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ABSTRACT. We summarize the results of a monitoring program which was executed following the cryogen
exhaustion of the Near Infrared Camera and Multi-Object Spectrometer (NICMOS) on boaidhble Space

Telescope. During the subsequent warm-up, detector parameters such as detective quantum efficiency, dark current,
bias offsets, and saturation levels have been measured over the temperature range 62 K to about 100 K. The
measurements provide a unique database of the characteristics of PACE-I HgCdTe detector arrays in the space
environment. A surprising result of the analysis is the fact that all three NICMOS detectors showed an enhanced
dark current in the temperature range between 77 and 85 K. However, a subsequent laboratory experiment designed
to replicate the on-orbit warm-up did not reproduce the anomaly, despite the fact that it employed a flight-spare
detector of the same pedigree. The mechanism behind the on-orbit dark current anomaly is therefore believed to
be unique to the space environment. We discuss possible explanations for these unexpected observational results,
as well as their implications for future NICMOS operations.

1. INTRODUCTION Soon after the shortened NICMOS lifetime became apparent,

The Near Infrared Camera and Multi-Object Spectrometer NASA started investigations of possible means to continue
(NICMOS) (Thompson 1992; Thompson et al. 19098kBoet NICMOS operation. As a result of this process, the NICMOS
al. 2000a) was installed on board tHebble Space Telescope Cooling System (NCS; Cheng et al. 1998) will be installed during
(HST) during the second Servicing Mission in 1997 February. the nextHST servicing mission late in 2001 in order to maintain
NICMOS providesHST with infrared imaging and spectro-  &" _infrared capability oiST. The NCS is a mechanical _coo_ler
scopic capabilities at wavelengths between 0.8 andu5it which uses a closed-loop reverse-Brayton cycle to maintain the
offers three cameras with different image scales and adjacentN!/CMOS detectors at temperatures around 75 K. When cooled
but not contiguous, fields. Each of the three cameras is equipped? e NCS, the detectors will therefore be 15-20 K warmer
with a NICMOS3 type?56 x 256 pixel HQCdTe detector man- than they were during the solid nitrogen perlod.
ufactured by Rockwell. In preparation for NICMOS/NCS operation, a warm-up mon-

Shortly after its on-orbit installation, it was discovered that 1©0"iNg program was initiated immediately after the NICMOS
the NICMOS dewar suffered from a thermal anomaly that led SCI€Nce program was completed. The main goal of this program
to a higher than expected sublimation rate of the solid nitrogen W& to utilize the one-time opportunity of the instrument warm-
coolant and, thus, a shortened lifetime of the instrument. After UP 10 monitor the performance of the NICMOS detectors as
an intensified science program, operation of NICMOS for as- t€ir temperatures passed through the range expected for op-

tronomical observations was suspended on 1998 December 1g57ations under the NCS. A good understanding of the temper-
The cryogen was depleted on 1999 January 4. Since thenature dependence of NICMOS performance is crucial for de-

the instrument has been inactive except for engineering telem-Si9NiNg  the instrument  calibration program following its

etry data at the ambient temperature of #8T aft shroud recommissioning in order to enable optimum NICMOS science.

(~280 K). The NICMOS warm-up monitoring program consisted of
three elements which are summarized in Table 1:

! Affiliated with the Astrophysics Division, Space Science Department, 1. Lamp flats were taken four times a day in a number of
European Space Agency. filters in all three cameras. The goal was to follow variations
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TABLE 1 NASA Independent Science Review Committee, which met in
DETAILS OF THE NICMOS WARM-UP MONITORING PROGRAM 1999 March at Space Telescope Science Institute (STScl), rec-
ommended suitable laboratory experiments to further study the

