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10 Abstract

This Techical Report evaluates the akility of JWSTOsNear Infrared Camera to serve as the
ObservatoryOsFine Guidarce Sersor, and the impad to operaions and the efficiercy of the
JWST sciernce program if the instrumert is used for this purpose. We find that not all Mission
Level requiremerts pertaining to the guide function canbe metusing NIRCamasan FGS without
waiving some NIRCamscience requiremerts. Moreover, it will be cumbersome ard inefficient to
use NIRCam asguider under realistic operaional conditions that affectall NIRSpec & NIRCam
observations and MIRI MRS target acquisition slews. The degradation to the NIRCam science
programwould be extersive. According to the Science Operations Dedgn Reference Mission ard
the NIRCam Science Requiremerts, NIRCam science will suffer a 50% reduction in efficiercy.
This requires a 7-year mission to complete the same observations that canbe done in 5 yeas if
JWST includesadedcatdguider. A further consequence for NIRCam scienceis our expectation
that ~4% of the visits may fail on-orbit due to guide star catalog contamination. The NIRCam
visit failure rate with the FGS-Guider would be ~0.5%.

2.0 Introduction

The JWST Guider is taked with providing guide star certroids to the Attitude Control System
(ACY) to facilitate the fine pointing of the Observatory. The instrumert must meet or exceedthe
four critical requiremerts shown in Tabe 1. In the baline desgn of JWST, these requirements
are met by employing a dedcatd Fine Guidance Sensor (FGS-Guider), a nearinfrared camera
composed of two independent chamels, eachwith afield of view (FOV) exceedng 5.0 arcmin?
imagedon to its own 2kx2k HgCdTe detector. The instrumert makesfull use of the detecorOs
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Figure 1. Represntative NIRCam FOV for modules A and B. Each module contains a SW
channel (composed of the 4 SCAs on the left) and a co-spatial LW channel (ri ght). Modules
A & B each havea 4.7 arcmin? FOV.

regponse to achieve a bandpass of 0.6um to 5.0 um for maximum senrsitivity. The requiremertsin
Table 1, coupledwith the areal dersity and NIR brightness distribution of starson the sky, require
the FGS-Guider to be alde utilizeguide stars asfaint asJ,g < 19.4 (FGS Tean 2006, SE-25).

Table 1. FGS-Guider Requirements

Requiremernt Deription

MR-171 95% Guide Star Availahility

MR-365 90% Guide Star Availahility following single failure
ISIM-261 16 Hz Guide Star Centroid Update Rake

ISIM-262 Noise Equivalert Angle (3.5 masper axs, 1! )

NIRCam is the prime JWST NIR imager (complemented by the FGS-TFI). NIRCam has two
idertical, but independert modules (Figure 1), eachwith a short wavelength (SW) and long
wavelength (LW) chamel to observe a co-spatial 4.7 arcmin® FOV. The SW chamels each
empoy 4 HgCdTe 2kx2k deteciors arrangedin a 2x2 formatwith ~50gap betweenthe detecbors.
The LW chamels eachuse asingle HgCdTe 2kx2k detector.

This Technical Report evaluatesthe ahility of NIRCam to perform the JWST guide function ard
comparesthis to the FGS-Guider performarce. We also consider the impacts to operatons and to
the NIRCam science program if NIRCamisto be usedasaguider.
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3.0 Assumptions

The scope of this study is limited to first evaluating NIRCamOscapability to serve asthe JWST
guider based upon sersitivity and FOV, and secandly, idertifying the associated impacts to
operaions and the ObservatoryOsciertifi ¢ effi ciency. Explicitly, we assume:

¥ There are no changesto the NIRCam desgn other than including a wide barndpass Ogiide
filterGin eachof the four chamels to maxmizethroughput & sersitivity.

¥ Operating one NIRCam chamel as a guider has no effect on, nor is it affected by any
other SI, including the other NIRCam chamels that may be operating simultanecusly
(such asnoise from non-synchronous operations).

¥ Operating NIRCam as a guider introducesno additional challerges (over those alread/
introduced by the FGS-Guider) associated with flight software hardware interfaces or
memory maragement.

¥ Whenan SW chamel is used for guiding, the three non-guiding SCAs are not used for
scierce.

Thereisno increasedrisk to, or reduction in the life cycle of the NIRCam filter wheek.

The two long wavelength NIRCam chamels canbe usedfor guide duty. Thisis necesary
to support WFS& C in the event ashort wavelength channel islost.

This report does not address issues to relating to NIRCam Integation & Ted Plans, WFS&C
commissioning, and NIRCam commissioning.

