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ABSTRA CT

We summarizethe current detector performanceof the Nearlnfrared and MultiOb ject Spectrometer (NICMOS)
on board the Hubble SpaceTelescop. After a three-year hiatus following the exhaustion of its solid nitrogen
coolant, NICMOS wasrevived with the installation of the NICMOS Cooling Systemduring the HST Servicing
Mission 3B in March 2002. In this paper, we brie y descrike the timeline of the NICMOS cooldown, presen the
results from the cooldown monitoring program to characterizethe NICMOS detectorsat their current operating
temperature, and summarizethe sciertic performanceof the \new" NICMOS.
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1. INTR ODUCTION

The Near Infrared and Multi-Ob ject Spectrometer (NICMOS) providesthe Hubble SpaceTelescog (HST) with
its only meansto study the universeat infrared wavelengths. Installed on HST during the secondServicing
Mission in February 1997,NICMOS su ered from a shortenedlifetime becauseof a thermal anomaliethat led to
an increasedsublimation rate of the solid nitrogen coolant usedto maintain a detector temperature of 61K.
Following the nitrogen exhaustion in January 1999, the NICMOS instrument warmed up to temperatures
around 260K, much too high for scierti cally useful obsenations. NICMOS thus lay dormant for about three
years,awaiting the installation of the NICMOS Cooling System (NCS), a medanical cooler using a closed-lop
reverse-Brg/ton cycle (Cheng et al. 1998, seealso Jedrich et al., these proceedings).

Sincethe NICMOS detectorsshown a number of subtle e ects that are sensitive to temperature, both the value
of the operating temperature and its stabilit y are crucial parametersfor the sciertic performanceof NICMOS.
Prior to the NCS on-orbit installation, the evaluation of the thermal performanceof the NICMOS/NCS system
had to rely on models, becausefor obvious reasons,the NICMOS dewar was not available for ground testing.
Therefore, various aspects of the NCS performanceremained rather uncertain, including the parasitic heat load
that the NCS had to overcomeand its abilit y to reactto ervironmental changesduring the orbital (and seasonal)
cycle of HST. Therefore, the STScl NICMOS group, in collaboration with Goddard SpaceFlight Center and
the NICMOS group at the University of Arizona in Tucson, designeda cooldown monitoring program to asses
the system performanceas early as possibleafter NCS installation.

2. THE NICMOS COOLDO WN

The successfullaunch of Space Shuttle Columbia in the early morning hours of March 1, 2002 marked the
ocial start of HST Servicing Mission 3B (SM3B). After three yearsof preparation and planning leading up
to this date, everyone involved in the NCS/NICMOS project - be it technically, scierti cally , or both - held
their collective breath that the ambitious timeline of the v e\Extra-V ehicular Activities" (EVAS) could be met.
Sincethe NCS was the last major item on the SM3B \to do list", the slightest complication in any of the v e
EVAs could have preverted a successfulNCS installation.

However, the STS-109crew led by commander Scott Altmann exceededall expectations by a wlessly com-
pleting all milestonesof SM3B, and on March 8, the NCS successfullycompletedits alivenesgest. After a few
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Figure 1. Timeline of the NICMOS detector cooldown.

days of other spacecrafttests - most importantly, the functional test of the Advanced Camerafor Surveys- the
NICMOS group at STScl eagerlyawaited the rst switch-on of the NCS on March 18, 2002. It took a couple of
attempts to start up the high-speedturbines of the NCS, a mysterious sa ng evert, and a nerve-wreking week
of system analysis, but nally , the NCS beganto cool down the NICMOS instrument, and the long-awaited
NICMOS Servicing Mission Orbital Veri cation (SMOV) program could start.

Much e ort had been spert over the last few yearsto understand the thermal performance of the NIC-
MOS/NCS system. The latest models had predicted a cooldown time of about 10 days. Howewer, it became
clear very soon that the NICMOS dewar was cooling much slower than expected, which triggered frequert
revisionsto the SMOV timeline, not only for NICMOS, but also for the other HST instruments. What made
matters worse, early extrapolations of the cooldown pro le indicated that the target temperature of around 77
K for the NICMOS detectors might not be reached. A number of options to increasethe NCS cooling capacity
or to reduce the parasitic heat load were discussedin a urry of status meetings. The more drastic of these
proposalsincluded disabling the safety heatersthat provide leakage protection of the cryogenicNeon lines.