Program ID Target Purpose Filter g >
S Random DoE F110w @l) cause of the anqmaly, to decide whether it is .Ilkely Fo affect
""""""" F160W (all) NICI\_/IOS_ operations under the NC_S,_ and to_lnves_tlgate the
F222M (NIC3) possible impact on NICMOS capabilitiégollowing this rec-
7962 ... ....i.... NGC3603  Focus F110W (NIC2) ommendation, STScl, in collaboration with the NICMOS In-
F108N (NIC3) strument Definition Team at Steward Observatory, University
7963 (8093)....... Blank Dark Blank of Arizona, designed a laboratory test program to investigate

one proposed explanation for the dark current anomaly. We
describe the design of the experiment as well as its hardware,

of the detective quantum efficiency (DQE) as a function of rsetup, and results in § 5.

temperature and wavelength. Because of safety concerns, filte
wheel motions were suspended when the temperature sensors
on the detector mounting cups reached 78.1 K. At this tem- 2. TEMPERATURE PROFILE OF THE WARM-UP
perature, the sensor’'s analog-to-digital converters (ADCs) On 1999 January 4, NICMOS telemetry data showed a sharp
reached their dynamic range limit, so accurate temperatureincrease in the temperature readings of all three detector mount-
monitoring was no longer possible. At this point, the BLANK ing cup sensors as well as all other sensors distributed across
filter was inserted into the beam of all three cameras, and onlythe instrument. This event marked the complete exhaustion of
dark current measurements were performed. the solid nitrogen coolant, after which the NICMOS instrument
2. Dark current exposures were taken in all three cameraswas no longer in thermal equilibrium. The exact determination
during every orbit that was not otherwise used. This program of the detector temperatures as a function of time warrants
was designed to allow monitoring of both the dark current of some further explanation.
the detectors and possible temperature-induced electronic ef- All three NICMOS detectors have an on-chip temperature
fects, such as bias drifts. The dark current monitoring remainedsensor. However, the use of these during normal NICMOS
active until NICMOS data taking was suspended on 1999 Jan-operations produces undesirable excess noise in the data. In
uary 11, at which point the detectors had a temperature ofaddition, their accuracy is rather poctZ K). Therefore, we
about 115 K. did not make use of the on-chip temperature sensors until all
3. To check for possible focus variations due to changing data taking was suspended. The overall detector temperature
mechanical stresses in the NICMOS dewar and fore optics, aprofile was thus derived from a combination of three data
star cluster was observed twice a week until the filter wheels sources:
were fixed in the BLANK position. This part of the program
mainly addresses changes in tHST/NICMOS optics and is
not relevant to detector characterization. It is therefore not fur-
ther discussed in this paper.

1. Temperature sensors attached to the detector mounting
cups for temperatures up to 78.1 K when the ADC limit was
reached.

2. Detector bias readings from 78.1 K until NICMOS data
Except for a brief suspension of the NICMOS instrument on taking was suspended.

1998 December 24, for reasons unrelated to the warm-up, all 3, The on-chip sensors after the monitoring program ended.
programs executed nominally. The data, which are available

from theHST archive, were analyzed in near real-time fashion ] i .
and correlated with continuous temperature readings from var- Figure 1 shows the temperature profile of the detectors in
ious sensors in the instrument. Details of the data analysis ancf@meras NIC1 and NIC3. Both detectors—as well as the one
preliminary findings are discussed iri 1Bo et al. (1999). in camera NIC2, which is not shown—experienced a very sim-

In this paper, we concentrate on those results that relate tollar temperature profile. However, small differences exist, as is
the properties of the NICMOS3 detector arrays. In § 2, we €vident from the plot of the warm-up rates Qf I\.IIC1'and NICS,
briefly describe the methods for monitoring the instrument i-€-, the gradient of the temperature profile in Figure 1. In
warm-up temperature profile. The data format and the resultsParticular, there is a delay of about 2 hours b_etween the profile
of the analysis are summarized in § 3. We show the dependenc®f NIC1 (and NIC2) and that of NIC3. This delay can be
of DQE, detector bias, saturation levels, and dark current as a€*Plained by their different locations inside the NICMOS de-
function of temperature. While the first three items showed a War: the NIC3 detector |s.mounted at the front end of the.dewar,
behavior consistent with expectations, the dark current exhib-farther away from the Nice, and therefore reacted earlier to
ited an unexpected increase and subsequent decline betwee€ ice depletion than the other two cameras.