Table 2. FGS-Guider and NIRCam characteri sticsr elevant to the guide function

FGS NIRCam/SwW NIRCamL W
FOV (aramin? per chamel) >5.0 4.7 4.7
Pixel scale (mag 69 32 64
Guider bandpass (um) 0.6 5.0 0.6-23 25D5.0
Throughput " deperdent 0.66 0.66
Readnoise, SCA (CDS) 15e 15e 15e
Readnoise, ASIC 5.4e 5.4e 5.4e

40 NI RCam Perfor manceas a Guider

Our evaluaton of NIRCam as a guider is based upon the instrumertOssersitivity and field of
view (FOV) since thes two attributes determine the availahility of guide stars To edimake
NIRCamOssersitivity asa guider we follow the mehodology used emdoyed by the FGS teamto
evaluate the sersitivity of the FGS-Guider asoutlinedin (FGS Team 2006, here after referredto
as SE-25). Sersitivity is shown to depend upon the optical throughput of the OTE+Guider, the
spectal type of the guide star, the white light PSF,and the detecior quantum efficiercy. To
convert the guide starOsncidert light into electons collecied at the detecior, the wavelergth
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deperdent throughput of the OTE+Guider optics is convolved with the spectal erergy
distribution of the guide star. SE-25 reports the reault of this converson in wavelength bins
covering the full range of the deteciorOsresponse, 0.6um to 5.0um, for spectral types rarging
from AO to M5 for the FGS-Guider.

To edimaie the ahility of NIRCam to operate asa guider, we follow the methodology outline in
SE-25, but where applicalde we substitute NIRCam parameters for throughput, bandpass, FOV,
and pixel scale based upon the NIRCam Instrumert Specificaton (NIRCam-0026). We assume
no changesin the NIRCam desgn except for the availakility of wide band OfitergOwith 100%
trarsmission in the SW and LW chamels that allow OufilteredO throughput such that the
passband in eachchamel is determined by the detector reponse and the beam splitter. In this
study we assume the same PSF and ercircled energy for NIRCam and the FGS-Guider (the
instrumerts have similar WFE requiremerts). Tabe 2 summaizesthe main charactristics of the
FGS-Guider and NIRCamthatare relevart to performance asaguider.

Encircled Energy Comparison at 1 um
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Figure 2. Encircled energy from simulated PSF

41 Encircled Energy

Figure 2 (from SE-25) shows the ercircled energy at 1um observed by the FGS-Guider based
upon simulated PSFsconstructed from OPD models provided to the FGS Team by GSFC. The
FGS-Guider employs a 6x6 pixel subarraycertered on the guide star for the certroid calculation.
With 69 maspixels, the PSFis sampled out to 207 mas, thus the FGS-Guider capguresthe ~77%
of the ercircled erergy. For the NIRCam SW chamel to capure a similar amount of erergy, a
12x12 pixel subarray would needto be utilized However, this would introduce ~4 timesmore
readnoise into the guide star certroid calculation relative to the FGS-Guider reault. Fortunately,
due to NIRCamOsmaller pixel scale, and therefore fi ner sampling of the PSF in the SW chamel,
such alarge subarray is not neeced aswe demanstrate in the next subsecton.
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4.2 NEA and the Fine Guide Subarray

The noise equivalent angle (NEA) of a certroid is in reaity the standard deviation of a large
number of guide star certroid measuremerts. In genreral it will depend primarily upon the white
light PSFof the guide star, the guide starOsadance at the detecbr, the detecior pixel scale, and
pixel readnoise. The FGS tean has performed a rigorous derivation of the predcted NEA asa
function of guide star magnitude for the FGS-Guider by modeling thes effects in Monte Carlo
simulations. For our study, we edimate the NEA as a function of input signal by the crude
approximaton de<cribed below, and we compare our reallts to those reported in SE-25 for the
FGS-Guider. As we show, we find good ageemert between the two methods. Encouraged by
this, we apply our approximations to NIRCam and report the reaults.

We assumethe NEA to hawve the functional form:
NEA = width / SNR

where width is the charactristic spatial extert of the observed signal, and SNR is the signal to
noise ratio with which that width canbe measired For an edimate of FGS-Guider and NIRCam
NEA performarce, we consider width to be a convolution of the guide star PSF and the
instrumertal pixel scale. NIRCam Nyquist samgesthe PSFat 2 um with 5 pixels, correponding
to a PSF with radus ~80 mas Taking 1/root(2) of this to accant for a single axis NEA
calculation gives 56 masasthe characeristic width of input signal. The expression for width is
ther

width = sgrt (56**2 + (#x/2)**2)
where #x is the width of apixel in mas The SNR is expressedas
SNR = counts/ sqrt (CDS**2* N, / Ny, + Ccounts)

Where counts is the electron counts over the N, that are used for the certroid calculation, and
N;ow 1S the number of Fowler pairs used in the data acquisition. CDS is the correlated double
samfde (Fowler-1) readnoise. Note that N, = n x n, wheren is number of pixels in each row
and column of the Fine Guide subarray.

As per SE-25, for the FGS-Guider we assume a 6x6 pixel subarray for the Fine Guide window
(Npix = 36), CDS = 15e-, Fowler-4 integations (Ng,,=4), #X = 69 maspixels, and a characeristic
PSFof 56 mas(asdiscussed above). The above formulaeshows that NEA = 3.5 masis acheved
for counts = 1044.8e-. We note that this agreesto within ~3% of the result presentedin SE25
(1016e-) for an MO star, which is based upon a far more sophisticated calculations. We thereore
conclude that although our NEA calculation is not necesarily rigorous, its applicaion to explore
the relative performance of FGS-Guider and NIRCam is valid.