Finally, a decisionwas made to temporarily safethe NICMOS instrument in order to reducethe heat load
from its electronic boxes. A consequencef this decisionwasthe lossof all telemetry data from within NICMOS,
and the interruption of the dark current monitoring program which was supposedto provide early indications
of the NICMOS performancein the NCS era. Howewer, the NICMOS sa ng resulted in an acceleratedcooldown
and, after about 4 weeksof corntinued cooling and to the delight of everyone involved, the Neon gasinside the
NCS circulator loop nally readed the target temperature of 72K. NICMOS was switched on again, and the
dark current measuremeis resumedwhile the systemwas stabilizing. Figure 1 summarizesthe timeline of the
NICMOS cooldown.

Subsequetly, a number of tests to verify the stability and repeatability of the NCS cortrol law veri ed
that - barring any unforeseenperformance degradation - the NCS is capable of maintaining the NICMOS
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Figure 2. NICMOS DQE: comparison between post-SM3B (at operating temperature of 77 K) and 1997/1998 (62 K)
eras

detectors to within 0:1 K of their target temperature under all orbital and seasonalconditions. Becausethe
NICMOS detectorsreact sensitively to temperature variations, this is extremely positive newsfor the scierti ¢
performance of NICMOS. In what follows, we discussin some more detail the characteristics of the NICMOS
detectorsin the NCS era.

3. NICMOS DETECTOR PERF ORMANCE IN 2002
3.1. The cooldown monitoring program

Table 1. Summary of early NICMOS SMOV programs.

Program # Purpose Filter Readout Sequence
8944 Filter wheelfunctional All ACCUM
8945 Dark current monitor | Blank SPARS64
8975 Readnoise& Shading | Blank | SCAMRR & STEP256
8985 DQE All many

NICMOS datasets consist of a seriesof non-destructive detector readouts, with varying time intervals ( -
times) betweenreads. The obsener can choosefrom a number of pre-de ned sequenceghat are designedto
optimize the dynamic range for a variety of scienceprojects. For details about the readout sequenceswe refer to
the NICMOS instrument handbook at http://www.stsci.e du/hst/nicmos/do cuments/handlmoks/v5/. A number
of proposalsusing di erent readout sequenceswvere executed early in the SMOV processto assesghe NCS
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Figure 3. Comparison of NICMOS DQE as measuredduring April 2002 to predictions basedon data from the 1999
instrument warmup.

performanceand to obtain essetial information about the NICMOS health and detector performance. Table 1
summarizesthe programsthat were usedto derive the results presenied in this paper. To a large extert, the
data analysis proceduresfollow those of the NICMOS warm-up monitoring program after the cryogendepletion
in early 1999. The analysis has beendiscussedin detail in Beker et al. (2001), and hencewill not be repeated
here.

3.2. Detectiv e quantum e ciency

The detective quantum e ciency (DQE) of the NICMOS detectors changesas a function of temperature, in
the sensethat higher operating temperatures result in higher sensitivity. This is one of the reasonswhy the
re-instated NICMOS under NCS cortrol was expectedto be more e cien t than during the solid cryogenera -
at least for somescienceprograms. This section quanti es the gain in DQE at the new operating temperature.

Relative changesof the NICMOS DQE can be measuredfrom \ at- eld" exposuresgeneratedfrom a pair of
\lamp o " and \lamp on" exposures. Both are exposuresof the (random) sky through a particular lIter, but
one hasthe additional signalfrom a at eld calibration lamp. Di erencing thesetwo exposuresthen leavesthe
true at-eld response. The courtrate in suc an imageis a direct (albeit relative) measureof the DQE. The
DQE increaseof the three NICMOS camerasbetween 77K and 62K as a function of wavelength is presened
in Figure 2.

From the DQE monitoring program during the 1999instrument warmup, we were able to construct a model
that predicts the DQE as a function of wavelength and temperature. This model - together with dark current
predictions - provided the basisfor the sensitivity calculations in the NICMOS exposuretime calculator (ETC),
a widely usedwebtool for NICMOS users. With the new post-SM3B data, we are now ableto test the accuracy
of this model, and to verify that the predicted exposuretimes for all NICMOS scienceprojects are correct.In
Figure 3, we compare the new DQE measuremets through the NICMOS Iter setto the model predictions.



Figure 4. Approximate improvemert of absolute DQE of the NICMOS detectors. Here, the pre-launch measuremerts
have been scaled by the relative DQE increaseas shown in Figure 2.

The plot demonstratesthat the new data agreewith the model predictions to within a few percen, which means
that earlier sensitivity calculations are indeed accurate for the revived NICMOS.

