m
+ 16sfilter change
F160W 1x 191.96s
Overhead 1x4s 13.5m
+ 16sfilter change
F160W 1 x 255.96s
Overhead 1x4s 18m
F160W 1x 223.97s
Overhead 1x4s 22m

Buffer dump 2m 24m
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In this chapter we deal with techniques for using small scale motions to
remove localized detector non-uniformities, for mapping areas larger than
the size of the field of view of the NICMOS cameras, and the issue of
removing the thermal background of the telescope.

these operations, and these are significantly different than those

v Special procedures have been created to enable observers to perform
described in earlier versions of this handbook.
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Introduction

Multiple exposures with small offsetsin the pointing of the telescope are
usually necessary or recommended for NICMOS observations. We
distinguish three particular circumstances which may require small offsets:

» Dithering to permit the removal of dead or non-calibrated (i.e.,
non-correctable) pixels on the detectors, and detector’s non-uniformi-
ties (i.e. sengitivity variations),

» Dithering or chopping to measure the background associated with an
astronomical source,

* Mosaicing to map a source larger than a single detector field of view.

The techniques described in this chapter may be used to accomplish any
one or any combination of these goals.

Experience with  NICMOS has shown that the background is
considerably fainter than was expected prior to deployment (see Chapter
4). The background appears spatially uniform (variations no larger than a
few percent across the NIC3 field of view) and does not vary much with
time (variations of less than 5% on orbit timescales). The description of the
therma background in Chapter 4, Chapter 9 and the Exposure Time
Calculator provide a basis for estimating the relative contributions of
source and background. It is strongly advised that provision for direct
measurement of the background be included in proposals whenever the
background is significant relative to the source(s) of interest. The frequency
of such measurements should be about once per orbit, and more frequent
measurements should be planned when the background must be measured
to high accuracy.

All observations at wavelengths longward of 1.7 um should consider
the need for background measurements.

Background images are obtained by offsetting the telescope from the
target to point to an “empty” region of the sky. The ability to routinely
offset the telescope pointing is a fundamental operational requirement for
NICMOS. Starting in Cycle 9, HST programs will use a standard pattern
syntax, which will replace the old pattern optional parameters, and the even
older scan parameters form. The new syntax allows multiple observations
(including different filter observations) to be made at each point in the
pattern, if desired. Observers should check the “Phase Il Proposal
Instructions” for the exact syntax of the special requirement that invokes
the pattern, and the “ pattern parameter form” that describes the motion. For
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simplicity, a set of pre-defined observing patterns has been built; the
exposures taken under them are combined into one or more associations. A
pattern, then, is a set of images of the same astronomical target obtained at
pointings offset from each other, e.g. for the purpose of removing bad or
grot affected pixels from the combined image, mapping an extended target,
or for creating background images. The associations of exposures are
created for the purpose of simultaneously processing al the images
(through a given filter) from a single pattern. Dithered images can thus be
easily reassembled into a single image with the effects of minimizing bad
pixels, or images taken in the long wavelength regime can be corrected for
the thermal contribution, or observations of extended targets combined into
asingle large map.
Two distinct types of telescope motion are defined:

 Dither: Individual motions are limited to no more than 40 arcsec.
These are intended to be used to perform small dithers, to measure
backgrounds for compact sources, and to accomplish sequences of
overlapping exposures for the construction of mosaics. Such
sequences will be assembled into asingle final image by the calibra-
tion pipeline.

* Chop: Motions up to 1440 arcsec are permitted. These are intended
for the measurement of the background at one or more locations sig-
nificantly removed from the target pointing. Each non-contiguous
background pointing will be assembled into its own final image in
addition to the target pointing by the calibration pipeline.

Telescope motions involve overheads for physicaly moving the
telescope and, if necessary, for re-acquiring the guide stars. Therefore,
significant time overheads may be incurred by observations which need
background subtraction or propose to map extended regions of the sky. A
careful estimate of the overheads associated with a specific observation or
set of observations is necessary to evaluate the number of orbits required
(see Chapter 10).

Strategies For Background Subtraction

The most efficient strategy for removing the background from a science
exposure strongly depends on the nature of the target and of the science to
be accomplished. In general, two types of targets can be defined: compact
and extended.
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Compact Objects

For compact objects, such as point sources, background subtraction can
be achieved by moving the target across the camera field of view (see
Figure 11.1). A dither pattern, which involves movements of a few arcsec
from one exposure to the next, can then be used. Thisis an efficient way to
build background images, since the target is present in each exposure, and a
background image can be created from the stacking and filtering of all
EXposures.

Figure 11.1: Dithering
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Extended Objects

For an extended object which occupies a significant portion of the
NICMOS field of view, the dithering technique does not apply to building
background images. In this case, offsets to an adjacent field (chopping)
chosen to be at least one camera field away in an arbitrary (or user
specified) direction, are necessary. By offsetting in different directions a
stacked and filtered sky image can be created which removes the effect of
contaminating objects in the offset fields (see Figure 11.2). Asin the case
of compact objects, these offsets might be quite small, but for large
galaxies for example, they may need to be over considerable distances. The
user will have the ability to specify the offset values and directions and the
number of offsets, in the Phase || pattern parameters form.
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Figure 11.2: Chopping
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Chopping and Dithering Patterns

There are a set of fifteen pre-designed patterns available for NICMOS
observations. Users may define their own patterns as well, using the Pattern
Parameters Form, during Phase 1l development. The pre-defined patterns
include four dithering patterns, four chopping patterns, five dither-chop
patterns, and two mapping patterns. For each of these, the observer will be
able to specify the number of positions desired (2 to 40), the dither size (0
to 40 arcsec), the chop size (0 to 1440 arcsec, also used for mapping), and
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the orientation of the pattern with respect to either the detector or the sky.
The POS - TARG special requirement will still be available for offsetting the
telescope and creating custom-design patterns as well, but there are a
number of advantages to using the pre-designed patterns:

» They simplify the specification of complex observationsin the Phase
Il proposal,

» All the observations pertaining to an exposure logsheet linein a pat-
tern result in one association and are simultaneously calibrated and
combined in the data calibration pipeline, including background cali-
bration, cosmic ray removal, and flat fielding. Observations obtained
with POS - TARG do not result in associations, and will have to be
combined manually by the observer,

* They permit the observation of a mosaic with afixed position angle
without fixing spacecraft roll, which increases the number of oppor-
tunities to schedul e the observations.

Multiple exposures may be obtained at each position by the use of the
number-of-iterations (NEXP) optional parameter. This may be useful for
cosmic ray removal. In addition, exposures in different filters at each
pattern position can be obtained by linking together exposure lines, such as
“PATTERN 1 10-30” where exposure lines 20 and 30 specify different
filters than the primary exposure line 10.

The fifteen NICMOS pre-designed patterns are listed in Table 11.1,
together with applicable parameters, such as the alowed values for the
number of steps in the pattern, the dither size, or the chop size. In addition,
the figure number where the pattern is graphicaly shown is given in
column 5 of Table 11.1. Offset sizes and number of stepsin a pattern affect
the amount of overhead time required to perform an observation (see
Chapter 10). The effects of dithering or chopping on an astronomical image
are shown in a set of examples in the next section.



Table 11.1: NICMOS Pre-designed Observing Patterns and Parameters
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DU S0P S5
NIC-SPIRAL-DITH 2-40 NA 0-40 NA camera 113
NIC-SQUARE-WAVE-DITH 2-40 NA 0-40 NA camera 11.3
NIC-XSTRIP-DITH 2-40 NA 0-40 NA camera 11.3
NIC-YSTRIP-DITH 2-40 NA 0-40 NA camera 11.3
NIC-ONE-CHOP NA 1-40 NA 0-1440 camera 114
NIC-TWO-CHOP NA 1-40 NA 0-1440 camera 114
NIC-SPIRAL-DITH-CHOP NA 1-40 0-40 0-1440 camera 115
NIC-XSTRIP-DITH-CHOP NA 1-40 0-40 0-1440 camera 115
NIC-YSTRIP-DITH-CHOP NA 1-40 0-40 0-1440 camera 115
NIC-ONE-SKY-CHOP NA 1-40 NA 0-1440  sky 11.6
NIC-TWO-SKY -CHOP NA 1-40 NA 0-1440  sky 11.6
NIC-XSTRIP-DITH-SKY-CHOP NA 1-40 0-40 0-1440  sky 11.6
NIC-SPIRAL-DITH-SKY-CHOP NA 1-40 0-40 0-1440  sky 11.6
NIC-MAP 1-40 1-40 0-1440 0-1440 sky 11.6
NIC-SPIRAL-MAP 2-40 NA 0-40 NA sky 11.6

Note on Orientation:

The new pattern parameter syntax requires additional input on
orientation. Specifically, the pattern must be defined in either the
POS-TARG (camera) frame or the CELESTIAL (sky) frame. An
orientation angle may be specified as well (the usual default is 0°). In the
POS-TARG frame, thisis the angle of the motion of the target from the first
point of the pattern to the second, counterclockwise from the x detector
axis (the directions are defined in Figure 6.1). In the CELESTIAL frame,
the angle is measured from North through East.

Note that some of the pattern namesin Table 11.1 are doubled except for
an additional -SKY-. These can be specified either as POS-TARG or
CELESTIAL default (see below for details).

Move the sky or the telescope?

The new pattern syntax attempts to resolve the confusing dichotomy in
the old pattern implementation, as to whether the pattern moves the
telescope or the target. It does this by providing the two reference frames
described above. Patterns done in the POS-TARG reference frame will
move the target, just as the “POS-TARG” specia requirement does.
Patterns done in the CELESTIAL reference frame will move the telescope,
as was done with the original implementation of the NICMOS patterns.
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The target will move in the opposite direction on the image, in the
CELESTIAL framerelative to the POS - TARG frame.

Dither Patterns

The dither patterns are recommended for the background subtraction
from observations of point sources (longward of 1.7 microns), and for the
reduction of sensitivity variations and bad pixel effects. The four types of
canned dither routines are NIC-SPIRAL-DITH,
NIC-SQUARE-WAVE-DITH, NIC-XSTRIP-DITH, and
NIC-YSTRIP-DITH. Most of the names are self-explanatory: the
NIC-SPIRAL-DITH pattern produces a spiral around the first pointing;
the NIC-SQUARE-WAVE-DITH pattern covers extended regions by
moving aong a square-wave shape;, the NIC-XSTRIP-DITH and
NIC-YSTRIP-DITH patterns movethetarget adong thex andy directions
of the detector, respectively. The difference between the
NIC-XSTRIP-DITH and the NIC-YSTRIP-DITH patterns is that the
first moves by default along the grism dispersion (more or less), while the
second moves orthogonal to the grism dispersion axis. These patterns are
illustrated in Figure 11.3

Note that there is an additional parameter for dithering patterns, to
center the pattern on the target. The default is to start the dithering at the
target position.
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Figure 11.3: Dither Patterns
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Chop Patterns

The chop patterns are recommended for measuring the background
adjacent to extended targets. For each chop pattern, half of the exposures
are taken on the target (position 1). There are two basic patterns,
NIC-ONE-CHOP and NIC-TWO-CHOP. The NIC-ONE-CHOP pattern
produces one image of the target and one image of the background. The
NIC-TWO-CHOP pattern produces one image (with two exposures) of the
target and two background images, with the background fields positioned
on opposite sides of the target. These patterns may be repeated if
necessary: note that rather than specifying the number of points in the
pattern, the observer specifies the number of repeats of the pattern. For
example, calling the NIC-TWO-CHOP pattern with number of patterns of 1
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will produce four images, one on the target, one off to one side (default -x
detector direction, see next para.), one back on the target, and one off to the
other side. If the number of patterns is set to 2, the observer will get eight
images, and so forth. Chop patterns areillustrated in Figure 11.4.

Because chopping is best done to empty regions of the sky, we provide a
set of chopping patterns that are in the CELESTIAL coordinate system, as
well as the standard set (that are in the POS - TARG frame). These have the
word SKY in their name, and must have an orientation angle (degrees E
from N for the first motion of the pattern) supplied. These should be used
when the region around the target contains some objects that should be
avoided when measuring the background. SKY patterns are illustrated in
Figure 11.6.

Figure 11.4: Chop Patterns
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Combined Patterns

The combined patterns permit dithering interleaved with chops to
measure the background. They are recommended for simultaneous
minimization of detector artifacts and background subtraction, for
observations beyond 1.7 microns. Three types of combined patterns are
implemented: NIC-SPIRAL-DITH-CHOP,
NIC-XSTRIP-DITH-CHOP, and NIC-YSTRIP-DITH-CHOP. Their
characteristics are analogous to the dither patterns NIC-SPIRAL-DITH,
NIC-XSTRIP-DITH, and NIC-YSTRIP-DITH, respectively, withthe
addition that each dither step is coupled with a background image obtained
by chopping. These combined patterns are shown in Figure 11.5.

In a manner similar to the regular chopping patterns, the combined
patterns have “SKY” versions implemented in the CELESTIAL frame.
Since these require an orientation angle, there is no
NIC-YSTRIP-DITH-SKY-CHOP, however: this is redundant with
NIC-XSTRIP-DITH-SKY-CHOP. These areillustrated in Figure 11.6.
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Figure 11.5: Combined Patterns
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Map Patterns

A new addition to the suite of “canned’ patterns are the two MAP
sequences. These alow the telescope to be pointed at a regular grid of
points, doing a series of exposures at each point. These are done in the
CELESTIAL frame, so an orientation angle must be supplied, and the
telescope motion on the sky is specified (rather than the target motion
relative to the detector, see note above). The NIC- SPIRAL-MAP sequence
is basically the NIC-SPIRAL-DITH sequence in the CELESTIAL frame,
and automatically maps the (square or rectangular) region around the
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target. The NIC-MAP sequence defines an arbitrary parallelogram on the
sky. The observer may specify the number of points in each of two
directions, and the position angle (E of N) of each direction.

Aswith the dithering patterns, the observer has the option of specifying
whether the target is centered in the pattern or not. The target will be
centered inthe NIC-SPIRAL-MAP pattern if thereare9, 25, 49,... pointsin
the pattern, but will not necessarily be centered otherwise. The observer
can specify if the target should be centered along one axis or the other, or
both, of the parallelogram defined by the sequence. These areillustrated in
Figure 11.6.

Figure 11.6: Patterns on the sky
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Examples

The next few pages show some selected examples of how the patterns
work on astronomical observations

Figure 11.7: NIC-TWO-SKY-CHOP pattern.

Spacing (chop throw) = 1 detector width,
Pattern Orient = 270",

Visit Orient = 225°,
(Frame=CELESTIAL)
44—>P1le—»?2
#1 #2
G S
Images Taken: :i‘ 2 1’.‘ /
i .
3 -"?1’ b
. :
#4 #3
- o 5
SR
catli
] 1 o
a L“_ L .




182 | Chapter 11: Techniques for Dithering, Background Measurement and Mosaic-

Figure 11.8: NIC-MAP Pattern

Spacing = detector size/N2, Frame= CELESTIAL, Pattern2 Orient = 284°, Patternl Orient = 14°,

No visit level orient specified: nominal roll (by chance, for this example) puts detector Y at position
angle 310°

Could cover the area more efficiently with Spacing = 0.866xdetector size, and
Pattern1 Orient = Pattern2 Orient + 60°

In either case, the lack of visit orient specification greatly increases the chance of scheduling
the observation.

Image 1 2 3 4 5 6
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Phase Il Proposal Instructions for Patterns

N

We discuss the Phase Il instructions for patterns in this section in
order to illustrate the options available. This is not, however, an
exhaustive description and is not the appropriate reference to use
when preparing a Phase | proposal. While writing your Phase |1 you
should refer to the Phase I Proposal Instructions, which contain a
complete and up-to-date guide.

This section is not crucial for preparing the Phase | proposal, but it may
be relevant to know beforehand which parameters will be available, and
what values these parameters can have. The pattern parameters form allows
for two nested parameters (pattern 2 is performed at each point in pattern 1)
but many of the predefined patterns already use this capability: you cannot
aways “nest” the “canned’ patterns. A pattern can apply to a series of
exposure logsheet lines, and the entire sequence is done at each point in the
pattern. Thus the special requirement PATTERN n [<exposure
list>] (where n is the number of the pattern parameter form to be
applied to these observations) should only apply once to any exposure
logsheet line, and should only be specified on one exposure in
<exposure lists>.Bevery careful not to “cal” alinein two different
patterns!

Note that the canned patterns are available only through the proposal
editor PED. You must select this as your editor from the RPS2 toolbar, so
that this interactive editor will come up when you push the RPS2 "edit"
button. PED will automaticaly fill in the default values and will prevent
you from editing pattern values that shouldn’t be changed. You should aso
be able to download filled in pattern templates from the NICMOS web site.
You should use the RPS2 description generator’s "FOV Tool" to make sure
the pattern is doing what you expect it to.