Assuming Fowler-4 samgding and a 6x6 pixel subarray for a certroid measiremert using the
NIRCam SW chamel (#x = 32 mag yields counts = 895e-. Thus we conclude that, likethe FGS-
Guider, both the NIRCam SW and LW channels can use 6x6 pixel subarrays as Fine Guide
windows. This effectively allows us to ignore correcions acrcss instrumerts for read noise and
inter-pixel effects and for differercesin overheads for acquiring the data needed for the certroid
calculation. (For clarificaion, we note that SE-25 assumesan 8x8 pixel subarrayis readut by the
hardware but the software only processesthe certral 6x6 pixels.)

It is interesing to note that the NIRCam SW chamel requires fewer electrons to meeta given
NEA thandoesthe FGS-Guider. Unfortunately, this doesnot trarslate into NIRCam being abe to

Released via JWST Science and Operations Center Configuration Management Office.

-5-



JWST-STScl-000818
SM-12

guide on fainter stars The reducedelectron count is arefl ecion that, due to its smaller pixels, the
NIRCam subarray observes less of the P, i.e, its capguresless energy than the FGS-Guider.
Referring to figure 2, the FGS-Guider capures~77% of the ercircled erergy, while NIRCam SW
capures~66%. Thisratio, 0.86, is nealy idernticalto the ratio in counts (895/1044).

4.3 FGS-Guider and NI RCam Sensitivities

Having demonstrated that both the FGS-Guider and NIRCan canuse a 6x6 pixel subarray for the
Fine Guide window, and that an equivalert NEA results from the same PSF intemsity at the
detecior, the relative sersitivities of the two instruments is determined by their relative optical
throughputs and passbands.

Table 3 shows the " -deperdert ratio (fac) of NIRCam to FGS-Guider throughputs, based upon
FGS values documerted in SE-25 and NIRCam requiremerts in NIRCan-0026. (NIRCam has
more optical elemerts than FGS-Guider. Presumally, this reducesits relative throughput.) These
valuesareusedto determine the total number of electrons collectedby NIRCam relative to those

Table 3. Ratio of NIRCam to FGS-Guider throughput asa function of " (pm).

! 06 | 08 10 12 15 18 20 25 3.0 35 | 40 | 50

fac | 1.0 { 089 | 0.84 | 083 | 0.79 | 0.75 | 0.71 | 0.86 | 0.89 | 0.93 | 0.94 | 0.93

Table4. FGS-Guider and NIRCam electron counts for a J,z=19.4 M0 guide star.

" 06 08|10 | 12| 15|18 | 20| 25 | 30| 35| 40 | 50 | Total

FGS 20 82 | 128 | 149 | 172 | 138 | 151 | 135 | 87 | 56 | 52 | 24 | 1194

NIR-S 20 73 | 103 | 124 | 136 | 105 | 108 - - - - - 670

NIR-L - - - - - - - 116 | 77 | 52 | 49 | 22 | 316

Table 5. NIRCam loss of senstivity (#J,g) relativeto FGS-Guider.

SW LW F150wW2 | F322W2 | F150W F356W
KO 0.52 1.70 0.90 2.30 2.32 261
MO 0.63 144 1.20 2.00 2.34 244
M5 0.73 125 0.93 1.85 2.40 2.40
Ave 0.63 1.46 1.01 2.05 2.35 2.48

calectied by the FGS-Guider for a star of a given J,z magiitude and spectal type. When
convolved with a starOSSED and integrated over 0.6 to 5.0 um, one can egdimat the relative
sersitivity of the two instrumerts. Note that fac = 0 for " > 2.3 when computing the electron
counts for the SW chamels. Likewise fac = 0 when" < 2.5 for the LW chamels.

For illustration, the relative sersitivity of FGS-Guider and NIRCam is shown in Takble 4 for a
Jae=19.4 guide star of spectral type MO observed with a 57.6 msec integration time (this is the
guide star Oeposure timeOfor the 16 Hz update rate). The row dedgnated ONIR-SOshows the
electron counts for the NIRCam SW chamel. Likewise, row ONIR-LOshows the counts for the
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LW chamel. In termsof collected electrons, the FGS hasan advartage in sersitivity of 0.63 &
1.44 J,z magnitudesrelative to NIRCamO$SW and LW chamels, repectively, for anMO star.

Table 5 shows the #J,5 (loss of sersitivity) of NIRCam relative to the FGS-Guider for guide stars
of spectal types KO, MO, and M5, which are represrtative of the guide starsto be used by

JWST. This asumesthat SW and LW chamels have a 100% trarsmission wide band GilterO
spaming the regpecive chamelOspassband. Also shown are the relative sersitivities if the

F150W2 (1ER um) and F322W2 (2.7£4.5 um) filters (or F150W & F356W if the two wide filters
areunavailabe) are used to observe guide stars The lad row is the average loss of sersitivity for

the three spectral types We use these averaged values asthe relative sersitivity of the NIRCam

and FGS-Guider for computing guide star availahility.