77 and 85 K, which is discussed in § 4. This increase would
be large enough to compromise NICMOS sensitivity, if it had 2 The final report of the committee is available on-line at
to be operated under these conditions. As a consequence, theitp:/iwww.stsci.edu/observing/nicmos_cryocooler_isr1999.html.
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Fic. 1.—Left: Temperature profile of the on-orbit warm-up of cameras NIC1 and NIC3. The curve for NIC1 has been shifted by 3 K to separate the two curves.
Right: Gradient of the temperature profile for the same two cameras. Camera 2 showed a similar behavior.

Except for this time delay, however, the rates of all sensors ditional heat conduction path toward the detectors, hence the

show a basically identical behavior: a steep increasent& increase in the warm-up rate.
day* on January 4 immediately following the ice depletion,
and a slowing of the warm-up to a rate 6 K day* on 3. RESULTS OF THE MONITORING PROGRAM

January 6, when a second rate increase:10 K day* oc-
curred. The most likely explanation for this second rate increase o ) )
is outgassing from a charcoal getter inside the NICMOS dewar. Al monitoring data were obtained with the MULTIACCUM

The purpose of this getter was to adsorb any gas that mightreadout sequences as described in the NICMOS data handbook
have permeated the NICMOS vacuum seals during the pre-(Boker et al. 2000a). Briefly, the MULTIACCUM scheme is a
launch cold period. Because the adsorption capacity of a char-S€Mes of nondestructive detector reads which optlmlze' the dy-
coal getter is a strong function of temperature (and pressure)@mic range and allow accurate removal of cosmic rays
the getter is expected to have released nitrogen and c)Xyger{hroughout the total exposure time. In addition, variations of

throughout the NICMOS warm-up. The gas constitutes an ad-the pixel reset levels (or bias) can be corrected by subtracting
from all further reads a frame which is taken immediately after

the detector reset. This frame is called the “zeroth read” in the

LA A B usual NICMOS terminology. The time intervals—often

L o NICT ] referred to asA-times—between the successive reads of a
MULTIACCUM sequence can be varied. The NICMOS
flight software allows a number of preprogrammed

3.1. Data Format

ﬁg MULTIACCUM sequences. A particularly important sequence
9 which was used extensively throughout the dark current mon-
5! itoring program is called STEP64. It consists of a number of
2 reads with logarithmically increasing-times up to an inte-
. gration time of 64 s, and equally spac&dimes of 64 s beyond
5 that.
N X 3.2. Bias Levels
5 |
2 Throughout the warm-up, the bias levels were monitored to

prevent the signal in the high-responsivity pixels from reaching
the maximum of the dynamic range of the ADCs. A procedure
was put in place to quickly adjust the bias offsets, in order to

3 prevent a significant fraction of pixels in the flat-field data from
& reaching the ADC limit of 32,768 counts. As Figure 2 shows,
o o e e o the mean signal in the zeroth read for all three detectors changed
Temperature (K) at a rate 0280 counts K*, for a total change of about 15,000
counts between 62 and 118 K. This change did not necessitate
Fic. 2.—Temperature dependence of the detector bias levels. any bias adjustments during the warm-up.
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(see § 3.4), and the short integration time does not allow a
significant signal from the linear dark current. The amplifier

glow has been measured from the data of the dark current
program throughout the instrument warm-up. In agreement
with expectations, it is constant over the entire range of our
measurements.