The set of exposures resulting from a pattern is sorted by filter, and an
association is created for each filter.

Patterns may use the FOM instead of moving the whole telescope,
however thisis an “available” (not “supported”) mode of observation. The
FOM is not exactly repeatable, so artifacts on the mirror may appear to
move around. Observations requiring small and rapid offsets (or making
observationsin parallel to another instrument) may benefit from this mode.
Note that the astigmatism changes with FOM offsets. Observers who plan
to use the FOM for dithering should ask for assignment of a Contact
Scientist to their proposal.
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Types of Motions

The OFFSET optional parameter defines which type of telescope
motion will be performed during a pattern, in order to dither or chop.
Telescope motions fall into three categories:

» Small angle maneuvers (SaMs) where FGS Fine Lock guiding is
maintained. Such SAMs aretypically limited to < 2 arcmin from the
point of theinitial guide star acquisition. Thisisthe practical limit of
theradial extent of the pattern. Often it will be smaller due to guide
star availability.

* SAMswithout FGS guiding (i.e. GYRO pointing control). These are
necessary for larger motions (> 2 arcmin). The telescope will drift at
arate of 1 to 2 milliarcsec per second of time (elapsed time since
dropping to gyro-- not exposure time).

* SAMswith RE-ACQuisitions of guide stars at each return to the tar-
get position. This can be used to chop between atarget and an offset
background measurement pointing (which would be observed with
GYRO pointing control).

The available options for OFFSET are:

* SAM, the default, will use guide stars whenever possible. If amotion,
or the sequence of motions, moves the telescope sufficiently from the
original position that guide stars are no longer available, then expo-
sures will be obtained using GYRO control. If a subsequent motion
returns the telescope to a point where the original guide stars become
available then the guide stars will be RE-2ACQuired. Thisincursan
overhead of ~3 minutes for each RE-ACQuisition.

* SAM-NO-REACQ will use guide stars (FGS fine lock) until the first
instance in the pattern when guide stars become unavailable. The
remainder of the pattern will be executed using GYRO control.

* SAM-NO-GYRO Will use guide starsfor al exposures. If guide stars
are not available, the observations will not be scheduled.

» FOM will use the Field Offset Mirror to perform the pattern. See the
description above; thisis an “available” operating mode, for use only
for coordinated parallels.



PART IV:

Calibration
Overview

The chapters in this part describe the calibration of NICMOS. These
chapters include an overview of the calibration pipeline process; the
expected accuracies for data taken in Cycle 11; and the preliminary plans
for calibrating and verifying the instrument’s performance.
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CHAPTER 12:

Calibration Pipeline

In this chapter ...

Overview / 187
NICMOS Pipeline / 191
NICMOS Data Products / 195

On-The-Fly-Reprocessing (OTFR) / 198

This chapter describes the OPUS pre-archive pipeline system devel oped
at STScl. This system provides NICMOS observers with calibrated data
after various instrumental signatures have been removed, a conversion to
flux unitsis provided, and exposures obtained using patterns are combined
into associations. A detailed description of the analysis of HST data in
general and NICMOS data in particular can be found in the HST Data
Handbook.

Overview

All data taken with NICMOS are automatically processed and calibrated
by a suite of software programs known as the pipeline. The purpose of
pipeline processing is to provide data products to observers and the HST
Data Archive in a form suitable for most scientific analyses. Pipeline
processing is also applied to engineering data and calibration data.

The basic sequence of stepsin the STScl pipeline system (also known as
OPUYS) is:

http://www.stsci.edu/software/ OPUS/

1. Assemble datareceived from HST into datasets.
2. Perform astandard level of calibration of the science data.
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3. Store both the uncalibrated and calibrated datasets in the Archive and
populate the Archive database catalog to support StarView queries.
After implementation of OTFR, information from the calibrated data
will be catalogued, but the calibrated files will not be stored.

The pipeline must also handle exceptions (e.g., incomplete data) and
perform ageneral data evaluation and quality control step. Final delivery of
data to observers is accomplished by the data distribution mechanisms of
the Archive system.

The calibration step has several goals:

* Remove the known instrumental signatures (e.g., flat field and dark
current).

» Correct the datafor non-linear behavior and convert to physical units
(e.g., gain and flux calibration).

» Flag degraded or suspect data values and provide estimates of the
statistical uncertainties of each pixel.

While a calibration pipeline may not be able to provide the optimal
calibration for a specific observation (the best calibration files may, in fact,
not become available until some time after the data were obtained and
calibrated), the goal is to provide data calibrated to a level suitable for
initial evaluation and analysis for all users. Observers frequently require a
detailed understanding of the calibrations applied to their data and the
ability to repeat, often with improved calibration products, the calibration
process at their home institution. Further, certain types of image artifacts
can appear in NICMOS data, which require processing with specialized
tools to remove. To support these goals, the calibration software is
available within the IRAF/STSDAS system and the calibration reference
files (e.g., flat fields) are available from the HST Archive via StarView so
that observers have the ability to repeat and customize the calibration
processing to meet the specific needs of individual observations.

Associations

To improve the utility of the pipeline processing for the second
generation science instruments (NICMOS, STIS) and future instruments
(ACS, COS, WF3) severa significant changes were made to the structure
of the calibration pipeline. The largest of these changes was to enable the
combination of multiple observations during the calibration process. This
permits the pipeline to both generate a combined product and to use
calibrations obtained contemporaneously with the science observations.
This capability is designed to support the cosmic ray event removal,
mosaicing, and background subtraction for NICMOS observations. As
discussed in Chapter 11, mechanisms exist for compactly requesting such
observationsin the Phase || proposal.
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Concept

The basic element in the HST ground system has historically been the
exposure. The first generation HST science instruments were commanded
to generate single exposures, which result from a recognizably distinct
sequence of commands to the instrument. This creates aflow of data which
is assembled into a single dataset. Each dataset is given a unique 9
character identifier (an IPPPSSOOT in STScl terminology) and is
processed by the pipeline, calibrated, and archived separately from all other
datasets.

Anillustrative (partial) counter example to this procedure is the WFPC2
CRSPLIT proposal instruction. This results in two WFPC2 exposures
from a single line on the exposure logsheet (the way in which observers
specify commands for HST). However, the HST ground system treats a
CRSPLIT as two distinct exposures which are commanded, processed,
calibrated, and archived separately. The pipeline does not combine these
two images (datasets) to create the single image without cosmic ray events
which may have been the observer’s origina intention. Currently, the
observers (and any future archival researchers) are left to perform this task
on their own.

The second generation instruments present many instances in which the
combination of data from two or more exposures is necessary to create a
scientifically useful data product. Both NICMOS and STIS need to
combine exposures to remove cosmic rays and to improve flat fielding (by
dithering). For NICMQOS, the HST thermal background contributes a
significant signal at wavelengths longward of 1.7 um. Multiple exposures
(dithered for small targets and offset onto blank sky—chopped—for
extended targets) are necessary to measure and remove this background.

Usage

Associations exist to simplify the use of HST data by observers. This
starts from the proposal phase, continues with a more complete calibration
process than would be possible without associations, carries into the
archiving and retrieval of associated data, and includes the use of HST data
by observers within the IRAF/STSDAS system.

An association is a set of one or more exposures along with an
association table and, optionaly, one or more products. We define the
following terms:

* An exposureisthe atomic unit of HST data.

* A dataset isacollection of files having a common rootname (same
IPPPSSOQT).

e A product is adataset derived from one or more exposures.

The first generation instruments al had a one-to-one correspondence
between exposures and datasets. They do not have products. NICMOS and
STIS use the association structure as a meta-dataset. Further, they use the
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information in multiple exposures during the calibration process to create
products.

From a high level, an association is a means of identifying a set of
exposures as belonging together and being, in some sense, dependent upon
one another. The association concept permits these exposures to be
calibrated, archived, retrieved, and reprocessed (within OPUS or ST SDAS)
as a set rather than as individua objects. In one sense, this is a
book-keeping operation which has been transferred from the observer to
the HST data pipeline and archive.

Associations are defined by optional parameters on a single exposure
logsheet line. That is, there is a one-to-one correspondence between
proposal logsheet lines and associations (although it is possible to have
exposures which are not in associations).

Observers may obtain one or more associations at each of one or more
positions on the sky using the NICMOS proposal grammar. Typicaly
usage will be:

» To obtain a sequence of slightly offset exposures (dithering) to
improve the flat fielding, avoid bad pixels and cosmic rays, and, for
sufficiently compact targets, to remove the thermal background sig-
nal.

* Mapping of targets larger than the NICMOS detector’s field of view.

» To obtain a sequence of observationsin which the telescopeis
chopped between the target and one or more offset regions of (hope-
fully blank) sky.

» To obtain multiple identical exposures of atarget with a single expo-
sure logshheet line (Number_of _|terations).

A set of predefined patterns are provided in the proposal instructions for
these types of observations or a combination of both types (Chapter 11).
The Institute ground system will expand the observer’s single line request
into multiple exposures each with its own identifying name (IPPPSSOQOT)
and populate the necessary database relations to describe this association
for the OPUS system.

Re-engineering

For the second generation science instruments the format of the data
products from the pipeline is FITS (Flexible Image Transport System) files
with image extensions. The IRAF/STSDAS system was modified to
operate directly on these files. Each NICMOS image is expressed as a set
of five image extensions representing the image, its variance, a bit encoded
data quality map, the number of valid samples at each pixel, and the
integration time at each pixel. This structure is used at all stages of the
calibration process which permits the re-execution of selected elements of
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the pipeline without starting from the initial point. Finally, the calibration
code itsalf is written in the C programing language (rather than IRAF's
SPP language). This greatly simplifies the modification of the pipeline code
by users and the development of new NICMOS specific data processing
tasks. See Section NICMOS Data Products and the HST Data Handbook
for more information regarding data products and structure.

NICMOS Pipeline

The NICMOS calibration task is divided into two stages: calnica, which
is used for every individual exposure, and calnicb, which is used after
calnica on those exposures which comprise an association.

Static Calibrations—calnica

The first calibration stage, calnica, (Figure 12.1) performs those
calibrations which can be done to a single exposure using the configuration
information from its telemetry and the Calibration Data Base. Such
calibrations are derived from the calibration program (see Chapter 13) and
typically change on time scales of months. Thisis analogous to the WFPC2
calibration process (calwp2). Calnica performs the following steps:

* Correct for signal present in the zeroth read (in MULTIACCUM data)
» Subtract the bias level (in MULTIACCUM data).

» Flag known bad pixelsin the data quality array.

» Calculate anoise model for each pixel.

» Subtract dark current.

e Correct for non-linearity.

» Fag pixels affected by electronic "bars'.

» Hat field to bring each pixel to acommon gain.

» Convert the image data to count rate units.

» Calculate various image statistics (e.g., median).

» Store photometric calibration information in image header keywords.

* Correct for cosmic ray events and pixel saturation (in MULTIACCUM
data).

» Calculate estimates of the background.

* Anayzetheinternal engineering telemetry for potential problems
with the observation.
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Figure 12.1: Conceptual calnica Pipeline
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Observers will be given both the uncalibrated (raw) data and the
processed data for each exposure. For MULTIACCUM oObservations,
partially calibrated datafor each readout will be generated (which excludes
the cosmic ray and saturation corrections), in addition to a final single
image.

To recalibrate NICMOS data, observers will need the calnica software
(included in the STSDAS distribution) and the necessary calibration
reference files (available from the HST Data Archive using StarView and
from the NICMOS WWW pages).

The data processing flow chart for normal imaging and spectroscopic
imagesis shown in Figure 12.2.
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Figure 12.2: Calibration Steps of the calnica Pipeline
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Contemporaneous Observations—calnicb

While previoudly it has been possible to execute multiple exposures
from a single proposal logsheet line (e.g., WFPC2, CR-SPLIT, and
NEXP=n constructs), this capability was significantly expanded to support
requirements of the second generation science instruments. Typical
examples include the removal of cosmic rays, the construction of amosaic
image, and the subtraction of the sky background from a sequence of
on-target and off-target observations. These observations are distinguished
by the fact that their calibration and processing depends upon other
observations obtained at the same time.

The calnicb part of the pipeline carries out the calibration and merging
of associated data frames, each of which has first been processed by
calnica. In the case shown in Figure 12.3, the associated set has 3
individual datasets that are combined into one merged and calibrated
dataset.

Figure 12.3: Conceptual calnicb Pipeline

CALNICA
CALIBRATED

DATASET

CALNICB

Associated Set
Calibration Only

CALNICA
CALIBRATED
DATASET

MERGED
CALIBRATED
DATASET

CALNICA
CALIBRATED
DATASET

We refer to these sets of exposures as associations. The calnicb task
operates on an entire association, and produces one or more products from
that set (Figure 12.3). In the case of dither patterns, calnicb reads from the
headers of the individual exposure files what the telescope offsets were. It
then identifies sources in the images, and, starting with the telescope
pointing information from the headers as an initial guess, determines what
the pointings actualy were. It then combines the images into a fina
mosaic, regecting from the output any cosmic rays that had not been
detected in the individual exposures when they were processed by calnica.
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The calnicb code uses all the data quality information generated by calnica
to avoid propagating identified cosmic rays, bad pixels, or saturated pixels,
into the output mosaic. In the case of chopped images, if multiple images
were obtained at each chop position, calnicb generates a mosaic for each
background position and produces an output product image for each of
those. It then combines each of the background images to determine an
average background value for the target position, removes this constant
background from the mosaic it has generated for the target position, and
then saves the result of this operation as the final, background subtracted
mosaiced image of the target. When calnicb is calculating the offsets
between images, it starts with the telescope pointing information as its first
guess. If it is unable to match the various images by adjusting this pointing
information by more than some limit, the code reverts to using the pointing
information alone, on the assumption that there are no sources bright
enough to detect in the individual images, or that there are instrumental
artifacts that are confusing the offset calculation, or that the telescope
suffered a loss of guide star lock during one or more of the exposures
resulting in a potentially very large offset being introduced. To date, we
have found that all of these things happen very rarely.

NICMOS Data Products

Standard NICMOS Dataset Structure

NICMOS data are represented by five data arrays for each readout.
These arrays contain the:

» Scienceimage.

* Error array.

e Quality flags array.

* Samplesarray.

* Integration time array.

Each downlinked readout is always represented by these five data
arrays. In the basic NICMOS data file format, shown in Figure 12.4, each
of these data arrays is stored as a separate image extension in the FITS
container file. The MULTIACCUM mode (Figure 12.5) produces multiple
images. The file structure for such a dataset consists of a lattice of the 5
data arrays that are created for each readout, as shown in Figure 12.5.
Compact FITS representations are used to store arrays in which all
elements have the same value.
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Figure 12.4: Data Format for ACCUM, BRIGHTOBJ and ACQ Modes

GLOBAL
HEADER [0]

SCIENCE
IMAGE

[SCI,1] or [1]

ERROR
[ERR,1] or [2]

DATA QUALITY
FLAGS

[DQ.1] or[3]

SAMPLES
[SAMP1] or [4]

INTEGRATION
TIME

[TIME,1] or [5]

Science Image (SCI)

The science image contains the information recorded by the NICMOS
detector. The data may be represented as counts (i.e., data numbers) or as
count rates (i.e., data numbers per second). Generally the latter is desirable
since it is easier to interpret in mosaiced datasets and corresponds closely
to flux.

Error Array (ERR)

The error array contains an estimate of the statistical uncertainty at each
pixel. It is expressed as a real number of standard deviations. This is a
calculated quantity based on a noise model of the instrument and its
environment.

Data Quality Flags Array (DQ)

The data quality flags array provides 16 independent flags for each
pixel. Each flag has atrue (set) or false (unset) state and is encoded as a bit
inal6 bit (short integer) word. Users are advised that this word should not
be interpreted as an integer. NICMOS Data Quality Flag values are
summarized in the NICMOS section of the HST Data Handbook.

Samples Array (SAMP)
The samples array is used for one of two purposes:
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» For datawhere multiple samples of the array were obtained during
the integration (MULTIACCUM mode), the samples array denotes the
number of samples for each pixel in the corresponding science
image.

*  When multiple integrations are combined to produce a single image,
the samplesarray will contain the number of samplesretained at each
pixel. Note that thisimplies that the original number of samples
information is not propagated forward into combined images.

Integration Time Array (TIME)

The integration time array contains the total integration time at each
pixel. While initially a simple parameter in some observing modes,
combining datasets into composite mosaics and using the information
obtained by multiple non-destructive readouts during an integration
requires us to keep track of the actual exposure time for each pixel. This
array is useful for ssimple conversions between counts and count rates.