4.4

SE-25 demanstrates that the FGS-Guider can meetits NEA requirements using a guide star of
any spectal type with J,g < 19.5. Thus, to determine the NIRCam limiting sersitivities for the
SW and LW chamels, we use J,5 = 19.5 minus the average valuespreserntedin Tade 5. To

Table6. NIRCam & FGS-Guider Guide Star Availability Probabilities

Guide Star Availability using NIRCam

FGS NIRCam SW NIRCamLW SW + LW
Jag limit 195 18.9 18.0 *
Stardded 1730 1385 972 -
N-FOV 1-FOV | 2-FOV | 1-FOV 2-FOV | 1-FOV | 2-FOV 2-FOV
Ave # GS 24 4.8 18 3.6 13 25 31
GSprob 91% 99% 83% 97% 2% 92% 95%

* For OSW + LWOthe ground sysemusesthe SW channel from one module and the LW channel
from the other while search for candidate guide stars. This usage primarily repre<erts a failure
mode whereby one SW channel has beenlost.

Table 7. NIRCam Guide Star Availability Probabilitiesusing F150W2 & F360W2

SW F150W2 LW F360W2 SW + LW
Jag limit 18.5 17.5 *
Stardde? 1186 785 -
N-FOV 1-FOV 2-FOV 1-FOV 2-FOV 2-FOV
#GS 155 3.05 1.02 2.04 257
GSprob 79% 95% 64% 87% 92%

* seenoteto Table 6

compute the probahility of having a suffi ciertly bright guide starin NIRCamO$OV, we use the
methodology of Isaacs(2001) and the areal dersity of starsasa function of J,z magiitude at high
Galacic latitude specified by Spagna (2001) (and reproducedasTalde 3-1 in SE-25), with the J.g
cutoff set to the appropriate SW or LW faint limit. We assume that each NIRCam chamel hasa
4.7 arcmin® FOV.
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Table 6 shows the probakility of having at leas one guide star in one or two FOV for the FGS-
Guider ard for the NIRCam SW and LW chamels. For both the FGS-Guider and NIRCam, two
FOVs areneeded to meetthe 95% requiremernt (MR-171). Moreover, the 95% requiremert is not
metusing only the LW chamels. Therefore, at least one SW chamel needs to be availabe for
guide duty if the FGS-Guideris not availabe.

In the evert that NIRCamiis not fitted with transparert Ogiide filtersO the F1I50W2 and F360W2
filterswould be usedin the SW and LW chamels, repecively, for guide duty. Tabde 7 shows the
expected performarce of NIRCam asa guider using thes filters It is evident that MR-172 (95%
guide star availahility) is only margnally achievedif both SW FOVs are availale for the guide
function.

The GBW + LWOoption derotesa constraint on the ground systemto searchfor guide starsusing
the SW chamel from one module and the LW chamel from the other, aswould be the case for
non-NIRCam visits in a failure mode condition whereby NIRCam haslost anertire SW chamel.
For NIRCam, only a single LW channel is availabe for visits requiring smultanecus use of
SW+LW; the guide star availahility rateis only 72%, so MR-365 is not metunder this condition.

5.0 NIRCam Guiding, An Operations Concept

We assume that the operations concep for guiding with the FGS-Guider appliesto NIRCam as
well, but some agects of the guide function warrart clarifi caion and adustmert to acconmodate
NIRCam. We highlight these considerations below:

¥  Whenusing a SW chamel, all 4 SCAs needto be readout for the idertificaion function
to provide sufficiert FOV to accanmodate the reference stars This implies a 4-fold
increa® in data volumeto be procesed on-boardby the idertifi caion function.

¥ The ground system must carefully planthe visit to avoid placing the guide star in the gaps
betweenthe SW SCAs.

¥ For dithersand target acquisition offsets using a SW chamel as a guider, the guide star
must remain in the sameSCA for all marewersif the errar in the relative alignmert of
the SCAs exceeds more thanafew milli-arceconds.

¥ Whena SW chamel is being used as a Guider, the three SCAs not observing the guide
star are not used for science. The module®1. W chamel is availabe for science and/or
calibration observations.

¥ Only the Ogiide filterO's used for guiding (no narrow band filtersareused). Only the 8x8
pixel subarraycontaining the guide star is readout in the guiding SCA.

¥ For NIRCam scierce visits, the ground system selects the module to be used asa guider.
For non-NIRCamvisits, both modules are availabe for guide star selecion and onboard
acquisition. NIRCam science visits aremore prone to guide star acquisition failuressince
fewer cardidatesare availad e in-flight.

6.0 Operational I mpacts of NIRCam Guiding

In this secion we explore the operaional consequences of using NIRCam asthe JWST guider.
Two main areasare to be addressed (1) the guide star availakility when dithers or small angle
marewers utilizing the sameguide star areconsidered and (2) the articipated rate of failure for
NIRCam science visits due to problems associated with GSC-2. In all cages we compare the
ONRCam-GuiderOwith FGS-Guider reaults.
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6.1 Dithers and Small Angle Maneuvers

A strong science case has beenmack (Fergurson et al. 2000) for emdoying dithersasa routine
part of observing with JWST. More recerily, a detailed study by Koekemaer (2005) invedigated
optimal dither strattges Most dithers involve very smal (less than 10 or 20) slews of
Observatory to improve spatial and/or spectal resolution of the science target. On the other hand,
both studies concluded that larger dithers are needto Ofll inOgaps betweenSCAs or to accaint
for blemishes on detectors. In the cas of NIRSpec, a 2000offset will be routinely required to
recover the spectra that are otherwise lost due to the gap betweenthe instrumertOgwo SCAs.