Becausethe at-eld lamps inside NICMOS have not been calibrated in an absolute sense thesedata can
not be usedto determine the absolute DQE of the NICMOS detectors. This is a notoriously di cult problem,
which typically relieson obsenations of standard stars with a well-known energydistribution over the NICMOS
wavelength range. This calibration program is currently still under analysis. For the purposeof this paper, we
show in Figure 4 the absolute DQE of the three NICMOS detectors- measuredduring NICMOS ground-testing
at 60K - comparedto the samecurve scaledby the linear ts to the relative DQE increasefrom Figure 2.
This givesanother impressionof the sensitivity improvemen under the NCS.

3.3. Readout noise

Each NICMOS detector hasfour independert readout ampli ers, ead of which readsa 128 128pixel quadrant.
The noise assaiated with the ampli cation process,commonly referredto asread noise,has beenshawn to be
independert of temperature (Boker et al. 2001). However, it is important to answer whether the three-year
hiatus in spacehasin any way degradedthe performanceof the NICMOS electronics.

Subtracting the rst two readsof a SPARS64 sequenceeliminates all e ects of bias variations or shading.
The e ectiv e integration time of this di erence image is only 0:3s, too short for the linear dark current signal
to becomeimportant. Therefore, the RMS deviation of the pixel valuesacrossthe detector array is an accurate
represemation of the intrinsic read noiseof the detectors. From a seriesof about 400such rst-di erence images,
we determined the averageRMS pixel-to-pixel variation acrossthe three NICMOS detector arrays. The results
are summarizedin Table 2.



Table 2. Read-out noise of NICMOS detectors

Camera RMS Gain Readnoise
[DN] [e /readpair]
NIC1 | 5.1 0.15| 54 27.5 0.8
NIC2 | 5.1 0.15| 54 27.5 0.8
NIC3 | 4.6 0.15| 65 29.9 0.9

3.4. Linear Dark Curren t

The linear dark current (i.e. that componert of the signal in a\dark" exposurethat accunulates linearly with
time) of the NICMOS detectors had beenthe subject of much debate and speculation over the last few years.
The reasonfor this was an anomalously high dark current in the temperature range between78 and 85K that
was obsened during the 1999warmup (Boker et al. 2001). The elewated dark current would have compromised
NICMOS sensitivity (if it had to be operated in this temperature regime), and hencethe question of whether
or not the anomaly would be presen after the cooldown was an important one.

The sang of the NICMOS instrument prevented dark current measuremets for the better part of the
cooldown. Howewer, somenon-saturated datasetsweretaken beforethe NICMOS sa ng, and the measuremets
resumed as soon as the NCS had readied its target temperature. These new measuremets are showvn in
Figure 5, comparedto the results of the 1999warm-up monitor. It is clear that while the exponertial increase
at high temperatures is fully consistent betweenthe two datasets, the anomalously high dark current around
82K is absern in the new data.

One minor concernis the fact that all three NICMOS arrays shaov an increasednumber of \hot" pixels,
i.e. pixels with higher-than-averagelinear dark current. This is not ertirely unexpected becausethe warmup
monitor did show a similar behavior, although it was unclear at the time whether this was a transition e ect
that would disappear oncethe detectors stabilize in temperature. The new data shawv that the hot pixels are
indeeda geruine feature of the new operating temperature. However, they canbe fully correctedfor by dithering
NICMOS obsenations.

3.5. Amplier Glow

Amplier glow is a well-known feature of NICMOS-3 arrays. It manifests itself as a spatially variable, but
highly repeatable signal componert in every detector read-out. The signalis highestin the cornersof the array,
i.e. closestto the read-out ampli ers, and gets fainter towards the certer of the array. Typical valuesfor the
ampli er glow are 2 DN/read in the certer of the array, and up to 15 DN/read in the corners,independern of
detector temperature. The signal is extremely repeatable and can be well modeled and removed during pipeline
calibration.

The amplier glow is measuredby subtracting the rst two readsin a STEP64 sequencewhich are only
0:3 s apart, thus making the signal cortribution from the linear dark current negligible. In agreemem with
expectations, the amount and structure of ampli er glow is unchangedcomparedto NICMOS data obtained in
1997/1998.

3.6. Reset level and self-calibration

The resetlevel (i.e. the court levelimmediately following a detector reset) of the NICMOS detectorsis extremely
sensitive to temperature. With proper calibration, this fact can be exploited to usethe resetlevel asa detector
thermometer. In the absenceof other reliable information, e.g. from diode sensorsthis method can provide a
meansto correct for various temperature-dependent e ects.