Figure 12.5: Data Format for MULTIACCUM Mode

Maximum N = 26

GLOBAL
HEADER [0]
SCIENCE
SCIENCE SCIENCE SCIENCE — IMAGE
IMAGE IMAGE IMAGE [SCI.N] or
[SCI,1] or [1] [SC1,2] or [6] [SC1,3] or [11] [5N-4]
— ERROR
ERROR ERROR ERROR [ERRN] or
[ERR/1] or [2] [ERR,2] or [7] [ERR,3] or [12] [5N-3]
DATA QUALITY| | DATA QUALITY| |DATA QUALITY| —® DATA QUALITY
FLAGS FLAGS FLAGS FLAGS
[DQ.1] or [3] [DQ,2] or [8] [DQ,3] or [13] [DQ.N] or [5N-2]
— | SAMPLES
SAMPLES SAMPLES SAMPLES [SAMPN] or
[SAMP1] or [4] [SAMP2] or [9] [SAMP3] or [14] [5N-1]
INTEGRATION INTEGRATION INTEGRATION INTEGRATION
TIME TIME TIME TIME
[TIME] or [5] [TIME,2] or [10] [TIME,3] or [15] [TIME,N] or [5N]
IRAF Access

The physical format of NICMOS datasets is FITS with image and table
extensions. Data is delivered to observers and used within IRAF and
STSDAS in this format. The FITS image kernel that became available in
IRAF v2.11 supports the reading and writing of this data format directly.
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This permits the use of NICMOS data without conversion (i.e., the strfits
task is not necessary and not recommended).

Individual FITS image and table extensions are accessed from IRAF
tasks by appending to the file name either the index number of the
extension, or the combination of the extension name (e.g., SCI, ERR, DQ,
SAMP, or TIME) and the extension version number (see Figure 12.4 and
Figure 12.5)

On-The-Fly-Reprocessing (OTFR)

Each HST observation consist of severa packets of data which are
time-tagged on the spacecraft, sent to the ground by a Tracking and Data
Relay Satellite (TDRS) link to Goddard Space Flight Center (GSFC), and
sorted by the PACket processOR (PACOR) at GSFC into a packetized data
set called a“POD” file (Packetized Observation Data). The individual POD
files are sent by PACOR-A to the Operational Processing and Uplink
System (OPUS) at STScl where the data are processed (translates data
from telemetry to FITSfiles), calibrated, and Archived.

"On-The-Fly-Reprocessing” (OTFR) is a software interface to the HST
Archive that regenerates the “raw” (uncalibrated) science data from the
POD files and provides the most up-to-date calibration of the data possible
to the Archive user. Since OTFR starts with the POD files, any changes to
header keywords, or the addition of keywords, are automatically
performed. The OTFR system will use the best available calibration
reference files and the most recent versions of the OPUS processing
pipeline and calibration software (calnica & calnicb). OTFR is transparent
to the Archive user. Removing pedestal during pipeline calibration is under
investigation and maybe implemented in the future. The release of OTFR
for STIS and WFPC2 occurred in May 2001. OTFR for NICMOS is
planned for the later part of 2001.
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This chapter describes the expected accuracies which should be reached
in the calibration of NICMOS during Cycle 11. Since the NCS-operated
NICMOS represents a new instrument, afull new suite of calibrations will
be obtained during Cycle 11 to characterize the instrument performance
under the new operating conditions. The list of activities which will be
performed during the Servicing Mission Orbital Verification 3B
(SMOV 3B) to enable science with NICMOS is also detailed for reference.

Expected Calibration Accuracies

Remarks

In Table 13.1 we list aprovisional summary of our calibration goals for
Cycle 11. These goals represent the calibrations and performance achieved
by NICMOS during Cycle 7 and 7N. Calibration proposals which will be
executed during the SMOV phase and during the Cycle 11 calibration
program are aimed at reproducing (and possibly improving on) the same
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level of calibration obtained during Cycle 7 and 7N. Although observers
may plan on NICMOS achieving these levels of performance, uncertainties
still exist, as explained in the next section. Science programs which require
superior calibrations should request and justify additional observing time
to reach the necessary calibration accuracy.

Areas of Significant Uncertainty

The figures reported in the Table 13.1 are drawn directly from the
performance and calibrations achieved with NICMOS during its
“cryogenic life” (Cycle 7 and Cycle 7N). Our goa for Cycle 11 and
subsequent cycles is to achieve the same level of calibration accuracy
obtained during Cycle 7 and 7N.

Uncertainties in the actual performance during Cycle 11 are related to
the temperature stability under NCS operations on both orbital and secular
timescales. Current requirements set goals of 0.1 K temperature stability on
orbital scaleand 0.5 K over one year. Other areas of uncertainty include the
quality of the photometric transformations and (for a small portion of each
Camera'sfield of view) the effects of vignetting.

Provisional Cycle 11 Calibration Goals

Table 13.1: Summary of Cycle 11 Calibration Goals

Attribute

Accuracy Limiting Factor/Notes

Detector dark current and shading <10 DN

All MULTIACCUM sequences will have good

calibrations.

A small subset of the available ACCUM mode
exposure times will have adirect calibration.

Flat fields

Photometry

PSF and focus

Coronagraphic PSF

GRISM wavelength calibration

1% broad-band
3% narrow-band

6% photometric zero point
2% relative over FOV
2% stability

Maintained within 1 mm (except for
NIC3 which will be ~ 4mm off nominal
best focus.)

0.013 arcsec accuracy positioning in
the hole

.005 um

Color and temperature dependence may limit
flats in some cases.

The low spatial frequency may only be reli-
ableto < 3%.

Photometric systems, Intrapixel effects, Filter
leaks on red sources, Temperature stability

Breathing and OTA desorption are approxi-
mately equal effects. Cold-mask shifting
affects PSF shape.

Limited by centroiding of target for wave-
length zeropoint determination.
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Table 13.1: Summary of Cycle 11 Calibration Goals (Continued)

Attribute Accuracy Limiting Factor/Notes

GRISM photometric calibration ~30% absolute and relative The figure is quoted without the NIC3
intrapixel sensitivity correction. With this cor-
rection, GRISM photometry will be better.
Expected accuracy over central 80% of spec-

tral range.
Grism C flat field may not achieve this perfor-
mance.
Astrometry 0.5% plate scale
0.1" to FGS frame per observation, after geometric distortion cor-
rection

Calibration Plans

The calibrations available during Cycle 11 will be based on two distinct
calibration activities. First, the activity known as SMOV, which is currently
scheduled to happen around the middle of Cycle 10, will provide
science-enabling and initia calibrations for all NICMOS science modes.
Second, the routine Cycle 11 calibration program will provide the
necessary observations to achieve the goals set in Table 13.1.

In the current schedule, NICMOS is expected to be operational again

during the second half of Cycle 10. A fraction of the Cycle 11 calibra-
tions will be executed early to support a timely start of NICMOS sci-

ence operations.

It is important to distinguish between the various goals of these
calibration activities. SMOV isintended to demonstrate that the instrument
is functioning as expected, based on both previous experience and
expectations under NCS operations, to establish necessary operation
parameters (e.g. plate scale), and to begin the calibration and scientific use
of NICMOS. In many cases the complete calibration will be conducted
during Cycle 11 with SMOV being used to demonstrate that the planned
calibrations are in fact feasible. This approach is designed to enable the
acquisition of science observations at the earliest possible date, even if the
best possible calibrations do not become available until some time later.
This contributes to the efficiency with which HST can be operated.

The planned NICMOS SMOV activities are listed in Table 13.2, for
reference. The baseline of the SMOV plan for NICMOS consists of 20
activities, of which 12 are calibration-related. Some of these test specific
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components of the instrument while others characterize its performance
within the HST environment. A number of proposals are aimed at testing
the detector's temperature stability under NCS operations, and
performance changes with temperature variations.

Table 13.2: Planned (preliminary) NICMOS SMOV Activities

Activity Title

Demonstrates or Calibrates

NICMOS Filter Wheel Mechanism Test
NICMOS FOM Operation Test
NICMOS Flats,/Quantum Efficiency

NICMOS Detector Read Noise, Shad-
ing, Cosmic Ray Rates

NICMOS Transfer Function Test
NICMOS Fine Optical Alignment
NICMOS NIC3 Fine Optical Alignment
NICMOS Coronagraphic Focus
NICMOS Focus Monitor

NICMOS Aperture Locations

NICMOS Plate Scale

NICMOS Mode 2 Target Acquisition
Test

NICMOS Chronographic Performance

NICMOS Interna Flats

NICMOS Photometric Test

NICMOS SAA Cosmic-Ray Persistence
Test

NICMOS Astronomical Persistence Test

NICMOS Thermal Background

NICMOS Grisms Absol ute Sensitivity

NICMOS Grisms Wavelength Calibra-
tion

Verify the mechanical operation of each filter wheel.
Verify the mechanical operation of the FOM.

Determine changes in debris (grot) and measure QE as a function of
temperature.

Characterization of detector noise and dark current. Comparison and
bootstrap from Cycle 7N warm-up. Re-verification of CR rate.

Set optimal detector DC offset voltages.

Optimal positioning of the PAM based on grid of small PAM mations.
Optimal positioning of the PAM /FOM for NICMOS camera 3.
Determine the optimal chronographic focus position.

Monitoring of NICMOS best focus position (stability).

Establish the locations of the NICMOS detectors within the FGS coor-
dinate system.

Determine plate scales, relative field rotations, and field distortions for
each camera.

Demonstrate Mode 2 (on-board) acquisitions.

Optical characterization of chronographic stray light rejection and PSF
of the obscured star.

Demonstration of flat fielding capability and stability monitoring.

Standard star observations across NICMOS wavel ength range. Updates
SLTV throughput calibration.

Measurement of decay time of SAA cosmic ray events.

Characterize the effect of severe overexposure of the NICMOS detec-
tors.Measurements of decay time for photon persistence.

Characterization of HST generated thermal background over a broad
range of situations.

Determine Grisms sensitivity. Compare with Cycle 7 performance.

Derive wavelength calibrations for Grisms. Compare with Cycle 7 per-
formance.
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Calibration Outsourcing

NICMOS has more modes and capabilities than the NICM OS group has
resources to calibrate. HST users are thus encouraged to submit calibration
proposals (see the Call for Proposals), to fill possible gaps. Examples of
these cdibrations are NICMOS polarimetry in Cameras 1 and 2,
photometric transformations, inter pixel sensitivities, etc. .

Special Calibrations

If your program requires unigque calibrations beyond those that are not
planned, then you should apply directly for these special calibrations in
your Phase | proposal.
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PART V.

ApP

endices

The chapters in this part provide reference material in support of
NICMOS observations. Included are filter throughputs and sensitivity
curves, infrared flux units and lists of infrared lines. Finaly, we give a
description of the BRIGHTOBJ readout more, which is unsupported in
Cycle 11.
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APPENDIX 1:
Imaging
Reference Material

This chapter provides basic information and sensitivity plots for the
imaging and polarimetric filters. The corresponding information for the
grism elementsis provided in Chapter 5. The spectral characteristics of the
NICMOS flight filters were measured at cryogenic temperature and normal
incidence at Ball Aerospace. All filters had their spectral transmission
measured from 0.5 to 2.7 microns with a step of 0.001 microns. For each
filter, we provide the following information:

1. A plot of the total system throughput, which convolves the filter
transmission curve with the OTA, the NICMOS foreoptics and the
predicted detector's response under NCS operations. A listing of the
central, mean, and peak wavelengths, of the wavelength range, filter
width, transmission peak, and the fraction of the PSF contained in
one pixel (assuming the sourceis centered on the pixel) is also given.

2. Sensitivity curves for each filter. The curves are calculated for both
an extended and a point source, assuming in both cases a flat spec-
trum [in F(A)]. The curves give the flux as a function of time needed
to reach S/IN=3 and S/N=10, respectively. For the extended sources,
the flux is given in Jy/arcsec? and the SN is calculated per pixel; for
the point sources, the flux isgivenin Jy, and the S/N is calculated in a
0.5" radius aperture (NIC1 and NIC2) or 1" radius aperture (NIC3).
Because of the considerable uncertainty in both the dark current
behavior and the actual operating temperature of the NICM OS detec-
tors under NCS, we plot sensitivity curves for two limiting cases. The
solid lines correspond to a “good” scenario: no dark current bump
(0.5 €/s) and an operating temperature of 75 K, while the dotted lines
represent a “bad” scenario, i.e the dark current is elevated and NIC-
MOS has to operate at a temperature of 78 K. In this case, the dark
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current reaches levels of 2 €/9/pixel. The effect of the higher DQE at
78 K actually causes a better performance of the “bad” scenario for
short integration times, which is why the two curves intersect. How-
ever, the differences between the two scenarios are negligible for all
observations except the longest exposures at short wavelengths. For
al calculations, the adopted read-out noise is ~30€. The sky back-
ground, as listed in Chapter 9, is included in all computations. The
saturation limit as a function of timeis also shown for both scenarios,
however, the curves are virtually indistinguishable. For the extended
sources, we have computed the flux which saturates the pixel (the
aperture), while for point sources we have computed the flux needed
to saturate the brightest pixel (assuming the source is centered on the
pixel). The range of times given goes from 0.2 to ~3,000 seconds,
although we advise observers not to use exposures longer than about
1/3-1/2 orhit (t < 1500-1600 seconds, see Chapter 3).

Proposers should always use the default settings of the ETC to calcu-

late exposure times (see Chapter 9). The ETC default settings (el evated
dark current, operating temperature of 78 K) fall somewhere between

the two limiting cases shown in the sensitivity plots.

All throughput curves and band parameters in this section were built
with the DQE curve corrected to 78 K. The values for most of these
parameters come from the synphot task in STSDAS. The graph (grtbl =
k511557nm_tmg.fits) and component (cmptbl = 12m1009hm_tmc.fits)
tables used for these calculations are available from CDBS at STScl.

The filter transmission curves and OTA and NICMOS optics
reflectivities are the ones listed in these files. The only change made
relative to these tables is that the nic? dge* table for each camera was
modified to reflect changes from the reference temperature of each curveto
the nominal NCS operating temperature (78 K). Based on the NICMOS
standard star photometry, each DQE curve + filter transmission curve is
correct for the temperature at which the standard star observations were
made (NIC1: 61.3 K, NIC2: 61.3 K, NIC3: 62.0 K)

The correction from these temps to 78 K was made based on
fourth-order DQE vs. temperature fits to the F110W, F160W and F222M
(NIC3 only) data from the end-of-cryogen warmup in early 1999 and
monitor data over the entire NICMOS lifetime, with the fit in wavelength a
linear function (DQE correction factor = gy + & *lambda(microns)). The
respective coefficients from 61.3 to 78.0 K for NIC1 and NIC2 and from
62.0to 78.0 K for NIC3 givenin Table Al1.1..
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Table Al1.1: DQE correction factor coefficients

Camera a, a,

NIC1 1.9849598 0.28142546
NIC2 1.8082418 0.25807383
NIC3 1.8644739 0.29893187

The correction factor is then multiplied by the original curve at each
wavel ength to get the new curve. Note that thisis a mean DQE value across
the detector (mean of pixels (*,35:*), asthe DQE can vary by factors of 2-3
acrossthe array.

The band parameters correspond to the output of the STSDAS task
bandpar where:

Central wavelength = PIVWV
Mean wavelength =AVGWV
Peak wavelength =WPEAK
Maximum throughput = TPEAK

The “Wavelength range” values are just measured by-eye from the
throughput curves to serve as arough estimate.

The “central pixel fraction” isthe fraction of the total light from a point
source that is contained in the central pixel of the point spread function
(PSF). This assumes that the source is centered on a pixel, and that the
pixel response function is unity across the pixel. All PSFs were made from
TinyTim V5.0c, using the following parameters, in each of thefilters:

e 2.36 mm PAM for NIC1

0.69 mm PAM for NIC2

-9.50 mm PAM for NIC3

* source centered at pixel 128 128 (detector center)
» aberrations for 31/12/1998

» 10.0" diameter, no subsampling, no jitter

e default TnyTim V5.0c throughput tables and the G2V source spec-
trum
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Camera 1, Filter FOO0OM

Central wavelength:  0.9036 um Figure Al.1: FO90M Throughput
Meanwavelength:  0.9053 um L R R I
Peak wavelength:  0.9175 um 0.08 | | |
Wavelengthrange: 0.8-1.0 um
FWHM: 0.1730 um
Maximumthroughput: 7.976%
Central pixel fraction: 0.124
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Figure A1.2: FO90M Sensitivity Curves
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Camera 1, Filter FO95N

Notes: Figure A1.3: NIC1, FO95N Throughput
[SI] line. L L A L B
Central wavelength:  0.9536 um | | | | |
Meanwavelength:  0.9536 um
Peak wavelength:  0.9564 um
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Central pixel fraction: 0.114
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Figure A1.4: NIC1, FO95N Sensitivity Curves
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Camera 1, Filter FO97N

Notes:
[S 1] continuum.