In addition to dithers JWST will needto execue smal angle marewers (SAMs) to support
science instrumert target acquisitions (Nelan et al., 2005). While these slews will be small for
NIRSpec (<20, they will be ~100for coronagraphic observations, and always larger than about
400for the MIRI Medium Reslution Specrometr (MIRI MRS formerly known asthe MIRI
IFU).

For both dithering and science instrumert target acquisitions it is imperaive that the sameguide
star be usedin the same SCA of the guiding instrument throughout all of the marewers within
the visit (as per requiremerts MR-374 and MR-364 for <200and 4000ffsets, regecively). To
accanmoadate visits with dithers or offsets, the plaming and scheduling system (P&SS) must
select guide starssuch that the star is guaranteedto remain within the FOV of the guiding SCA.
This reducesthe effective usefu FOV of the guider ard therefae the probahility of having a
guide star availade. In this secion we explore the guide star availahlity for the two most
challerging cages NIRSpec MSA and MIRI MRS observations. Talde 8 summariesthe reaults.

NIRCam SW

207 slew

Figure 3. NIRSpec200slews. The shaded regions in the NIRCam SW SCAs can not be used
for the initial (pre-slew) placement of a guide star since the it will leave the SCAOSFOV
after the 200slew to recover data lost dueto the gap in the NIRSpec SCAs. Thisreducesthe
effective FOV of the SW channel from 4.7 arcmin? to 2.9 arcmin?

6.1.1 NIRSpecMSA

The 200gap betweenNIRSpecdswo SCAs introduces a ~200-pixel dropout in the specta of a
sciencetarget To recover the lost data, JWST will be slewedin the direcion perpendicular to the
gapby atleas 20Q As we have shown in section 3, NIRCam must use at least one SW channel to
meetMR-171 (95% guide star availallity). Therefae, we invedigate NIRCam SW guiding for
NIRSpec observations. The SW chamel is composed of four SCAs, each with an FOV of
650650, separated by 5Q The NIRSpec deteciors are orierted ~45 degeesrelative to the SW
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SCAs as shown in figure 3. The gray areain each of the SCAs carOtbe used for the initial
placenent of the guide star sinceit would no longer bein the FOV after the 200slew. The ground
systemmust only consider the white regonsin its selecion of a guide star for the visit. This total
areais 2.9 arcmin’ per SW chamel, or 5.8 aramin® if both chamels areconsidered Using talde 6
to determine the dersity of starsthat are suffi ciertly bright to be NIRCam SW guide stars using
just one NIRCam SW chamel yields a 67% probahility that a guide star is availade, while using
both SW chamels reaults in an 89% probahlity of being able to acquire a guide star. Using one
or two LW chamels the likelihood of having a guide star available is 63% and 86%, regectively.
On the other hand, the FGS-Guider cansupport NIRSpec MSA observations with an 88.5% and
98.7% probakility using 1 or 2 FOV, regecively. (Note, this asumesa 5.0 aramin® for each
FGS-Guider FOV for consistercy with SE-25 and values quoted earler in this report. The
planned FGS-Guider will have a 5.5 arcmin® FOV in eachchamel. This supports NIRSpec MSA
observations with 91% and 99% probahilities with 1 or 2 FOV, regecively.) Thus, with
NIRCam asthe guider, it appearsthat NIRSpec M SA observations would be diffi cult to schedule
without invoking work-arounds involving different roll angles of the Observatory, which
unfortunately placesconstraints on when the visits can execue, or by breaking the offsets into
two separat visits to allow the use of separate guide stars

Table 8. Guide Star Availability including Dithers and Target Acquisition Offsets.

Guider FGS-Guider NIRCam SW NIRCamLW
N-FOV 1-FOV 2-FOV 1-FOV 2-FOV 1-FOV 2-FOV
NIRSpec 88% 99% 67% 89% 63% 86%
MIRI MRS 85% 98% 50% 75% 59% 82%

6.1.2 MIRI MRS

The MIRI MRS is placedabout 300from the edge of the MIRI Imager FOV. It will be necesary
to perform a MIRI assisted target acquisition to placea sciencetargetin the MRS aperture (Nelan
et al. 2005). This involves imagng the target and/or refererce objects in the Imager FOV

followed by a slew of approximatly 400to place the target in the MRS. The same guide star
must be used for these offsets, which reduces the usable area of the guiderOsFOV for the
selecion of a guide star. Based upon the current layout of the MIRI apertures it is expected that
this slew will be in a directon that correponds to a trarslation along only the OforizontalO
direcion of the SW SCAs (in figure 3). Thus, the usatle areaof an SCA is 650* (650400)= 0.45

aramin?, or 1.8 arcmin® per SW chamel. Using talde 6 for the average number of guide starsin

this FOV realltsin a 50% or 75% probakility of being abe to select a guide starusing 1 or 2 SW

chamels, regecively. If the LW chamels are available for guide duty, they would provide a
59% or 82% for guide star availahility using 1 or 2 chamels, regectively. The FGS-Guider

yields aguide star with a probahility of 85% or 98% using one or two FOV.