Prior to the on-orbit testing of the NCS, estimates of its performance remained highly uncertain, both in
terms of nal operating temperature and stability. In addition, there was a real possibility that the operating
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Figure 5. Linear dark current of all three NICMOS camerasas a function of temperature. The open symbols are from
the 1999instrument warm-up, while the closedsymbols mark the new data obtained during and after the NCS cooldown.
Note the good agreemer in the exponertial increasetowrads high temperatures, and the fact that the mean dark current
at the new operating temperature of 77K (plotted in e s ! is signi cantly lower than during the warm-up.



temperature would fall above 78K in which casethe internal temperature sensorswvould becomeunusabledue to
the limits of their analog-to-digital corverters. For thesereasonsthe STScl NICMOS group spent a signi cant
amount of work in order to usethe resetlevelsto essetially enableself-calibration of NICMOS data.

Howevwer, the surprising stabilit y of the NCS, and the fact that at least somediode sensorswithin NICMOS
are still within their usablerange, allow consideration of an alternativ e strategy for NICMOS calibration. Given
temperature variations of lessthan 0:1K RMS sincethe start of active NCS cortrol in mid-April, the NICMOS
calibration pipeline could possibly rely on reference les taken at the actual operating temperature, at least
for the near future. This possibility is currently under study. However, should the temperature stabilit y of the
NCS degradesigni cantly (RMS > 0:1K), data self-calibration via the resetlevelsis the only viable option for
the NICMOS pipeline.

3.7. Saturation levels and dynamic range

The saturation level of a given detector pixel is de ned by the amount of charge \loaded" onto it during the
detector reset (i.e. the well depth). The reset voltages of the NICMOS detectors and - to a much smaller
degree- the capacitanceof the pixel both vary with temperature, and hencethe pixel saturation levelswill also
depend on the operating temperature. The at eld exposurestaken after the cooldown allow us to measure
the saturation levels at the new NICMOS operating temperature of 77K. The data suggestthat for cameras
1 and 2, the averagepixel saturates around 25,000DN (or 135 000e s ') which is about 15% lower than

during the nitrogen period. For camera3, the reduction is only about 7%. This rather small lossin dynamic
range of NICMOS data can be compensatedfor by a proper choice of readout sequencesso that NICMOS will

be able to executethe samewide range of scienceprojects as before.

3.8. Cosmic Ray Persistence

The NICMOS detector are susceptibleto image persistencefrom a bright source,for example a luminous star
or a cosmicray hit. Persistencesignal from cosmicray hits is a problem especially for exposurestaken soon
after an HST passagethrough the South Atlantic Anomaly (SAA), a region in the Earth's atmospherewith
higher than average cosmicray incidence. The random spatial distribution of the cosmicray \afterglows" is
e ectiv ely an additional componert to the dark current. It increasesthe noiselevel in the image and therefore
limits faint sourcedetections.

Someof the dark current monitoring data were taken soon after an SAA passage. Our analysis of these
datasets indicates that the persistencesignal decays exponertially over a period of about 30 min. This is the
sametimescale as in the solid nitrogen period, and hence new NICMOS datasets will be a ected by cosmic
rays in much the sameway asthe old onesdid. Howewer, for the upcoming NICMOS scienceprogram, STScl
plans to automatically schedule a pair of dark exposuresimmediately following eadh SAA passagein order
to provide a map of the persistert cosmicray afterglow. Experiments using 1998 NICMOS data have shovn
that it is possibleto scaleand subtract such \p ost-SAA" darks from subsequeh scienceexposures,and thus
to signi cantly reducethe impact of CR persistence.A more detailed advisory on how to usethe \p ost-SAA"
darks will be distributed soon.

3.9. Detector Cosmetics

All NICMOS detector arrays have a small number of particulates on their surfaces. These are believed to
be ecks of black paint scraped o the baes during the medanical deformation that led to the accelerated
cryogendepletion. There was someconcernthat the warmup and subsequeh cooldown with their assaiated
mechanical motions could have produced an increasednumber of these particles. Fortunately, these concerns
are not con rmed. Except for oneadditional particle in the lower right corner of cameral, no new contaminants
are apparert in the SMOV data. Moreover, the number of \bad" pixels (i.e. pixels with signi cantly degraded
responsivity) is roughly the sameas before, so that the cosmetic appearanceof the NICMOS detectors is as
good asin the pre-NCS era.



4. SUMMAR Y

We have described various aspects of the detector performance of the reinstated NICMOS instrument. All
parametersarein line with expectations, and will enablea\b etter-than-ever" scierti ¢ performanceof NICMOS.
In particular, the DQE increaseagreesvery well with models derived from the 1999 warmup, and the linear
dark current shows no sign of anomalously high levels. Other parameters such as readnoise,ampli er glow,
or detector cosmeticsare unchanged compared to the \old* NICMOS. Together with the stable and quiet
performanceof the cooling system,HST and NICMOS arein great shape for new, exciting scierti ¢ discoveries.
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