Central wavelength:  0.9715 um 0.08
Meanwavelength:  0.9715 um i
Peak wavelength:  0.9740 um
Wavelengthrange: 1% 006 5
FWHM: 0.0097 um ' :
Maximumthroughput: 7.806%
Central pixel fraction: 0.111
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Figure A1.5: FO97N Throughput
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Figure A1.6: NIC1, FO97N Sensitivity Curves

Extended Source in 1 pixel Aperture Point Source in 0.5" Radius Aperture

T TN LI N B
> I . 1
o L o \\\ Saturated
I N ]
N
L L \ _
— — = \\\\
% -2 = -2 -
= =
= i 1&g |
£ = N
- — 75K no bump 8 -—— 75K no bump 8
| 78K with bump i -+ 78K with bump ]
76 Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il 76 Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il
O 1 2 3 O 1 2 3
Log[Time(sec)] Log[Time(sec)]




Camera 1, Filter F108N [l 213

Camera 1, Filter F108N

Notes:
[Hel] line.

See also “Camera 3, Filter F108N”

Central wavelength:
Meanwavelength:
Peak wavel ength:
Wavelengthrange:
FWHM:
Maximumthroughput:

Central pixel fraction:
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Figure A1.7: NIC1, F108N Throughput
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Camera 1, Filter F110M

Notes:

See also “Cameral, Filter F110W”.

Central wavelength:
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Peak wavelength:
Wavelengthrange:
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Maximumthroughput:
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Figure A1.9: NIC1, F110M Throughput
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Figure A1.10: NIC1, F110M Sensitivity Curves
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Camera 1, Filter F110W

Notes: Figure A1.11: NIC1, F110W Throughput
See also “Camera 2, Filter F110W” and L L
“Camera 3, Filter F110W”. l ‘ } ]
Central wavelength: 1.1248 um 015 | |
Meanwavelength:  1.1368 um
Peak wavelength:  1.3430 um
Wavelengthrange: 0.8-1.4 um El
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Figure A1.12: NIC1, F110W Sensitivity Curves

Extended Source in 1 pixel Aperture Point Source in 0.5” Radius Aperture
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Camera 1, Filter F113N

Notes:
[He ] continuum.
See aso “ Camera 3, Filter
Central wavelength:
Meanwavelength:
Peak wavel ength:
Wavelengthrange:
FWHM:
Maximumthroughput:
Central pixel fraction:

F113N".
1.1298 um
1.1298 um
1.1312 um
1%
0.0113 um
11.027%
0.088

Total Throughput
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Figure A1.13: NIC1, F113N Throughput
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Figure A1.14: NIC1, F113N Sensitivity Curves
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Camera 1, Filter F140W

Central wavelength:  1.4303 um Figure A1.15: NIC1, F140W Throughput
Meanwavelength:  1.4498 um SNPSE A NLNA ESLEI SR LIS DRI IR
Peak wavelength:  1.7771 um ' ‘ ‘ ‘ ‘ ‘ ‘ ‘
Wavelengthrange: 1.0-1.8 um
FWHM: 0.7265 um
Maximumthroughput: 23.82% 0.20
Central pixdl fraction: 0.066

Total Throughput
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Figure A1.16: NIC1, F140W Sensitivity Curves
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Camera 1, Filter F145M

Notes: Figure A1.17: NIC1, F145M Throughput
Central wavelength:  1.4551 um
Meanwavelength:  1.4562 um
Peak wavelength:  1.5100 um
Wavelengthrange:  1.35-1.55 um 015
FWHM: 0.1962 um
Maximumthroughput: 18.833%
Central pixel fraction: 0.058
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Total Throughput

0.05

0.00
1.3 1.4 1.5 1.6
Wavelength (microns)
Figure A1.18: NIC1, F145M Sensitivity Curves
Extended Source in 1 pixel Aperture Point Source in 0.5" Radius Aperture
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Camera 1, Filter F160W

Notes: Figure A1.19: NIC1, F160W Throughput
Minimum background. N A L L L B
See also “Camera 2, Filter F160W” 0.25 | | |
and “Camera 3, Filter F1I60W”.
Central wavelength: 1.6046 um
Meanwavelength:  1.6089 um 0.20
Peak wavelength:  1.7725 um
Wavelengthrange: 1.4-1.8 um
FWHM: 0.3983 um
Maximumthroughput:  23.997%
Central pixel fraction: 0.049
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Figure A1.20: 160W Sensitivity Curves
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Camera 1, Filter F164N

Notes:

[Fell] line.

See aso “ Camera 3, Filter F164N”.
Central wavelength:
Meanwavelength:

Peak wavel ength:
Wavelengthrange:

FWHM:

Maximumthroughput:
Central pixel fraction:

Extended Source in 1 pixel Aperture

1.6460 um
1.6460 um
1.6476 um
1%
0.0173 um
20.635%
0.046

Total Throughput

0.20
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Figure A1.21: NIC1, F164N Throughput
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Figure A1.22: NIC1, F164N Sensitivity Curves
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Camera 1, Filter F165M

Notes: Figure A1.23: NIC1, F165M Throughput

H,O continuum. 07872 SN L UL N

See also “ Camera 2, Filter F165M”.
Central wavelength:  1.6483 um
Meanwavelength: 1.6493 um
Peak wavelength:  1.7110 um
Wavelengthrange:  1.54-1.74 um
FWHM: 0.1984 um
Maximumthroughput: 23.478%
Central pixel fraction:  0.046
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Figure A1.24: NIC1, F165M Sensitivity Curves

Extended Source in 1 pixel Aperture Point Source in 0.5" Radius Aperture
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Camera 1, Filter F166N

Notes: Figure A1.25: NIC1, F166N Throughput
[Fell]contlnuum. ’1\\H\H\\1\\H\H\\1\HHHH}HH\HH}HHT
See also “Camera 3, Filter F166N”. I i i i ]
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Figure A1.26: NIC1, F166N Sensitivity Curves

Extended Source in 1 pixel Aperture Point Source in 0.5" Radius Aperture
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Camera 1, Filter F170M

Figure A1.27: NIC1, F170M Throughput

Notes:
See also “Camera 2, Filter F171IM™”.
Central wavelength:  1.7061 um 0.25
Meanwavelength:  1.7071 um
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Figure A1.28: NIC1, F170M Sensitivity Curves
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Camera 1, Filter F187N

Notes: Figure A1.29: NIC1, F187N Throughput
Paschen o.. gos L I I I T T T T T T L ]
See aso “ Camera 2, Filter F187N” and ‘ ‘ ‘ ‘
“Camera 3, Filter F187N".
Central wavelength: 1.8748 um
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Figure A1.30: NIC1, F187N Sensitivity Curves
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Camera 1, Filter F190N

Notes: Figure A1.31: NIC1, F190N Throughput
Paschen o continuum. I L R RN RN
See also “ Camera 2, Filter F190N” and 0.25 | | i |
“Camera 3, Filter F190N”.
Central wavelength: 1.8986 um
Meanwavelength: 1.8986 um 0.20
Peak wavelength:  1.8942 um
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Figure A1.32: NIC1, F190N Sensitivity Curves

Extended Source in 1 pixel Aperture Point Source in 0.5" Radius Aperture
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Camera 1, Polarizer POLOS

Notes:
See Table 5.2: for characteristics of
polarizers POL120S and POL 240S.
Central wavelength:  1.0574 um
Meanwavelength:  1.0656 um
Peak wavelength:  1.1435 um
Wavelengthrange: 0.8-1.3
FWHM: 0.4458 um
Maximumthroughput: 5.735%
Central pixel fraction: 0.101

Total Throughput

Figure A1.33: NIC1, Short Polarizer Throughput
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Figure A1.34: NIC1, Short Polarizer Sensitivity Curves
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Camera 2, Filter F110W

Notes:

See also “Camera l, Filter F110W” and

“Camera 3, Filter F110W".
Central wavelength:

Meanwavelength:
Peak wavel ength:
Wavelengthrange:

FWHM:

Maximumthroughput:

Central pixel fraction:

1.1238 um
1.1355 um
1.3404 um
0.8-1.4 um
0.5269 um
17.167%
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e
o

Total Throughput
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Figure A1.35: NIC2, F110W Throughput
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Figure A1.36: NIC2, F110W Sensitivity Curves
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Camera 2, Filter F160W

Notes: Figure A1.37: NIC2, F160W Throughput
Minimum background.
See aso “Camera 1, Filter F160W” and 0.25 - N
“Camera 3, Filter F1I60W". ]
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Figure A1.38: NIC2, F160W Sensitivity Curves
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Camera 2, Filter F165M

Notes:
Planetary continuum.
See dso “Cameral, Filter

Central wavelength:  1.6510 um
Meanwavelength:  1.6520 um
Peak wavelength:  1.7135 um 0.20
Wavelengthrange: 1.54-1.74 um
FWHM: 0.1984 um
Maximumthroughput: 25.026% 0.15
Central pixel fraction: 0.127

F165M”.

Figure A1.39: NIC2, F165M Throughput
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Figure A1.40: NIC2, F165M Sensitivity Curves
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Camera 2, Filter F171M

Notes:
HCO, and C, continuum.
Central wavelength:
Meanwavelength:
Peak wavelength:
Wavelengthrange:
FWHM:
Maximumthroughput:
Central pixel fraction:

1.7211 pm
1.7213 um
1.7258 um
1.68-1.76 um
0.0714 um
24.106%
0.119

0.25

0.20

Total Throughput

0.05

0.00

Figure A1.41: NIC2, F171M Throughput
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Figure A1.42: NIC2, F171M Sensitivity Curves
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Camera 2, Filter F180M

Notes: Figure A1.43: NIC2, F180M Throughput
HCO, and C,. [ R
Thermal background important. 025 == P b= T B
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Figure Al.44: NIC2, F180M Sensitivity Curves
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Camera 2, Filter F187N

Notes:
Paschen a.

See dlso “Camera 1, Filter F187N” and
“Camera 3, Filter F187N".

Central wavelength:
Meanwavelength:
Peak wavelength:
Wavelengthrange:
FWHM:
Maximumthroughput:
Central pixel fraction:

1.8740 um
1.8740 um
1.8746 um
1%
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24.197%
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Figure A1.45: NIC2 F187N Throughput
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Figure A1.46: NIC2, F187N Sensitivity Curves
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Camera 2, Filter F187W

Notes:
Thermal Background important.

Central wavelength: 1.8707 um
Meanwavelength: 1.8721 um
Peak wavelength:  1.8930 um
Wavelengthrange: 1.75-2.0 um
FWHM: 0.2450 um
Maximumthroughput: 23.68%
Central pixel fraction: 0.103
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Figure A1.47: NIC2, F187W Throughput

Figure A1.48: NIC2, F187W Sensitivity Curves
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Camera 2, Filter F190N

Notes:
Paschen o continuum.

See dlso “Camera 1, Filter F1I90N” and
“Camera 3, Filter F190N”,

Central wavelength:
Meanwavelength:
Peak wavelength:
Wavelengthrange:
FWHM:
Maximumthroughput:
Central pixel fraction:

Figure A1.49: NIC2, F190N Throughput
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Figure A1.50: NIC2, F190N Sensitivity Curves
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Camera 2, Filter F204M

Notes: Figure A1.51: NIC2, F204M Throughput
Methane band Oso j\L\J,\,\L\,\L\,\LL,\\,\L\,\L\,\J,\%
Thermal background important. - ‘ ‘ \ A
Central wavelength: 2.0352 um 005k ! s
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Figure A1.52: NIC2, F204M Sensitivity Curves
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Camera 2, Filter F205W

Notes:

Thermal background important.
Central wavelength:  2.0650 um
Meanwavelength: 2.0731 um
Peak wavelength:  2.3154 um
Wavelengthrange: 1.75-2.35 um

FWHM: 0.5991 um

Maximumthroughput: 35.683%
Central pixel fraction: 0.090

Extended Source in 1 pixel Aperture
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Total Throughput

0.1

0.0

Figure A1.53: NIC2, F205W Throughput
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Figure A1.54: NIC2, F205W Sensitivity Curves
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Camera 2, Filter F207M

Notes: Figure A1.55: NIC2, F207M Throughput
Thermal background important. R L
Central wavelength: 2.0820 um ‘ ‘ ‘ ‘ ‘ ‘
Meanwavelength:  2.0825 um 0.25
Peak wavelength:  2.0672 um
Wavelengthrange: 2.01-2.16 um
FWHM: 0.1524 um
Maximumthroughput: 26.308%
Central pixel fraction: 0.085
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Figure A1.56: 7M Sensitivity Curves
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Camera 2, Filter F212N

Notes:
H, line.

Thermal background important.
See aso “ Camera 3, Filter F212N”.
Central wavelength: 2.1213 um
Meanwavelength: 2.1213 um
Peak wavelength:  2.1228 um
Wavelengthrange: 1%

FWHM: 0.0208 um

Maximumthroughput: 26.915%
Central pixel fraction: 0.082
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Total Throughput
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o o
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Figure A1.57: NIC2, F212N Throughput
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Figure A1.58: NIC2, F212N Sensitivity Curves
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Camera 2, Filter F215N

Notes:

N, + Brackett y continuum.
Thermal background important.

Central wavelength: 2.1487 um 0.25
Meanwavelength:  2.1487 um
Peak wavelength:  2.1562 um
Wavelengthrange: 1% um 0.20
FWHM: 0.0203 um
Maximumthroughput: 26.242%
Central pixel fraction: 0.081 0.15

©
o

Total Throughput

0.05

0.00

Figure A1.59: NIC2, F215N Throughput

2.130 2.140 2.150 2.160 2.170

Wavelength (microns)

Figure A1.60: NIC2, F215N Sensitivity Curves
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Camera 2, Filter F216N

Notes:

Figure A1.61: NIC2, F216N Throughput

Brackett v line.
Thermal background important.
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Figure A1.62: IC2, F216N Sensitivity Curves
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Camera 2, Filter F222M

Notes: Figure A1.63: NIC2, F222M Throughput
CO continuum. 0.30 [Frre T e T T T T
Thermal background important. - | | | A
See also “ Camera 3, Filter F222M”. B 3 3 ; ; 1
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Camera 2, Filter F237M

Notes: Figure A1.65: NIC2, F237M Throughput
CO :\ T \ T T T \ T 1T \ T T T \ T T T \ T 1T \ T \t
Thermal background important. u } \ \ \ \ 1 ]
See also “Camera 3, Filter F240M”. o 1 1 .
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Figure A1.66: NIC2, F237M Sensitivity Curves
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Camera 2, Polarizer POLOL

Notes:
See Table 5.2: for characteristics of
POL 120L and POL240L.

Central wavelength:  1.9999 um
Meanwavelength:  2.0009 um
Peak wavelength:  2.0750 um
Wavelengthrange: 1.89-2.1 um
FWHM: 0.2014 um 0.10
Maximumthroughput:  15.286%
Central pixel fraction: 0.092

Total Throughput

Figure A1.68: NIC2, Long
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Figure A1.67: NIC2, Long Polarizer Throughput
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Camera 3, Filter F108N

Notes:
[Hel] line.

See aso “Camera 1, Filter F108N”.
Central wavelength:
Meanwavelength:

Peak wavel ength:
Wavelengthrange:
FWHM:
Maximumthroughput:

Central pixel fraction:

1.0799 um
1.0800 um
1.0776 um
1%
0.0100 um
9.470%
0.485
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Figure A1.69: NIC3, F108N Throughput
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Figure A1.70: NIC3, F108N Sensitivity Curves
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Camera 3, Filter F110W

Notes:

See also “Cameral, Filter F110W”
and “Camera 2, Filter F110W".

Central wavelength:
Meanwavelength:
Peak wavel ength:
Wavelengthrange:
FWHM:
Maximumthroughput:

Central pixel fraction:

1.1207 um
1.1333 um
1.3404 um
0.8-1.4um
0.5880 um
15.054%
0.496

Total Throughput

0.05

Figure A1.71: NIC3, F110W Throughput
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Figure A1.72: NIC3, F110W Sensitivity Curves
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Camera 3, Filter F113N

Notes: Figure A1.73: NIC3, F113N Throughput
[He ] continuum.
See aso “Camera 1, Filter F113N”.
Central wavelength: 1.1284 um
Meanwavelength:  1.1284 um 0.107
Peak wavelength:  1.1316 um ‘
Wavelengthrange: 1%
FWHM: 0.0114 um
Maximumthroughput: 11.256%
Central pixel fraction: 0.485
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Figure A1.74: NIC3, F113N Sensitivity Curves
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Camera 3, Filter F150W

Notes:
Grism B continuum.

Thermal background important.

Central wavelength:  1.5371 um C
Meanwavelength:  1.5548 um -
Peak wavelength:  1.7675 um 0.20 -
Wavelengthrange: 1.1-1.9 um r
FWHM: 0.7512 um -
Maximumthroughput: 24.845% 015k
Central pixel fraction: 0.475

Figure A1.75: NIC3, F150W Throughput
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Figure A1.76: NIC3, F150W Sensitivity Curves
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Camera 3, Filter F160W

Notes:
Minimum background.