6.2 Moving Targets

Observations of solar systemtargets require JWST to track the objectduring the visit (Nelanetal.
2002). During such observations the guide star OmeesDacrass the guiderOFOV along a path
that keeys the science object stationary in the appropriate aperture. The maxmum duration of the
visit is set by the timethat the guide star remains within the guiderO$OV. The smal FOV of the
individual NIRCam SW SCAs relative to the FGS-Guider reducesthe maximum duration of the
visit by afactor of two.
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6.3 Guide Star Acquisition Failures

The FGS-Guider Operaton Concept recagnizes that some of the guide stars selecied by the
ground system (using GSC-2) may in fact not be suitable asguide stars This may be becatse an
object is catloged as a star when it is actally a compact galaxy or binary system that was
unresolved on the survey plates or, more likely, it is found to be too faint on-orbit due to
photometic errars in one or more of the GSC-2 optical passbands (which propagate through the
trarsformation into the NIR guider magnitude). The Ocatlog contaminaionOrate due to these
effects is edimated to be about 12% overal (Kriss & Stys, 2002). Left unaddressed, this would
reailt in a guide star acquisition succes rate that is no better than ~88%, therely violating the
intent of MR-172 and MR-365 (95% and 90% guide star availahility, regecively). To mitigate
this problem, the ground system will select up to three cardidate guide stars if availalde, for a
givenvisit (Isaacs2001). On orbit, IWST will attempt to acquire the first guide star. If that fails,
anattemp will be mace on the secand, and if necesary, on the third if the first two both turn out
to be unaccepabe asguide stars

As the overal guide star availaklity declines the percertage of scheduled visits with just one
guide star increag®s Among these visits, the guide star acquisition failure rate will reflect the
catalog contamination rate. In Take 10 we show the percertage of scheduledvisits predctedto

Table 10. On Orbit Visit Failures due to Catalog Contamination

FGS-Guider NIRCam SW NIRCamLW SW+LW
N-FOV 1-FOV 2-FOV 1-FOV 2-FOV 1-FOV 2-FOV 2-FOV
1GS% 23% 3.9% 35% 10% 47% 22% 16%
failures 2.8% 0.5% 4.2% 1.2% 5.6% 2.6% 1.9%

Table 11. On Orbit Failures dueto Catalog Contamination for NIRSpec& MIRI MRS
Visits with Reduced FOVsto Support Dithers and Target Acquisitions

FGS-Guider NIRCam SW NIRCamLW
N-FOV 1-FOV 2-FOV 1-FOV 2-FOV 1-FOV 2-FOV
1GSMIRI 34% 4.2% 54% 27% 60% 33%
Fail-MIRI 4.1% 0.5% 6.5% 3.2% 6.7% 4.0%
1GSNIRS 14% 2% 27% 14% 29% 8.0%
Fai-NIRS 1.7% 0.3% 3.2% 1.6% 3.5% 1.0%

have only one guide star availabe for the various FGS-Guider and NIRCam chamels availade
for guide duty. The OfaiuresD assume that these visits will fail at the rate of 12%, i.e., the
approximat contamination rate of GSC-2. Talle 11 shows the failure rates for NIRSpec MSA
and MIRI MRS due to catlog contamination. The increagd likely hood of having only 1 guide
star availabe for these visits is areflecion of the reducedeffective FOV of the guider to support
the 200(NIRSped) ard 400(MIRI MRS) offsets,

Referring to tabe 10, it can be expecied that ~4% of all scheduled NIRCam SW science visits
will fail unless the LW chamel (in module used for SW scierce) is availabe for guide duty.
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However, we reject this option asit isin violation of the NIRCam Science Requiremerts since it
precludesbeing alleto simultaneausly observe afield in short and long wavelength passbands.

It should be noted that the ratesin tables 10 & 11 reflect a beg-cas situation becaise we have
assumed the areal dersity of suitabe guide stars from Spagna (2000), which is equivalent to
having a catalog that is complete to J,5<19.5. On the other hand, we know from Kriss & Stys
(2002) that GSC-2 is only about 69% (75%) complete down to J,z<19.5 (18.5). Therefore, there
availahility of cataloged guide stars(which is the only kind visible to the Plaming & Scheduling
System) will be less thanthe valueslistedin talde 6, so the percentage of actual visits with only
one cardidate guide star, and therefae the rate of on-orbit visit failures islikely to be higher.