See dso “Cameral, Filter F160

1] and

“Camera 2, Filter F160W".

Central wavelength:
Meanwavelength:
Peak wavelength:
Wavelengthrange:
FWHM:
Maximumthroughput:

Central pixel fraction:

1.6048 um
1.6090 um
1.7725 um
1.4-1.8 um
0.3983 um
23.761%
0.474

Total Throughput

Figure A1.77: NIC3, F160W Throughput
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Figure A1.78: NIC3, F160W Sensitivity Curves
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Camera 3, Filter F164N

Notes:
[Fell] line.
See dso “Cameral, Filter F164N".

Central wavelength:  1.6460 um
Meanwavelength:  1.6460 um
Peak wavelength:  1.6476 um
Wavelengthrange: 1%
FWHM: 0.0173 um
Maximumthroughput: 20.41%
Central pixel fraction: 0.471

0.20

©
w

©
o

Total Throughput

0.05

0.00

Figure A1.79: NIC3, F164N Throughput
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Figure A1.80: NIC3, F164N Sensitivity Curves
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Camera 3, Filter F166N

Notes: Figure A1.81: NIC3, F166N Throughput
[FeII]continuum. L L L L B L R L L L LRI LRI R
See aso “Camera 1, Filter F166N”. i 1 1 1 |
Central wavelength: 1.6583 um 0.20
Meanwavelength:  1.6583 um
Peak wavelength:  1.6602 um
Wavelengthrange: 1%
FWHM: 0.0169 um
Maximumthroughput: 20.616%
Central pixel fraction:  0.469
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Figure A1.82: NIC3, F166N Sensitivity Curves
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Camera 3, Filter F175W

Notes: Figure A1.83: NIC3, F175W Throughput

Thermal background important. — T T 1 [ T T T T [ T T T T [T

Central wavelength: 1.8142 um | i
Meanwavelength: 1.8424 um

Peak wavelength:  2.2835 um 0.3
Wavelengthrange: 1.2-2.3 um

FWHM: 07919um = |
Maximumthroughput: 33.97% o !
Central pixel fraction: 0.448 g ool 4o L AV L .
e LT ; _
N ]
5 [ .
= co 1
O e e ]
L | i
o .
Eo .
0001 . ]

O

Wavelength (microns)

Figure A1.84: NIC3, F175W Sensitivity Curves
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Camera 3, Filter F187N

Notes:

Figure A1.85: NIC3, F187N Throughput

Paschen o line.

See also “Camera 1, Filter F187N” and

“Camera 2, Filter F187N".
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Extended Source in 1 pixel Aperture

1.860 1.870 1.880 1.890

Wavelength (microns)

Sensitivity Curves

Point Source in 1.0" Radius Aperture

LA N R 1 N T T T
L o |
o — \\ Saturated |
I AN 1
N
. N i
— — \ —
T AN
5 o N o=
= SN =10 =
= | 1 Z
= sN=3 .
- — 75K no bump i — 75K no bump
b 78K with bump . SRIRE 78K with bump .
76 Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il 76 L ‘ L L ‘ L L ‘ L L ‘ L
(@] 1 2 3 0] 1 2 3
Log[Time(sec)] Log|[Time(sec)]



Camera 3, Filter F190N [l 253

Camera 3, Filter F190N

Notes:

Paschen o, continuum.

See also “Camera 1, Filter F190N” and
“Camera 2, Filter F190N".

Central wavelength:  1.9003 um
Meanwavelength:  1.9004 um
Peak wavelength:  1.9004 um
Wavelengthrange: 1%
FWHM: 0.0177 um
Maximumthroughput:  24.907%
Central pixel fraction: 0.434

0.25

0.20

©
3}

©
o

Total Throughput

0.05

Figure A1.87: NIC3, F190N Throughput
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Figure A1.88: NIC3, F190N Sensitivity Curves
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Camera 3, Filter F196N

Notes:
[SiVI].

Thermal background important.
Central wavelength:
Meanwavelength:

Peak wavel ength:
Wavelengthrange:
FWHM:
Maximumthroughput:

Central pixel fraction:

1.9639 um
1.9639 um
1.9698 um
1%
0.0190 pum
25.742%
0.423

Total Throughput

Figure A1.89: NIC3, F196N Throughput
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Figure A1.90: NIC3, F196N Sensitivity Curves
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Camera 3, Filter F200N

Notes:
[Si VI] continuum.

Thermal background important.
Central wavelength:
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Figure A1.91: NIC3, F200N Throughput
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Figure A1.92: NIC3, F200N Sensitivity Curves
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Camera 3, Filter F212N

Notes:
H, line.

Thermal background important.
See also “Camera 2, Filter F212N". 0.25
Central wavelength:
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Figure A1.93: NIC3, F212N Throughput
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Figure A1.94: NIC3, F212N Sensitivity Curves

Extended Source in 1 pixel Aperture

i U |
o - \ Saturated _|
I N |
N
L \ _
, N
AN
-2 IN=10

Log[Flux(Jy/arcsec?) ]
T

- — 75K no bump 1
L e 78K with bump i

-8 T T

@)

1

2 3

Log[Time(sec)]

Log[Flux(Jy)]

Point Source in 1.0" Radius Aperture

N

ANE

SIN=10 .

— 75K no bump
...... 78K with bump

O

1 2 3
Log|[Time(sec)]



Camera 3, Filter F215N [l 257

Camera 3, Filter F215N

Notes:
H, continuum.

Thermal background important.
See aso “ Camera 2, Filter F215N”.
Central wavelength:
Meanwavelength:
Peak wavelength:
Wavelengthrange:
FWHM:
Maximumthroughput:

Central pixel fraction:
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Figure A1.95: NIC3, F215N Throughput

Figure A1.96: NIC3, F215N Sensitivity Curves
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Camera 3, Filter F222M

Figure A1.97: NIC3, F222M Throughput

Notes:

CO continuum. F
Thermal background important. -
See also “Camera 2, Filter F222M”. 0.25 -
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Figure A1.98: NIC3, F222M Sensitivity Curves
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Camera 3, Filter F240M

Notes:
CO band.

Thermal background important.

Central wavelength:
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Wavelengthrange:
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Figure A1.99: NIC3, F240M Throughput
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APPENDIX 2:

Flux Units and
Line Lists

In this appendix . ..

Infrared Flux Units / 261
Formulae / 264

Look-up Tables / 265
Examples / 272

Infrared Line Lists / 272

In this chapter we provide a variety of background material that may be
useful when preparing proposals. This material includes a discussion of the
flux and surface brightness units often used in the infrared, which may not
be familiar to some users, plus a large compilation of spectral lines that
may be encountered in the infrared, and which are either in the NICMOS
waveband or which are related to lines which are.

Infrared Flux Units

In the infrared, as in the optical, the means of reporting source
brightnesses and the units employed have varied considerably. In recent
years, however, magnitude systems have been used less frequently, and the
most popular unit for expressing brightnesses, both for point source fluxes
and surface brightnesses, is steadily becoming the Jansky. We have adopted
the Jansky as the standard flux unit for NICMOS in our documentation and
in observer-oriented software. Here we provide some simple formulae and
tables to facilitate the converson from other units into Jy
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(1Jy = 1026wm=2Hz"")y. A Unit Conversion Tool is also available in the
NICMOS WWW site, under Software.

Some History

Infrared astronomy really began in the 1960s, when the vast mgjority of
astronomy was still carried out in the visual region. Flux measurements
were routinely reported in the UBV magnitude system, and to attempt to
integrate IR astronomy into this system, Johnson (Ap.J., 134, 69) defined
the first IR magnitude system. This involved four new photometric bands,
the J, K, L and M bands which were centered on wavelengths of 1.3, 2.2,
3.6 and 5.0 microns. These bands were defined not only by the filter
bandpasses, but also by the wavebands of the ‘windows of high
transmission through the atmosphere. In this system, all measurements
were referred to the Sun, which was assumed to be a G2V star with an
effective temperature of 5785K, and was taken to have a V-K color of
roughly +2.2. From his own measurements in this system, Johnson
determined Vega to have a K magnitude of +0.02 and K-L=+0.04.

Until the early 1980s IR astronomical observations were restricted to
spectra or single channel photometry, and most photometry was reported in
systems at least loosely based on Johnson's system, though with the
addition of a new band at 1.6 microns known as the H band and the
development of two bands in place of the one formerly defined by Johnson
asthe L band, a new definition of the L band centered on 3.4 microns, and
arather narrower band known as L' centered on 3.74 microns.

As the new science of infrared astronomy rapidly expanded its
wavelength coverage, many new photometric bands were adopted, both for
ground-based observations and for use by the many balloon- and
rocket-borne observations and surveys. The differing constraints presented
by these different environments for IR telescopes resulted in systems with
disappointingly little commonality or overlap, and today the IR astronomer
isleft with a plethora of different systemsto work with.

The IRAS survey results, which were published in 1986, presented
observations made photometrically in four bands in the mid- and
far-infrared, and mid-infrared spectra, and all were presented in units of
Janskys, rather than defining yet another new magnitude system. Since
then, IR data from many sites around the world have been increasingly
commonly presented in Janskys (Jy), or in Jy/arcsec? in the case of surface
brightness data. IRAS maps are often presented in units of M Jy/steradian.

Ground-based mid-IR photometry is usually carried out using the N and
Q photometric bands, which are themselves defined more by the
atmospheric transmission than by any purely scientific regard. IRAS freed
of the constraints imposed by the atmosphere, adopted its own 12 micron
and 25 micron bands, which were extremely broad and therefore offered
high sensitivity. Similarly, NICMOS, being above the atmosphere, is not
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forced to adopt filter bandpasses (See Chapter 4 and Appendix 1) like those
used at ground-based observatories, but instead has filters constrained
purely by the anticipated scientific demands. Thus in practice NICMOS
does not have filters precisely matched to any of the standard ground-based
photometric bands.

Units for NICMOS and Available Software

In order to facilitate proposal preparation by observers, STScl is making
available anumber of computer programs to assist with signal to noiseratio
and integration time calculations. Given the multitude of units and systems
that have been used for IR photometry (magnitudes, Janskys, Wm2um'?,
Wem2um, erg seclem?um ) and for surface brightness measurements
(Janskys arcsec™?, MJy steradian™, magnitudes arcsec™?), presenting these
data to observers could become somewhat cumbersome. Additionally,
given the lack of any standard IR filters (as explained above), in order to
express brightnesses in magnitudes we would have to adopt our own
NICMOS magnitude system, and observers would have to transform
ground-based photometry into the NICMOS bands. We have therefore
adopted a single standard set of flux units, Janskys for all photometry and
spectroscopy, and Janskys arcsec? for all surface brightness measurements
in al NICMOS documentation and observer-oriented software. The
NICMOS cdlibration pipeline software delivers results calibrated in
Janskys arcsec 2, aswell as the more familiar HST unit of erg sicm?2 AL,

We are aware that some observers do not routinely use these units, and
therefore below we give a set of ssimple formulae to use to convert between
systems, and some conversion tables. In addition, we have made available,
via the NICMOS World Wide Web pages at STScl, software to perform
conversions between different systems and units. The Unit Conversion
Tool isavailable at the URL:

http://www.stsci.edu/cgi-bin/nicmos/


http://www.stsci.edu/instruments/nicmos
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Formulae

Converting Between F, and F,

One Jansky (Jy) is defined as 10%°Wm?Hz!, so it is a unit of
measurement of the spectral flux density, F,,.
For F, in Jy, use the following formula:
Fy = (BF,)/\°
where A is the wavelength in microns (um), and 3 is a constant chosen from Table
A2.1 and depending on the units of F,. (Thisis simply derived, using the fact that
dv/dh = c/A%)

Table A2.1: Constants for Converting F, and F,

F, measured in B

wmZumt 3x1012
wemZumt 3x10°16

1

ergsectem?Zum?  3x10°

ergseclem?Al  3x1013

Remember that IW=10"erg sec’?, and 1um=10"A.

Conversion Between Fluxes and Magnitudes

The spectral flux density F, can be calculated from its magnitude as
F, = lo'm/z‘SFo

where m is the magnitude and F, the zero-point flux for the given
photometric band. We list the central wavel engths and zero-point fluxes for
the more commonly encountered photometric bands below in Table A2.2.
The CIT system was originally based on Beckwith et al. (1976, Ap.J., 208,
390); the UKIRT system is in fact based on the original CIT system, but
with adjustments made largely owing to different filter bandpasses. It
should be noted that for a given photometric band there will be small
differences in the effective wavelength and zero-point flux from one
observatory to another, and for astronomical objects with radically
different colors, so these figures can only be treated as approximate.
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Table A2.2: Effective Wavelengths and Zero-points for Photometric Bands

Band  Afum] F((E:[IJT);] (LFJ(})<[IJF¥'}')
v 0.56 3540 3540
R 0.70 2870
| 0.90 2250
J 1.25 1670 1600
H 1.65 980 1020
K 22 620 657
L 34 280 290
L 3.74 - 252
M 48 150 163
N 10.1 37 39.8
Q 20.0 10 10.4

Conversion Between Surface Brightness Units

Surface brightnesses are generally measured in Janskys arcsec’?, MJy steradian™t
or magnitudes arcsec’?. If you have a surface brightness S, in MJy steradian™,
then you can use:

S,y arcsec_z] = §,[Mly ster_l] %235-107.

If you have S, in magnitudes arcsec’?, you can simply use the formula and
zero-points as given in the previous section for point sources.

Look-up Tables

In this section we provide look-up tables to facilitate rapid, approximate
conversion between the different systems mentioned in the preceding
section.

For both integrated source fluxes and surface brightnesses, we provide
tables of conversions between systems at the wavelengths of the four
commonly used photometric bands which cover the NICMOS operating
waveband of 0.8-2.5 microns. We are adopting here the CIT system
defined in Table A2.2.
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By using Table A2.3 it is possible to estimate the CIT magnitude
corresponding to any flux in Jy, by using the property that multiplying or
dividing the flux by one hundred adds or subtracts five magnitudes.

Table A2.3: F,, to Magnitude Conversion

F, [Jy] | J H K

10.0 5.88 5.56 4.98 4.48

8.0 6.12 5.80 522 4.72
6.0 6.44 6.11 553 5.04
5.0 6.63 6.31 5.73 5.23
4.0 6.88 6.55 5.97 5.48
3.0 7.19 6.86 6.29 579
25 7.39 7.06 6.48 5.99
20 7.63 7.30 6.73 6.23
15 7.94 7.62 7.04 6.54

125 8.14 7.81 7.24 6.74

1.0 8.38 8.06 7.48 6.98
0.8 8.62 8.30 7.72 7.22
0.6 8.94 8.61 8.03 7.54
0.5 9.13 8.81 8.23 7.73
0.4 9.38 9.05 8.47 7.98
0.3 9.69 9.36 8.79 8.29

0.25 9.89 9.57 8.98 8.49
0.2 10.13 9.8 9.23 8.73
0.15 10.44 10.12 9.54 9.04
0.125 10.64 10.31 9.74 9.24

01 10.88 10.56 9.98 9.48
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Table A2.4: |- Band Flux Conversion

Fv ! -':27‘ 1 F% 1 1 P 2 51
[Jy] [mag] [Wm™um™] [Wcm™um™] [ergs™ cm™ A™]
2250 0.0 8.32x10™° 8.32x1013 8.32x1010
894 1.0 3.312x107° 3.312x10°13 3.312x1010
356 2.0 1.319x10°° 1.319x10°13 1.319x1010
142 30 5.25x1010 5.25x104 5.25x10°11
56.4 40 2.00x1010 2.09x10°%4 2.00x10'1!
225 5.0 8.32x101! 8.32x101° 8.32x10%?
8.94 6.0 3.312x10°1t 3.312x10°1° 3.312x101?
3.56 7.0 1.319x10' 1 1.319x105 1.319x10%2
1.42 8.0 5.25x1012 5.25x1071 5.25x10'13
0.564 9.0 2.09x10'1? 2.09x10'16 2.00x10°13
0.225 10.0 8.32x1013 8.32x10'/ 8.32x10°%4
0.0894 11.0  3312x1013 3.312x10°Y7 3.312x10°14
0.0356 12.0 1.319x10°13 1.319x10°Y 1.319x10°4
0.0142 13.0 5.25x1014 5.25x1018 5.25x10°1°
0.00564  14.0 2.09x10'1 2.09x10'18 2.09x10'1°
0.00225  15.0 8.32x10%° 8.32x10'1° 8.32x10'16
894x10% 160  3.312x10P° 3.312x10°1° 3.312x10'16
356x10% 170  1.319x10°%° 1.319x10%° 1.319x10°16
1.42x10% 180 5.25x10°16 5.25x10°% 5.25x10°7
5.64x10°  19.0 2.09x10°16 2.00x10°% 2.00x10°%7
2.25x10° 200 8.32x10'Y7 8.32x10°% 8.32x10'18
894x10% 210  3312x10V 3.312x10°% 3.312x1018
356x10% 220  1.319x10°Y 1.319x10% 1.319x10°18
1.42x10% 230 5.25x10°18 5.25x10"% 5.25x101°
5.64x107  24.0 2.00x10°18 2.00x10°% 2.00x10°°
2.25x107 250 8.32x101° 8.32x10% 8.32x10 %

8.94x108  26.0 3.312x10°19 3.312x10%3 3.312x10%
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Table A2.5: J-band Flux Conversion

Fv J -':27‘ 1 F% 1 F7é Ag-
[Iy] [mag] [Wm™um™] [Wcm™“um™] [ergcm™s A4
1670 0.0 3.21x10™® 3.21x1013 3.21x1010
665 1.0 1.28x107° 1.28x10°13 1.28x1010
265 2.0 5.08x10™1° 5.08x10"1 5.08x10™1
106 30 2.02x10'1° 2.02x1014 2.02x10 1%
42,0 40 8.06x10°1! 8.06x10°1° 8.06x102
16.7 5.0 3.21x101t 3.21x10°% 3.21x10%?
6.65 6.0 1.28x10% 1.28x10°15 1.28x1012
2.65 7.0 5.08x10"1? 5.08x10°16 5.08x10°13
1.06 8.0 2.02x1012 2.02x10°16 2.02x10°13
0.420 9.0 8.06x10'13 8.06x10°7 8.06x104
0.167 10.0 3.21x1013 3.21x10°7 3.21x10%
0.0665 11.0 1.28x10°13 1.28x10Y 1.28x1014
0.0265 12.0 5.08x10"14 5.08x1018 5.08x10°%°
0.0106 13.0 2.02x10°14 2.02x10°18 2.02x10°1
0.00420 140 8.06x10°1° 8.06x10™1° 8.06x10716
0.00167  15.0 3.21x10'1° 3.21x101° 3.21x10°16
6.65x10*  16.0 1.28x10°15 1.28x10°1° 1.28x10°16
2.65x10%  17.0 5.08x10°16 5.08x10"% 5.08x10°Y/
1.06x10% 180 2.02x10°16 2.02x10° % 2.02x10°Y7
420x10° 190 8.06x10°Y7 8.06x10°2 8.06x1018
1.67x10° 200 3.21x10Y 3.21x10% 3.21x1018
6.65x10°  21.0 1.28x10°Y/ 1.28x10%% 1.28x10°18
2.65x106 220 5.08x10°18 5.08x10"% 5.08x10°
1.06x10% 230 2.02x10°18 2.02x10°% 2.02x10%°
420x107 240 8.06x10°1° 8.06x10°% 8.06x10°%°
1.67x107 250 3.21x101° 3.21x10% 3.21x10%

6.65x108  26.0 1.28x10'19 1.28x10'%3 1.28x1020
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Table A2.6: H-band Flux Conversion

F, H Fa Fy Fa
[Jy] [mag] [Wm=2um™?] [wWem@um™] [erg stecm?AY
980 0.0 1.08x10°° 1.08x1013 1.08x10™1°
390 1.0 4.3x1010 4.3x104 43x10
155 2.0 1.712x1010 1.712x104 1.712x10' 1
61.8 3.0 6.814x10 1t 6.814x10°1° 6.814x1012
24.6 40 2.713x10°1! 2.713x10°1° 2.713x10°1?
9.8 5.0 1.08x101* 1.08x10°1° 1.08x101?
39 6.0 4.3x1012 4.3x10°16 43x1013
1.55 7.0 1.712x1012 1.712x10°16 1.712x1013
0.618 8.0 6.814x10'13 6.814x10'Y7 6.814x10°14
0.246 9.0 2.713x10°13 2.713x10°Y 2.713x104
0.098 10.0 1.08x10°13 1.08x10°Y 1.08x1014
0.039 11.0 4.3x104 4.3x1018 43x10%
0.0155 120  1712x10°% 1.712x10°18 1.712x10°%
0.00618 130  6.814x10°%° 6.814x101° 6.814x1016
0.00246 140  2.713x101 2.713x10°1° 2.713x10°16
9.8x10* 150 1.08x101° 1.08x10°19 1.08x10716
39x10* 160 4.3x1016 4.3x10°%° 4.3x10'Y7
155x10% 170  1.712x1076 1.712x10% 1.712x10°Y
6.18x10° 180  6.814x10°Y 6.814x10°2 6.814x1018
246x10° 190  2.713x10°Y 2.713x10°% 2.713x10°18
9.8x10°% 200 1.08x10Y 1.08x10%% 1.08x10718
39x10% 210 4.3x10°18 4.3x10%2 4.3x101°
155x106 220  1.712x1018 1.712x10°% 1.712x10°1°
6.18x107 230  6.814x10%° 6.814x10°% 6.814x10°%°
246x107 240  2713x10%° 2.713x10°%3 2.713x10°%°
9.8x10% 250 1.08x1019 1.08x10%3 1.08x10°%°

3.9x108 260 4.3x10% 4.3x10% 4.3x10%4
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Table A2.7: K-band Flux Conversion

Fy K = Fy =
[Jy] [mag] [Wm?Zum?1] [wem@um?] [erg stem?AY
620 0.0 3.84x1010 3.84x10°1 3.84x1011
247 1.0 1.53x1010 1.53x104 1.53x10°1t
98.3 2.0 6.09x10°1 6.09x101 6.09x101?
39.1 30 2.43x10 11 2.43x101° 2.43x1012
15.6 40 9.66x1012 9.66x10716 9.66x10°13
6.20 5.0 3.84x10%? 3.84x10°16 3.84x10°13
247 6.0 1.53x1012 1.53x10716 1.53x10'13

0.983 7.0 6.00x10°13 6.09x107 6.090x104

0.391 8.0 2.43x10'13 2.43x10Y 2.43x104

0.156 9.0 9.66x1014 9.66x10'18 9.66x101°

0.0620 10.0 3.84x10%4 3.84x1018 3.84x10%°

0.0247 11.0 1.53x104 1.53x10°18 1.53x10°1°
0.00983 120 6.00x10°1° 6.09x101° 6.09x10°16
0.00391 130 2.43x10°1 2.43x101° 2.43x10°16
0.00156  14.0 9.66x10716 9.66x10°%° 9.66x10°17
6.20x10% 150 3.84x10'16 3.84x10%° 3.84x10'17
247x10%  16.0 1.53x10°16 1.53x10%0 1.53x10°Y/
9.83x10°  17.0 6.00x10°Y7 6.09x10%% 6.09x1018
391x10° 180 2.43x10°Y7 2.43x10%1 2.43x10°18
1.56x10°  19.0 9.66x10°18 9.66x10°% 9.66x101°
6.20x10°% 200 3.84x10'18 3.84x10'% 3.84x10°1°
247x10% 210 1.53x10718 1.53x10%2 1.53x10719
9.83x107 220 6.00x10°° 6.09x10%3 6.09x10°%°
391x107 230 2.43x10%° 2.43x10%3 2.43x10°%0
1.56x107 240 9.66x10°2° 9.66x10°% 9.66x10°%%
6.20x108 250 3.84x10°% 3.84x10°% 3.84x10%

2.47x108  26.0 1.53x1020 1.53x10%4 1.53x10%
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Table A2.8: Surface Brightness Conversion

I-Band J-Band H-Band K-Band
mag /
arcsec? Jy/ MJy / Jy/ MJy / Jy/ MJy / Jy/ MJy /
arcsec?  steradian arcsec? steradian  arcsec? steradian  arcsec?  steradian

0.0 0.6251 2.66x10% 0.4630 1.97x10* 0.2726 1.16x10% 0.1720 7320
1.0 0.2491 1.06x10% 0.1847 7860 0.1083 4610 0.0688 2930
2.0 0.0989 4210 0.0736 3130 0.0430 1830 0.0273 1160
30 0.0395 1680 0.0294 1250 0.0172 730 0.0109 462
4.0 0.0157 667 0.0117 496 0.0068 291 0.0043 184
5.0 0.0062 266 0.0046 197 0.0027 116 0.0172 732
6.0 0.0025 106 0.0018 78.6 0.0011 46.1 6.88x10™ 29.3
7.0 9.89x10™ 421 7.36x10™ 313 4.30x10™ 18.3 2.73x10 11.6
8.0 3.95x10™ 16.8 2.94x10™ 12.5 1.72x10* 7.3 1.09x10* 4.62
9.0 1.57x10% 6.67 1.17x10* 4.96 6.84x10™® 291 4.32x10° 1.84
10.0 6.25x107° 2.66 4.63x10°° 1.97 2.73x107° 1.16 1.72x10°° 0.732
11.0 2.49x10°° 1.06 1.85x10°° 0.786 1.08x10°° 0.461 6.88x10° 0.293

12.0 9.89x10°6 0.421 7.36x10° 0.313 4.30x10° 0.183 2.73x10°7 0.116

13.0 3.95x10°6 0.168 2.94x10° 0.125 1.72x10°8 0.073 1.09x1077 0.0462

14.0 1.57x10° 0.0667 1.17x10°® 0.0496 6.84x1077 0.0291 4.32x10°8 0.0184

15.0 6.25x10°77 0.0266 4.63x1077 0.0197 2.73x10°7 0.0116 1.72x10°8 0.00732
16.0 2.49x1077 0.0106 1.85x10°7 0.00786 1.08x10”7 0.00461 6.88x10° 0.00293
17.0 9.89x10°8 0.00421 7.36x10°8 0.00313 4.30x10°8 0.00183 2.73x10° 0.00116
18.0 3.95x108 0.00168 2.94x10°8 0.00125 1.72x108%  7.3x10%  1.09x10°  4.62x10*
19.0 157x108%  6.67x10%  117x10%  4.96x10%  6.84x10°  2.91x10%  4.32x1010  1.84x10*
20.0 6.25x10°  2.66x10%  463x10°  197x10*  2.73x10°  1.16x10%  1.72x1010  7.32x10°
21.0 249x10°  1.06x10%  1.85x10°  7.86x10°  1.08x10°  4.61x10° 6.88x101  2.93x10°
220 9.80x1010  421x10° 7.36x10°  3.13x10° 430x101°  1.83x10° 2.73x101!  1.16x10°
23.0 3951010 168x10° 294x1010  125x10° 1.72x101°  7.3x10%  1.00x101  4.62x10°
24.0 157x1010  667x10%  1.17x1010  496x10°  6.84x101  291x100  4.32x1012  1.84x10C
25.0 6.25x1011  266x108%  463x101  197x108  273x101  1.16x108  172x102  7.32x107

26.0 249x1011  106x108%  1.85x101  7.86x107  1.08x10!  461x107  6.88x1013  2.93x107
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Examples

. Given a source with a flux of 0.9mJy at 13504, convert this flux to

erg stecm™?AL. From section 3, Table A2.1, we see that the conver-
sion constant P is 3x1013 and the wavelength is 1350A = 0.135um.
Thus:

Fo=(3-10°%x9-107/0.135" = 14810 erg s em™ '

. Given aV magnitude of 15.6, and knowledge that V-K=2.5 in the

UKIRT system, estimate the flux in Jy at K. Since V-K=2.5 we know
that K=13.1. From Table A2.2, the zero-point flux in the UKIRT sys-
tem for K is657Jy. Thusthe 2.2um flux is:

-13.12.5

F, =10 X657 = 3.8-10"Jy

. Given a surface brightness of 21.1 magnitudes arcsec™® at J, convert

thisinto Jy arcsec’. Taking the zero-point for the J band from Table
A2.2, we determine that the surface brightnessis:

10211255 1670 = 6.06 - 10 )y arcsec

. Given a flux at 0.9um of 2.3x107")y, estimate the | magnitude.

2.3x10""Jy is less than 2.3x10"LJy by three powers of a hundred, or
15 magnitudes. From Table A2.3 we see that 0.25Jy is equivalent to
an |-band magnitude of 9.89. Thus 2.3x10°” is roughly 15 magnitudes
fainter than this, or of order:

I=24.9

Infrared Line Lists

We present here lists of some of the more important atomic and
molecular linesin theinfrared. It is by no means exhaustive.

Table A2.9: Recombination Lines of Atomic Hydrogen: Paschen Series!

Vacuum Vacuum

;I":lan_sli\lti)on We}velength Frequency ¥I(E£):104
u”™ (microns) (cm ™ e"e
4-3 1.8756 5531.55 0.332
5-3 1.2822 7799.33 0.162
6-3 1.0941 9139.8 0.0901
7-3 1.0052 9948.1

1. Intensities from Hummer & Storey, MNRAS 224, 801.
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Table A2.10: Recombination Lines of Atomic Hydrogen: Brackett Series

Transition Vacuum Wavelength Frequency I/I(HB)

(Ng-Np) (microns) (cm ™ T,=10%
54 45225 2467.765 0.0777
6-4 2.6259 3808.25
7-4 2.1661 4616.61 0.0275
84 1.9451 5141.14 0.0181
9-4 1.8181 5500.8 0.0126
10-4 1.7367 5758.1 0.00909
11-4 1.6811 5948.45 0.00679
12-4 1.6412 6093.22 0.00521
13-4 16114 6205.9 0.00409
14-4 1.5885 6295.3 0.00327
154 1.5705 6367.4 0.00266
16-4 1.5561 6426.4 0.00220
17-4 1.5443 6475.3 0.00184
18-4 1.5346 6516.3 0.00156
19-4 1.5265 6551.0 0.00133
20-4 1.5196 6580.7 0.00116

series limit 1.459 6855.
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Table A2.11: Hel and Hell Lines

ID Transition A (um)
Hel 7F-3D,3F0-3D 1.0031
Hel 7F-3D,1Fo-1D 1.0034
Hell 14-6 1.0049
Hell 5-4 1.0133
Hel 6D-3P,3dD-3Po 1.0314
Hell 13-6 1.0422
Hel 6S-3P3S-3Po 1.0668
Hel 2P-2S,3P0o-3S5,GU=3 1.0832
Hel 2P-2S,3Po-3PGU=1 1.0832
Hel 2P-2S,3Po-3S,GU=5 1.0833
Hel 2P-2S,3Po-3S,GU=9 1.0833
Hel 6P-3D,1Po-1d 1.0905
Hel 6F-3D,3Fo-3D 1.0916
Hel 6F-3D,1Fo-1D 1.0920
Hell 12-6 1.0938
Hel 6P-3D,3Po-3D 1.0997
Hel 5P-3S,1Po-1S 1.1016
Hel 6D-3R1D-1Po 1.1048
Hell TLIMIT 11164
Hel 6S-3P1S-1Po 1.1229
Hell 7-5 1.1628
Hell 11-6 1.1677
Hel 5D-3PR,3D-3Po 1.1972
Hell 21-7 1.2256
Hell 22-7 1.2418
Hel 4P-3S,3Po-3S 1.2531
Hell 20-7 12719
Hel 5P-3D,1Po-1D 1.2759
Hel 5F-3D,3Fo0-3D 1.2789
Hell 10-6 1.2817
Hel 55-3R3S-3Po 1.2850



Table A2.11: Hel and Hell Lines (Continued)

ID Transition A (um)
Hell 19-7 1.2914
Hel 5D-3R1D-1Po 12971
Hel 5F-3D,1Fo-1D 1.2976
Hel 5P-3D,3Po-3D 1.2988
Hell 18-7 1.3150
Hel 55-3R1S-1Po 1.3415
Hell 17-7 1.3442
Hell 15-7 14273
Hell SLIMIT 1.4578
Hell 9-6 1.4765
Hell 14-7 1.4882
Hel 4P-35,1Po-1S 1.5088
Hell 13-7 15719
Hell 25-8 1.6241
Hell 24-8 1.6400
Hell 238 1.6584
Hell 22-8 1.6799
Hell 12-7 1.6926
Hel 4D-3P3D-3Po 1.7007
Hell 21-8 1.7053
Hell 20-8 1.7355
Hell 19-8 17717
Hell 18-8 1.8167
Hell OLIMIT 1.8450
Hel 4P-3D,1Po-1D 1.8561
Hell 6-5 1.8639
Hel 4F-3D,3Fo-3D 1.8691
Hel 4F-3D,1Fo-1d 1.8702
Hell 17-8 1.8725
Hell 8-6 1.8753
Hell 11-7 1.8770
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Table A2.11: Hel and Hell Lines (Continued)

ID Transition A (um)
Hel 85-4P3S-3Po 1.9068
Hel 4D-3P1D-1Po 1.9094
Hel 4P-3D,3Po-3D 1.9548
Hell 15-8 2.0379
Hel 6P-4S,3Po-3S 2.0430
Hel 2P-25,1Po-1S 2.0587
Hel 4S-3P,3S-3Po 2.1126
Hel 3pP-4sS 21132
Hel 4S-3R1S-1Po 21138
Hell 259 21195
Hell 24-9 2.1469
Hel 7S-4P3S-3Po 2.1500
Hel 7F-4D,3Fo0-3D 21614
Hel 4dD-7fF 21617
Hel 7F-4D,1Fo-1D 2.1623
Hell 14-8 2.1653
Hel 4-7 2.166

Hell 23-9 2.1786
Hel 7D-4P1D-1Po 2.1847
Hell 10-7 2.1891
Hell 22-9 2.2155
Hel 7S-4P1S-1Po 2.2290
Hell 219 2.2601
Hell 10LIMIT 2.2778
Hel 6P-4S,1Po-1S 2.3069
Hell 20-9 2314

Hell 13-8 2.348

Hell 19-9 2.3788
Hell 18-9 2.4606

Hel 6D-4P,3D-3Po 24734
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Table A2.12: CO Vibration-rotation Band-heads?!