It should also be noted that the risk of on-orbit guide star acquisition failures can be reduced by
imposing a policy that visits must have more than one candidate guide star to qualify for
scheduling. This may be achieved by choosing a favorake roll angle. But given the anticipated
off-nominal roll redriction of +/-3 degees setting an orient is equivalent to forcing a visit to
schedule at a particular date. Avoiding this loss of schedule freecom is one of the main
mativations behind MR-365 and MR-172!
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Figure 4. The plot to the left shows the probability of a Gho-gapO NIRCam mosaic using
FGS-Guider (blue), or either of the SW channels for guiding (red). An observer that wishes
to use the same SW throughout the mosaic for the scienceobservations has poor prospects
of obtaining a gap-free mosaic (green). The plot to the ri ght shows the probability of being
able to schedule an observation set composed of a set of NI RSpec mosaics using either the
FGS-Guider (blue) or the NIRCam SW channels (red). The Ohumber of Mosaic TileD
refers to the number NIRSpec fields to be observed, each requires a new guide star. The
solid linesinclude the 200dithers needed at every pointing.

6.4 M osaics

Approximately 49% of the SO-DRM science programs utilized mosaics. This is consistert with
the utilization of the Spitzer Observatory. To mosaic a field, guide stars will be needed for every
pointing. The proballity of having all of the guide stars will depend upon the size of the areato
be mosaiced (Ay,), the science instrumentOFOV (Ag), the guiderOgtotal availabe) FOV (Ars),
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and the per-pointing guide star availahility P,. If the areato be mosaicedis at lead a few times
largerthan Ag, or Args, the probahility P,, of being abde to mosaic the ertire field with no gapsis:

Py =P

where n = A, / max (Agss Ag). Clearly, the higher the per-pointing guide star availahility, and
the larger the Guider FOV, the fewer gaps reault in the maosaic. Consider for examgde a NIRCam
mosaic of an8.7 x 8.7 arcmin field (4x4 SW fields). If either SW chamel canbe used at a given
masaic point for scienceimagng, thenthe Plaming and Scheduling System can selectguide stars
using either SW chamel, so the total availabe guider FOV is Arss = 2¥4.7 aramin®. The no-gap
probahility is 61%. If the same SW chamel is to be usedto collectthe science data for the ertire
mosaic, Args becanes4.7 arcmin?, and the no-gap probakility is a mere 5%. Using the FGS-
Guider (Args = 11 arcmin?), the no-gap probakility is 93%.

We conclude that the relatively large FGS-Guider FOV, coupled with its 99% per-pointing guide
star availahkility enablesit to provide a significartly better no-gap probakility for mosaics with
JWST. Figure 4a shows the prospects of a gap free NIRCam mosaic using the FGS-Guider ard
NIRCam for guide duty. NIRCam science pays a big peralty in this casg since its per-pointing
science FOV is reduced by 50% when it must also provide the guide function. This requiresthe
acquisition of twice as mary guide stars comparedto the case when FGS-Guider provides the
guide function. Figure 4b demonstrates this for a NIRSpec mosaic for which each pointing
requiresa 200dither to recover spectralost due to the 200gap betweenthe instrumentOsSCAs.

7.0 Impact to NIRCam Observing and NIRCam Science

The Science Operations Desgn Reference Mission (SO-DRM, Petro et. al 2005), the operational
scerario in Monograph-5 (Mather 2000) and the NIRCam science programsoutlinedin Scierce
Requiremerts Documert (Mather 2004) are used to inform our asesmert of the caost to
NIRCamscienceif theinstrument is also requiredto provide the guide function.

The SO-DRM is a 1.7-year program using the complemert of instrumens on JWST. It hasthe
beg operatonal fidelity to address sciertific impacts of imposing the guide function upon
NIRCam A summary of the program is de<ribed in JWST-STScl-CI-0045. Tabe 6 of that
report summarizes the percert use by instrumert. NIRCam comprises 31% of the scierce
program, while FGS-TFI contributes ~8%. If FGS-TFI is unavailabe, we assume that NIRCam
will be taked to provide the majority of the FGS-TFI science, making it 39% of the program.
The vag majority of the science programs outlined in the Science Requiremerts Documert
require the simultanecus use of all four NIRCam chamels to provide suffi cient FOV and spectal
coverage for the exploration of discovery spaceassociated with those programs. If NIRCam must
dedcak even one chamel to the guide function, the overal time required to accanplish the
objectvesof the NIRCam science program essertially doubles Thisincreagsthetimeit takesto
complete the SO-DRM by a factor of 1.39. The tangible effectthis hason missionOutcome can
be egimated by applying this factor to the total mission lifetime requiremert and to the overheads
& effi ciency budget. The total mission lifetimerequiremert (MR-44) is 5 yeas for achieving the
JWST science goals. Multiplying this by 1.39 impliesthat 7 yearsareneeded to achieve the same
sciencegoals if JWST is not equipped with a separat, dedcated FGS. This introducesadditional
risk in that the science observations will not be completedif the mission doesnot lad for 7 years
If one of the NIRCam SW chamels fail, then the time to acheve NIRCam science essertially
guaduples the multiplying factor is 1.78 implying that 9 yearsareneeddto achieve the same
sciencegoalsif JWST is not equippedwith a separat, dedcated FGS.
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Moreover, the damage is not confinedto NIRCam. NIRSpec, MIRI, and FGS-TFI will be usedto
follow up NIRCam discoveries Thus, NIRCam will, in this serse, pioneer the JWST science
program Its effectiveress in doing so would be severely curtained if half its science FOV is
effectively lost.