N 12160 13160

Transition Vacuum Wavelength Freq_tiency Vacuum Wavelength Freq_liency
(Ny-Ny) (microns) L (microns) (cm ™)
2-0 2.2935 4360.1 2.3448 4264.7
31 2.3227 4305.4 2.3739 4212.4
4-2 2.3535 4250.8 2.4037 4160.3
5-3 2.3829 4196.5 24341 4108.3
6-4 24142 4142.2 2.4652 4056.4
7-5 2.4461 4088.2 24971 4004.7
8-6 2.4787 4034.3

9-7 25122 3980.5

3-0 1.5582 6417.8

4-1 1.5780 6337.2

5-2 1.5982 6257.2

6-3 1.6187 6177.7

7-4 1.6397 6098.8

8-5 1.6610 6020.5

1. All of the deltav = 2 bandheads occur near J=50.
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Table A2.13: Important H, Lines!

LTE I(line)/I(1-0S(1))

tneName Y S 00 BB 10e7y)
1000K 2000K 3000K 4000K

1-0 S(0) 2.2235 449741 5 6471 2.53 0.27 0.21 0.19 0.19
1-0 S(2) 2.1218 471291 21 6956 3.47 1.00 1.00 1.00 1.00
1-0 S(2) 2.0338 4917.01 9 7584 3.98 0.27 0.37 0.42 0.44
1-0 S(3) 1.9576 5108.40 33 8365 4.21 0.51 1.02 1.29 1.45
1-0 S(4) 1.8920 528252 13 9286 4.19 0.082 0.26 0.39 0.47
1-0 S(5) 1.8358 544725 45 10341 3.96 0.096 0.52 0.91 1.21
1-0 S(6) 1.7880 5592.9 17 11522 3.54 0.010 0.10 0.21 0.31
1-0 S(7) 1.7480 5720.8 57 12817 2.98 0.008 0.15 0.40 0.65
1-0 S(8) 1.7147 5831.9 21 14221 2.34 0.001 0.022 0.074 0.14
1-0 S(9) 1.6877 5925.1 69 15722 1.68 0.025 0.11 0.22
1-0 S(10) 1.6665 6000.0 25 17311 1.05 0.003 0.015 0.034
1-0 S(11) 1.6504 6059.0 81 18979 0.53 0.002 0.014 0.037
1-0 Q1) 2.4066 415525 9 6149 4.29 1.05 0.70 0.61 0.57
1-0 Q(2) 2.4134 414347 5 6471 3.03 0.30 0.23 0.22 0.21
1-0 QM) 2.4237 412587 21 6956 2.78 0.70 0.70 0.70 0.70
1-0 Q4) 2.4375 412.57 9 7586 2.65 0.15 0.21 0.23 0.24
1-0 Q(5) 2.4548 4073.72 33 8365 2.55 0.24 0.49 0.62 0.70
1-0 Q(6) 2.4756 4039.5 13 9286 2.45 0.036 0.12 0.17 0.21
1-0 Q(7) 2.5001 3999.9 45 10341 2.34 0.042 0.11 0.40 0.53
3-2 S(0) 2.5014 399773 5 17387 3.88 0.001 0.007 0.016
3-2 S(2) 2.3864 4190.33 21 17818 5.14 0.006 0.035 0.087
3-2 S(2) 2.2870 437249 9 18386 5.63 0.002 0.014 0.037
3-2 S(3) 2.2014 454257 33 19086 5.63 0.006 0.043 0.12
3-2 S(4) 2.1280 4699.32 13 19912 5.22 0.001 0.012 0.036
3-2 S(5) 2.0656 4841.3 45 20856 450 0.003 0.023 0.088
3-2 S(6) 2.0130 4967.7 17 21911 3.57 0.006 0.021
3-2 S(7) 1.9692 5078.1 57 23069 2.54 0.001 0.010 0.038
4-3 56 23446 42654 21
43 S(4) 22668 44115 9
43 (5) 2201 45435 33
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Table A2.13: Important H, Lines® (Continued)

LTE I(line)/I(1-0S(1))

tneName Y S 00 BB 10e7y)
1000K 2000K 3000K 4000K

5-4 S(5) 2.3555 4245.4 45
54 S(7) 22510 44425 57
2-0 S(0) 1.2383 8075.3 5 12095 1.27 0.001 0.012 0.028 0.043
2-0 S(2) 1.1622 8604.2 21 12550 1.90 0.004 0.061 0.15 0.23
2-0 S(2) 1.1382 8785.5 9 13150 2.38 0.001 0.025 0.070 0.12
2-0 S(3) 1.1175 8948.6 33 13890 2.77 0.002 0.074 0.24 0.43
2-0 S(4) 1.0998 9092.4 13 14764 3.07 0.021 0.078 0.15
2-0 S(5) 1.0851 9215.5 45 15763 3.28 0.001 0.048 0.21 0.44
2-9 Q1) 1.2383 8075.3 9 11789 1.94 0.003 0.037 0.082 0.12
2-0 Q(2) 1.2419 8051.9 5 12095 1.38 0.001 0.012 0.029 0.045
2-0 Q@) 1.2473 8017.2 21 12550 1.29 0.002 0.039 0.098 0.24
2-0 Q) 1.2545 7971.1 9 13150 1.27 0.001 0.012 0.033 0.056
2-0 Q(5) 1.2636 7913.3 33 13890 1.23 0.001 0.024 0.093 0.17
2-0 O(2) 1.2932 7732.6 1 11635 3.47 0.001 0.008 0.016 0.024
2-0 Oo®3) 1.3354 7488.3 9 11789 1.61 0.003 0.028 0.063 0.094
2-0 O(4) 1.3817 7237.5 5 12095 1.03 0.001 0.008 0.020 0.030
2-0 O(5) 1.4322 6982.5 21 12550 0.698 0.001 0.018 0.046 0.074

1. Energy levels calculated using Dabrowski & Herzberg, Can JPhys 62, 1639 (1984). Einstein coefficients
from Turner et al. ApJ Suppl 35, 281 (1977).
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APPENDIX 3:

Bright Object Mode

Bright Object Mode

N

The use of thisread-out mode is recommended only for the purpose of
determining the centroid of very bright targets which must be acquired
under the coronagraphic spot, when any other configuration (e.g.,
MULTIACCUM or ACCUM with narrow-band filters) saturates the detec-
tor. Any other use is strongly discouraged, because of the strong
non-linearity of this mode.

The time taken to read through a quadrant on the array sets a
fundamental limit on the fastest electron collection rate which can be
achieved by resetting all the pixels. An inherent consequence of the
methods of operating the NICMOS array detectors in the ACCUM and
MULTIACCUM modes is therefore that there is a minimum possible
exposure time, ~ 0.6 seconds (0.203 for MULTIACCUM), set by the time
required to read the array. For a very bright object, such as the disk of
Jupiter, the time between the reset of a pixel, and its final read is
sufficiently long that the pixel saturates. Although the detector arrays are
multiplexed by division into four quadrants, each pixel in a128 x 128 pixel
guadrant must be sampled in some order (note that there is no transfer of
chargeasisdonein a CCD).

The solution adopted to this problem for NICMOS is the provision of a
bright object mode which enables targets to be observed which are ~600
times brighter than is possible in the other modes without saturating. In
BRIGHTOBJ mode, an ACCUM sequence of operations is performed on
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one pixel in each quadrant at a time. That is, the pixel is reset, read,
integrated, and read again with the difference between the final and initial
readouts being stored as the measured signal and the interval between the
reads being the exposure time. This process is repeated sequentially for all
pixels in each quadrant. Users can think of this as integrating on a single
pixel at atime. The smallest integration time which can be used is 1.024
milliseconds. Figure A3.1 illustrates the operation of bright object mode.
Initially, the entire detector is reset. then the first pixel (solid shading) in
each quadrant is read. After the requested integration time, the first pixel in
each quadrant is read again. Then the second pixel in each quadrant is
reset, then read, integrated, and read again. The process continues until all
16,384 pixels in each quadrant have been read twice, separated by the
integration time. The image downlinked is made up of the difference
between the two reads of each pixel.

Figure A3.1: Bright Object Mode Operation

[ I = ammm = mmmm mn mam mn mam
128 x 128
E I E T T g T T E
Pixel 1 read out Pixel 2 read out Pixel 3 read out
- > % mmEm"§ mmEm"§ % " " |
14 x
mmmm"m Emmm"m | "
Pixel 16383 read out Pixel 16384 read out

The time required to take a BRIGHTOBJ mode exposure can be rather
long. Since photons are only collected in one pixel per quadrant at a time,
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the time  associated with obtaining the frame s

10.0 + (EXPTIME x 16384) where EXPTIME is the integration time
per pixel (i.e. the observation time is approximately (1282) x the exposure
time). For example, if an integration time of 0.1 secondsis used to observe
a bright target then the actual time required to complete the observation
would be around 27 minutes! This means that allowing for acquisition time
only two such exposures could be obtained in a single target visibility
period. However, it is not always so serious. In the case of Jupiter for
example the integration times required per pixel are only of the order of
milliseconds and so the total integration time will only be around 20
seconds.

The longest exposure time which is possible in BRIGHTOBJ mode is
0.261 seconds, requiring 4278 seconds in total. Thus it is possible, in the
worst case, for a single BRIGHTOBJ mode exposure to use more than an
orbit. In general observers are strongly advised to consider the trade-off
between relatively long BRIGHTOBJ mode exposures (which take the
longest time) and short MULTIACCUM mode exposures (perhaps using a
narrow filter).

The advantage of this mode of operation is the ability to acquire objects
significantly brighter than the normal saturation limit of the detector.

The disadvantages are several:

» The zeropoint in this mode is strongly non-linear, such non-linearity
has not been characterized (nor are there plans to do so). Observa-
tions obtained with this mode are not calibrated and possibly not eas-
ily calibratable).

* Some observations will take along time. BRIGHTOBJ mode expo-
sures are therefore very sensitive to the quality of the pointing of
HST. They should not be obtained using GYRO guiding mode. In
addition, if the object changes (planetary rotation) or if the telescope
pointing changes it will affect different parts of the image differently.

» TheD.C. offset of the detector output is not directly removed in this
mode of operation. In general, the signal is very high and the offset
does not matter. In some casesit will and this can be a detriment to
the signal accuracy.

* Thereisalso no cosmic ray correction or saturation detection in this
mode of operation. Although they are still susceptible to cosmic rays,
events should be very rare as the integration time per pixel isvery
short.
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Glossary and
Acronym List

The following terms and acronyms are used in this Handbook.

ACCUM: Accumulate readout mode for NICM OS observations.
ACS: Advanced Camerafor Surveys.

ACQ: Observing mode in which the brightest source is located in a
sub-array and the telescope is repositioned to place the source
behind the coronagraphic hole.

A-D: Analog to digital.

ADC: Analog to digital converter.

ADU: Analog digital unit; 1ADU = 1 DN.
ASCS: Aft Shroud Cooling System.

Breathing: Short term focus oscillations due to thermal variations on an
orbital timescale.

BRIGHTOBJ: Bright object observing mode.
CCD: Charge-coupled device. Solid-state, light detecting device.

CDBS: Cadlibration Data Base System, system for maintaining reference
files and tables used to calibrate HST observation datasets.

Chop: A spatial offset of up to 1440 arcsec of the aperture with respect to
the target, intended for the measurement of the background at one
or more locations significantly removed from the target pointing.

COS: Cosmic Origins Spectrograph.

COSTAR: Corrective Optics Space Telescope Axial Replacement.
CP: Call for Proposals.

CPL: Capillary Pumped L oop.

CR: Cosmic ray.
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CVZ: Continuous viewing zone.
CP: Contact Scientist.

Dark Current Bump: The increased dark current observed during instru-
ment warmup (due to the depletion of the cryogen) at operating
temperatures between 75 and 85 K.

Dither: A small spatial offset (no more than 40 arcsec) of the position of
the target in the aperture between successive observations.

DN: Data number.

Drizzle: A technique (and STSDAS task) for the linear image reconstruc-
tion of dithered images.

DQ: Dataquality.

DQE: Detective quantum efficiency.
ESM: Electronic Support Module.
ETC: Exposure time calculator.
FAQ: Frequently asked questions.
FDA: Field divider assembly.

FET: Field effect transistor.

FGS: Fine Guidance Sensors.

FITS: Flexible Image Transport System. A generic |EEE- and
NA SA-defined standard used for storing image data.

FOC: Faint Object Camera.

FOM: Field offset mirror (or mechanism).
FOS: Faint Object Spectrograph.

FOV: Field of view.

FPA: Focal plane array.

FSW: Flight software.

FTP: File Transfer Protocol; basic tool used to retrieve files from a remote
system.

FWHM: Full width at half maximum.

GHRS: Goddard High Resolution Spectrograph.
GO: General observer.

GS: Guide Star.

GSC: Guide Star Catalog.

GSFC: Goddard Space Flight Center.

GTO: Guaranteed time observer.

HOST: HST Orbital Systems Test.

HSP: High Speed Photometer.
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HST: Hubble Space Telescope.

|CD: Interface control document; defines data structures used between
software or systems to ensure compatibility.

IDT: Instrument devel opment team.
IR: Infrared.

|RAF: Image reduction and analysis system. The system on which STS-
DAS s built.

IRAS: Infrared Astronomical Satellite.
| SR: Instrument Science Report.

Jansky: The standard flux unit for NICM OS documentation and software.
1Jy = 1.0x 1026 W/m%Hz = 1.0 x 102 erg/s/cm?/Hz.

Jy: Jansky.

K: Degrees Kelvin.

LSF: Line spread function.

MIF: Multipleinitial and final reads.
MLI: Multi-layer insulation.

MOS: Multi-object spectroscopy.

Mosaic: A single image produced by combining the multiple images con-
tained in a NICMOS associated data set; this combination is done
by the STSDAS task calnich.

MULTIACCUM: Multiple-accumulate readout mode for NICMOS obser-
vations.

NCC: NICMOS CryoCooler.

NCS: Nicmos cooling system.

NICMOS: Near-Infrared Camera and Multi-Object Spectrometer.
NIR: Near Infrared.

NUV: Near ultraviolet.

OPUS: OSS and PODPS Unified Systems.

OSS: Observation Support System.

OTA: Optical telescope assembly.

PAM: Pupil alignment mirror (or mechanism).

PC: Program Coordinator.

PCE: Power Conversion Electronics.

PED: Proposal editor.

Phase | : the process of submitting a proposal for HST observations.
Phase |1 the process of designing accepted HST observing proposals.
PI: Principal investigator.
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PODPS: Post-observation data processing system.
PSF: Point spread function.

QE: Quantum efficiency.

RA: Right ascension.

rms. Root mean square.

RPS2: Remote proposal submission-2 software.
RTO: Reuse target offset.

SAA: South Atlantic Anomaly.

SAM: Small angle maneuver.

SAMP_SEQ: Pre-defined sample sequence (readout times) for NICMOS
observations.

SLTV: System level thermal vacuum (testing phase).

SM: Servicing mission.

SMOQV: Servicing mission orbital verification.

S/N: Signal-to-noise ratio.

SSR: Solid state recorder.

STAN: Space Telescope Analysis Newsletter.

StarView: The user interface to the HST data archive.
ST-ECF: Space Telescope European Coordinating Facility.
STIS: Space Telescope Imaging Spectrograph.

STScl: Space Telescope Science Institute.

STSDAS:. Space telescope science data anaysis system. The complete
suite of data analysis and calibration routines used to process HST
data.

TAC: Telescope allocation committee.

TEC: Thermal electrically cooled shells.

TinyTim: Program which produces ssmulated HST point spread functions.
URL: Uniform resource locator; address for WWW.

UV: Ultraviolet.

VCS: Vapor cooled shield.

WFPC: Wide Field/Planetary Camera.

WFPC2: Wide Field Planetary Camera 2; replacement for WF/PC installed
during first servicing mission of December 1993.

WWW: World wide web; hypertext-oriented method for finding and
retrieving information over the Internet.

YSO: Young stellar object.