The total overhead increa®s becawse more exposures and slews are neeced to achieve the same
science. The Observatory overhead is stated as no more than 10,156 hours over 5 yearsfor a
Monograph 5 (Mather 2000) standard program (MR-390). With NIRCam as a guider, these
overheads increa® to 14,117 hours. An alterrative way of stating the overheadis anefficiercy. In
the Monograph 5 scerario, the overheadreallts in an observing efficiency of 70% (on target
exposure time). This efficiency would decrease to 70%/1.39, or 50%.

8.0 Summary

We have evaluated the caphility of NIRCam to operate as the JWST Guider. We have also
explored the associated operaional and sciertific consequencesof using the instrumert for that
purpose. In spite of NIRCamOsmaller FOV and lower through put relative to the FGS-Guider,
we find that NIRCam canmeet MR-171, the 95% guide star availahility rate, but only if either
module can be used as the guider on orbit. In a failure mode, whereby one of the short-
wavelength chamels is lost, we find that to meetMR-365 (90% guide star availahility rate) for
non-NIRCam visits, the long-wavelength chamels must be availale for guide duty. For NIRCam
sciernce visits however, we find the guide star availahility rate is reduced to 72% in this failure
mode. Therefore we conclude that MR-171 is not met using NIRCam as the JWST Guider.

We have evaluated the operational impacts of offsets to support dithers target acquisitions, and
mosaics We find that even with two SW chamels availabe for guide duty, the 200 dithers
nominally required by every NIRSpec visit are diffi cult to support due to the small FOV of the
individual SCAs that compose the SW chamels. Likewise, MIRI MRS target acquisition slews,
which will be on the order of 400,make finding usabe guide stars a challerge for the Plaming
and Scheduling System

The operational impact of the lower per-pointing guider star availability of NIRCan relative to
the FGS-Guider is amgdifiedfor science programs that mosaic a field that requiresmultiple guide
star acquisitions. We find the probahility of obtaining a gap-free maosaic is significartly reducedif
NIRCam is used as the guider compared to the FGS-Guider. Gap-free NIRSpec mosaics in
particular became far more challenging to actieve due to the 200dithersand the smal SCAFOV.
We are concerned giventhat ~49% of the SO-DRM science program utilizesmosaics

Diffi culties associated with guide star availakility can be operaionally mitigated by toleraing
loss of scheduling flexibility. The Plaming and Scheduling System accomplishes this by
selectng spacecaft oriertations (roll angle) thatbring guide starsinto NIRCamO$OV. However,
this implicitly violatesthe intent and purpose of MR-171 & MR-365. There is no needto do so
using FGS-Guider.

The larged to change to the JWST mission, for which thereis no operaional work around, is the
50% reduction in the rate at which NIRCam science observations can be mace. The NIRCam
Scierce Requiremerts Documert, and the SO-DRM assume that the vag majority of NIRCam
sciencevisits will make use of all four chamels. Assigning one module to guide duty eliminates
the opportunity to image one 4.7 arcmin® FOV acrass the full range of 0.6 to 5.0um. To retrieve
this missing data essertially requiresa new observation of similar duration. The SO-DRM assigns
approximately 30% of the JWST science exposure time to NIRCam and ~9% to the FGS-TFI.
Without the FGS-TFI, we assume the NIRCam program would expand to include much of the
FGS-TFI scierce, i.e., to ~39% of the IWST mission. If NIRCamis usedasa guider, it will take
twice aslong to acquire these data. This increagsthe time to accanplish the IWST core mission
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by afactor of 1.39, effectively requiring a mission lifetime of 7 yearsrather than5 years which
violatesof MR-44.

In summary, we find:

¥ NIRCam must minimally be fitted with wide bandpass Ogiide filtersDin each of its four
chamelsin order to serve asareasonalde guider for JWST.

¥ MR-171 (95% guide star availahility) is meetfor all non-NIRCam scierce visits. With
two SW chamels availabe for guide duty, MR-171 is metfor NIRCamscience visits as
well.

¥ MR-365 (90% guide star availakility) is metfor all non-NIRCam science visits provided
the NIRCam LW chamels are availalde for guide duty in the evert that one SW chamel
islost.

¥ The LW chamels are required for guide duty to support WFS&C visits if one SW
chamel hasbeenlost.

¥ MR-365 is not be met for NIRCam science visits without waiving NIRCam Sciernce
Requiremerts which call for simultareously imagng a FOV over the 0.6-5.0um
bandpass.

¥ Using NIRCam asa guider introducessignificart operational challengesthat reqult in a
reduction of the overall efficiency with which all science observations are madce. Mosaics
areparticularly hard hit.

¥ The NIRCam science program suffers a 50% reduction in the rate at which observations
canbe mace. This increags the JWST core mission lifetime to 7 yearsrather than the
required5 years
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