A

ACCUM 17, 33
dark current calibration 134
data format 195
function of 130
minimum time 132
mode, described 31, 131
multiple reads 132
accumulate mode, see"ACCUM"
accuracy
expected 199
ACQ 32,34, 79, 81
data format 195
function of 130
mode, described 141
active control law 30
afterimages 69
amplifier glow 113, 134
described 125
non-linearity 125
aperture
defining 105
NIC1 through NIC3-FIX 106
NIC2-ACQ 80
NIC2-CORON 79, 80
archive
calibrated data 187
reference files 188
array
comparison to CCD 33
dataset 195
read 131
reset 131
TIME 197

Index

array reset 131

artifacts
amplifier glow 125
shading 123

associations 171, 188, 189
datasets 188

atomic lines 272

attached parallel 34

B

background 14, 20
ground-based 70
infrared 70
low sky 75
radiation 99
in exposure calculations 148
spectroscopy 99
stability 200
thermal 70, 71, 113, 148, 165, 200
zodiacal 71, 148
zodiacal light 71
bad pixels
detector 113
bandpass
see "filter"
Becklin-Neugebauer object 54
bleeding 33
breathing 67
bright object limitations 68
bright object mode, see "BRIGHTOBJ"
bright targets 81

289
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BRIGHTOBJ 32
calibration of mode 17
data format 195
exposure times 282
function of 130
mode, described 281

C

calibration
activities 201
calnica 191
calnicb 194
coronography 200
cycle 10 program 201
cycle 7 goals 200, 201
described 187
detector performance 200
expected accuracy 199
photometric 200
point spread function 200
reference files 188
software 191
calnica 191
calnicb 194
camera
attached parallel 34, 35
changing, overhead 163
field of view 26
filters44
focus 59
image quality 59
orientation 27
resolution 26
gpatial resolution
NIC1 27
NIC2 27
NIC3 27
spectroscopy, camera 3 96
camera 1 through camera 3
see "camerd' and "filter"
CCD
compared to NICMOS array 33
CELESTIAL 175, 178

chop 170, 171, 189
overhead 163
patterns
ONE-CHOP 177
TWO-CHOP 177
COlines 272
cold baffling 77
cold pixels 127
combined patterns
SPIRAL-DITH-CHOP 178
XSTRIP-DITH-CHOP 178
Y STRIP-DITH-CHOP 178
continuous viewing zone 75
conversion tool 262
cooling system 3, 19, 23, 28
bayonet couplings 30
capillary pumped loop 30

circulator loop 29, 30

circulator pump 30

compressor pump 30

cooling coil 30

cryocool er

electronic support module 29, 30

flex lines 30

heat exchanger 29, 30

multi-layer insulation

power conversion electronics
coordinate system

NICMOS 106, 107
coronagraphy 20, 162

coronagraphic hole 79

coronagraphic mask 27

expected accuracy 200

target acquisition

overhead 163

coronography

aperture 106

cold mask 21

coronagraphic hole 15

image contrast, PSF centering 83

observations 16, 17

occulting spot 21

target acquisition 141



cosmic rays 15, 68, 69
effect 68
uncertainty 200
CPL (Capillary Pumped Loop)
see aso "cooling system”
cryocooler
see also "cooling system” 29
Cvz
see "continuous viewing zone"

Cycle7
calibration goals 200

D

dark current 113
bump 113, 115
calibrationin ACCUM or MULTIACCUM
134
detector 12, 31, 113
exposure times 135
data
associations 188
calibration process 187
data negative limit 80
dataset 189
dataset structure 195
described 188, 195
error array 196
format 195
integration time array 197
quality 196
readout, overhead 163
samples array 196
science image 196
dataset 189
detector
array reset 131
arrays 109, 121
artifacts 123
bad pixels 113
bias 131
bright object limitations 32
characteristics 112
dark current 12, 31, 32, 113, 134, 200
described 31, 109
DQE 13,113

dynamic range 32, 113, 122
flat fields 200
HgCdTe 31, 111
linearity 113, 122
non-destructive read 33
non-linearity 32
operations 31
photovoltaic 110
quadrants 109
guantum efficiency 113
read noise 13, 32, 113, 121
readout modes 31, 129, 130
response 113, 122
saturation 113, 122
shading 33, 134, 200
temperature 12, 30
stability 202
throughput 53
dewar 22, 24, 25, 28, 30
aft end 22, 24
cold mask 66
shifts 67
cooling coil 22
cryogenic liquid 28
deformation 11, 22
fore end 22
inner shell 23
optical baffles 22
solid nitrogen 22, 24
thermal short 11, 23
diffraction
rings 66
spikes 66
diffraction limited 26, 44
dispersion direction 103
dither 15, 170, 171, 189
patterns 16
SPIRAL-DITH 176
SQUARE-WAVE-DITH 176
XSTRIP-DITH 176
YSTRIP-DITH 176
DQE 116
DROP-TO-GYRO 163
dynamic range
detector 113

H 201
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E

earthshine 75
electronic bars 126
emission lines
exposure times 149
emissivity 73
encircled energy 14, 65
epsilon diagrams 99
error array 195
described 196

ESM (Electronic Support Module)

see also "cooling system” 29
ETC

see "exposure time calculator”

exclusion
F164N, camera 3 249
F175W, camera 3 251
F187N, camera 3 252
F190N, camera 3 253
F196N, camera 3 254
F200N, camera 3 255
F212N, camera 3 256
F215N, camera 3 257
F222M, camera 3 258
F240M, camera 3 259
grisms 99-?7?
polarizers 90-7?

exposure 145, 189
see "data" and "imaging"

exposure time calculator 145, 155

extended objects 146

point sources 146

signal to noise 147
exposure times

background radiation 147

BRIGHTOBJ 282

calculating 151

dark current 135

emission line contribution 149

instrument parameters 151
instrumental factors 147

signal-to-noise, calculating 149

F

FO90M through F237M
see "filter"

FET
see "field effect transistor"

FGS 27

field effect transistor 111

field of view
cameras 26

field offset mirror
optical path 25
PSF 67

file
data formats 195

filter 13, 43
available, list of 44
bandpasses 46, 48, 50
cameral 45
camera2 47
camera 349
described 26, 44
FO90M, camera 1 210
FO95N, cameral 211
FO97N, cameral 212
F108N, cameral 213
F108N, camera 3 244
F110M, cameral 214
F110W, cameral 215
F110W, camera 3 245
F113N, cameral 216
F113N, camera 3 246
F11W, camera 2 227
F140W, cameral 217
F145M, camera 1l 218
F150W, camera 3 247
F160W, cameral 219
F160W, camera 2 228
F160W, camera 3 248
F164N, camera 1 220
F164N, camera 3 249
F165M, camera 1l 221
F165M, camera 2 229
F166N, camera 1 222
F170M, cameral 223
F171M, camera 2 230
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F175W, camera3 251 flux
F180M, camera 2 231 Jansky 5, 264
F187N, camera l 224 magnitude
F187N, camera 2 232 systems 262
F187N, camera 3 252 standard stars 52
F187W, camera 2 233 unit conversion 264
F190N, camera 1l 225 examples 272
F190N, camera 2 234 units 5, 261, 264
F190N, camera 3 253 focus
F196N, camera 3 254 cameral 59
F200N, camera 3 255 camera2 59
F204M, camera 2 235 history 57
F205W, camera 2 236 NIC3 23
F207M, camera 2 237 out-of-focus operations 64
F212N, camera 2 238 pupil alignment mechanism 56
F212N, camera 3 256 FOM 184
F215N, camera 2 239 see "field offset mirror"
F215N, camera 3 257 FOS 23
F216N, camera 2 240
F222M, camera 2 241 G
o a8 |
F240M. camera 3 259 Guide Star Astrometric Support Package
- 34
filter wheel 43
ghosts 69
G141 102 glint 78, 85
leak 51 glow ’
nomepclature 44 amplifier 125
polarimetry 90 .
sensitivities 51 grisms 15, 27
sensitivity curves, polarizers 90 available 49 -
sensitivity paraméters 151-154 background rediation 148
described 96

spectroscopy 44, 99

transmission 147 resolving power 21

spectroscopy 20, 96

FITS
NICMOS data format 195 grc_)t 123

flatfield guide star
color dependant 56 vaU'S'.t'.O n overhead 162
peak-to-peak variation 116 reacquisition overhead 162

GYRO 184

response 115, 119, 120 gyros 163, 184

sensitivity variations 15
flexible image transport system 190
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H

helium lines 272
Help Desk
contacting 9
history 11
HOST (HST Orbital Systems Test) 30
hot pixels 68, 127
hydrogen lines 272

IDT "Instrument Development Team" iii
image

DQ 196

ERR 196

quality 59

SAMP 196

SCI 196

science 195

strehl ratios 59
imaging

described 19, 105

filters 44

infrared 20

polarimetry 20

sengitivity limits 20
instrument 106

cameraorientation 27

coordinate system 106

design 23

F ratio 26

field divider 26

field of view 26

field offset mirror 25

filters 5, 13

optical train 56

optical train. 26

optics 25

overview 23

pixel Size 26

pupil alignment mechanism 25

setup time, overhead 162
integration time array 195

described 197
intrapixel sensitivity 53

IPPPSSOQOT 189
IRAF 188, 189

J

Jansky 5
see aso "flux"

L

leaks
filters 51
linearity 122
detector 113
lines
atomic 272
molecular 272
LOW-SKY 75
background option 75

M

magnitude
CIT system 265
flux conversion 264
infrared system 262
UKIRT system 265
zero points 265
map patterns
SPIRAL-MAP 179
mapping 171
MLI (Multi-Layer Insulation)
see aso "cooling system”
modes 34
ACCUM 130, 131
ACQ 34, 130
BRIGHTOBJ 130, 131
detector readout 31, 129
INT-ACQ 34, 82
mode-2 acquisition 80, 141
MULITACCUM 130
MULTIACCUM 129, 135
molecular lines 272
mosaic 170



MULTIACCUM 16, 17, 32, 33, 68
dark current calibration 134
dataformat 197
dynamic range 136
function of 130
mode, described 31, 135
SAMP-TIME 135

multi-object spectroscopy 97

multiple accumulate mode, see "MULTI-

ACCUM"
multiple initial and final reads 132, 150

N

NCC (NICMOS CryoCooler)
see also "cooling system”
NCS 24
NCS (NICMOS Cooling System)
see also "cooling system” 3
NEXP 174, 194
NIC1 11, 14, 17,59
encircled energy 59
optimal focus 59
NIC1 through NIC3-FIX
see "aperture” 106
NIC2 11, 14, 17,59
encircled energy 59
NIC3 11, 14,17
best focus 64
campaigns 23
vignetting 65
nicmos cooling system 28
nicmos cryocool er
NICMOS-ORIENT 107
NIC-SPIRAL-DITH 175
nitrogen
triple point 22
Node 1 122
Node 2 122
non-destructive read 129
non-destructive readout 131, 136
NREAD 33, 132
NSAMP 136
nyquist sampling 66

H 295

O

observation
attached parallel 34
coronographic, planning 86
grism, planning 104
planning 37
polarimetry, planning 95
observing patterns
predesigned 175
NIC-MAP 175
NIC-ONE-CHOP 175
NIC-ONE-SKY-CHOP 175
NIC-SPIRAL-DITH 175
NIC-SPIRAL-DITH-CHOP 175
NIC-SPIRAL-DITH-SKY-CHOP 175
NIC-SPIRAL-MAP 175
NIC-SQUARE-WAVE-DITH 175
NIC-TWO-CHOP 175
NIC-TWO-SKY-CHOP 175
NIC-XSTRIP-DITH 175
NIC-XSTRIP-DITH-CHOP 175
NIC-XSTRIP-DITH-SKY-CHOP 175
NIC-YSTRIP-DITH 175
NIC-Y STRIP-DITH-CHOP 175
OFFSET 184
on-board acquisition 34
On-The-Fly-Reprocessing (OTFR) 198
operating mode
overheads 163
operating temperature 4
optical baffles 128
optical elements
grisms 96
optical telescope assembly
breathing 67
optics
astigmatism 66
coma 66
dewar 25
elements 43
emissivity 73
filters 44
grisms 49
OPUS
see "calibration" and "pipeline" 187
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orbits
required, calculating 165
time requests 161
ORIENT 107
orientation
described 107
OTA
see "optical telescope assembly"”
overhead 161
coronography 165
example, polarimetry 165
examples 165
in observations 161
instrument specific 162
NICMOS specific 162
observatory level 162

P

paint flakes
see "grot”
PAM 11, 23, 56
see "pupil alignment mechanism”
parallels
attached 34
parfocal 22
PATTERN 183
pattern parameter form 170
PCE (Power Conversion Electronics)
see also "cooling system”
pedestal 75
persistence 34
cosmic ray 68, 69, 85, 147
cosmic-ray 15
photon 15, 68
photodiode 110
photometric stability 53
photometry
expected accuracy 200
Johnson’s system 262
red source 54
sources with extreme colors 53
stability 53
Vega 262
young stellar objects 54

pipeline 187, 191
calibration process 187
pointing
HST 16
polarimetry 20
example 165
expected accuracy 200
filters 44
spectral coverage 44
polarizers 27
POS-TARG 105, 106, 174, 175, 178
product 189
proposal
instructions 9
overheads, exposure 162
Phasel 4
Phasell 4
Phase Il Proposal Instructions 4
submission process 9
unsupported modes 17
PSF 66, 151
centering 83
field dependence 67
field offset mirror 67
NIC3 16
nyquist sampling 66
subtraction 15
temporal dependence 67
temporal variations 83
TinyTIm 59
pupil alignment mechanism 11, 22
focus 56
optical path 25

Q
quality

image 59
quality flags 195
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RE-ACQ 184
re-acquisitions 162
read noise
described 121
detector 113
readout
ACCUM 132
ACCUM mode 130
ACQ mode 130, 141
BRIGHTOBJ mode 130, 281

BRIGHTOBJ, exposure times 282

MULTIACCUM mode 130, 134
non-destructive 131
NSAMP 136
SAMP-TIME 135
readout modes
detector 31
reference files
calibration 188
resetting 131
resolution
cameras 26
re-use target acquisition
described 34
reuse target offset 34, 82, 84, 86
RT ANALYSIS 82
RTO
see "reuse target offset”

S

SAA

see "south atlantic anomoly"
SAM

see "small angle maneuvers' 105
SAM-NO-GYRO 184
SAM-NO-REACQ 184
samples array

described 196
SAMP-TIME 135
saturation

detector 113
science image 195

described 196

B 297

sensitivity
F164N, camera 3 249
F171M, camera 2 230
F175W, camera 3 251
F187N, camera 3 252
F190N, camera 3 253
F196N, camera 3 254
F200N, camera 3 255
F212N, camera 3 256
F215N, camera 3 257
F222M, camera 3 258
F237M, camera 2 242
F240M, camera 3 259
grisms 99
limits 20
polarizers 90
Servicing mission
SM2 22
SM3B 3, 30
servicing mission observatory verification (see
"SMOV") 201
servicing missions
SM3B 24
shading 33, 81, 113, 123
dark current removal 134
described 33, 123
shutter
detector reset 131
shutter mechanism 131
signal to noise 146, 150
calculating 149
sky brightness
zodiacal background 71
small angle maneuvers 105, 163, 184
SMOV 202
activities 201, 202
testing 201
software
spectroscopy reduction 104
south atlantic anomaly 69
Space Telescope European Coordinating Facil-
ity (ST-ECF) 10
spacecraft jitter 29
spacecraft orientations 107
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spectroscopy 20
central wavelength 96
complex fields 104
dispersion 97, 103
G141 102
grism, general 20
grism, multi-object 97
grisms, described 96
multi-object 97
sensitivity 99
spectral coverage 96
StarView 188
static calibrations 191
STSDAS 188, 189
calibration 56, 188
system level thermal vacuum test (see"SLTV")

T

target acquisition 34
ACQ mode, described 34
aperture 105, 106
interactive 34
onboard 34, 141
re-use target offset 34
target acquisition mode 31
TECs
see "thermally electrically cooled shells 24
telescope
motion 105
motion, overhead 162
small angle maneuvers 105
thermal background 71, 100, 148, 170, 200
thermal electrically cooled shells 24
thermal emission 73, 118
thermal regime 14, 15
thermal short
see "dewar" 11
thermal stress 66
throughput 20
time
overheads 161
time-resolved images 33
TinyTim 59, 64
TWO-CHOP 165

U

unit conversion tool 263
units
in Handbook 5
microns 5
user support
Help Desk 9

Vv

vapor cooled shield 24
vapor-cooled shield (VCS) 22
VCS

see "vapor-cooled shield" 22
Vega 262
vignetting 62

cameras 1 and 2 62

cold 65

NIC3 65

warm 65
Visual Target Tuner (VTT) 38

wW

wavefront error 65
wavelength
units 5
World Wide Web
NICMOS web page 10

Y
young stellar objects (Y SOs) 54, 55

Z

zodiacal background 71, 148
zodiacal light 71
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