Shading (DN)

3.4. Shading Profile

The shading profile is caused by bias variations of the readout
amplifiers throughout the sequential addressing of all pixels in
a detector quadrant. These bias variations have been found to

400:‘ T N T be well correlated with the time interval between readouts
0 50 w0 200 250 (A-time), over the full temperature range of the warm-up. The
s S et : e top panel of Figure 3 shows the variations of the shading profile

in camera NIC2 with temperature throughout the warm-up. The
median shading signal in columns 145-155 is plotted in the
bottom panel of Figure 3 as a function of detector temperature.
It can be well modeled by a second-order polynomasi-
dotted line), a fact which will be used to remove the shading
during pipeline calibration (Monroe & Bergeron 1999). Since
it is a noiseless contribution to the image, it can be completely
removed by subtracting two reads with identigalimes. Sub-
tracting the first 64 a-time read from the last (after removing
the accumulated amplifier glow, as described in § 3.3) therefore
leaves only the signal component which is linearly accumulated
during the 1000 s time interval between those two reads. This
component, which is discussed in § 3.9, is usually referred to

] o as the “true” or “linear” dark current in NICMOS data.
Fic. 3.—Top: Temperature dependence of the shading profile in camera 2.

Shown are cuts along the slow readout direction for all dark exposures through- . -
out the warm-up, with the lowest curves corresponding to the lowest tem- 3.5. Détective Quantum Efficiency
peraturesBottom: Median shading signal over columns 145—1§Eaf arrow)
as a function of detector temperature.
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The DQE changes as a function of temperature. The flat
monitoring program was designed to determine the DQE of

i ) the NICMOS detectors at the NCS operating temperatures. Ex-
Prelaunch ground testing has shown the accurate linear re-

_ X : pectations were that most pixels would experience a significant
lationship between bllasllev_e_l and detector tempgrature to h°|dincrease in DQE, especially at shorter wavelengths. For the
to at least 120 K. This justifies the use of the bias level as a

) ) analysis, we used the data as processed by the CALNICA pipe-
thermometer to determine the detector temperature in the rangg,o (*_cal’ files). To first order, this eliminates any effects

where no direct readings of the mounting cup sensors are avail.5 ;sed by saturation, cosmic rays, and nonlinearity. The tem-

able, as described in § 2. perature-dependent dark current and possible sky signal do not
. affect the analysis because each data set consists of a pair of
3.3. Amplifier Glow “lamp off” and “lamp on” exposures. Both are exposures of
Amplifier glow is a well-known feature of NICMOS3 the (random) sky through a particular filter, but one has the
arrays. It manifests itself as a spatially variable, but highly additional signal from the flat-field calibration lamp, which is
repeatable, signal component in every detector readout. Thdocated at the back of the Field Offset Mirror. Differencing
signal is highest in the corners of the array, i.e., closest to thethese two exposures then leaves the true flat-field response from
readout amplifiers, and gets fainter toward the center of thewhich the DQE increase relative to pre—warm-up can be de-
array. rived. An additional complication is the fact that the pixel
Typical values for the amplifier glow are 2 DN reddn the saturation levels also vary with temperature, as discussed in
center of the array and up to 15 DN readh the corners. The  § 3.6. All pixels that showed signs of saturation during the
signal is extremely repeatable and can be well modeled andMULTIACCUM sequence were excluded from the analysis.
removed during pipeline calibration. For all pixels, the DQE increases roughly linearly between
The amplifier glow is measured by subtracting the first two 63 and 78 K, with a usually small curvature term. In all cam-
reads in a STEP64 sequence which are only 0.3 s apart. Theeras, the linear slope is higher than average for the low-
subtraction eliminates any contribution from the shading profile sensitivity regions and lower than average for the high-
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NIC1
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Fic. 4.—Normalized flat-field exposures of all NICMOS detectors, taken through the F110W filter at temperatures depafqd 78 K ¢ight). The color
stretch is the same for both temperatures in each camera. The histograms on the right show the flattening of the arrays at the higher temperaiustsavhich ca
be seen by comparing the images.

sensitivity regions. This behavior effectively flattens out the to create synthesized flat fields at arbitrary temperatures and
DQE variations across the array, as can be seen in Figure 4wavelengths by interpolating the model fits for each detector
which compares flat-field exposures of all cameras through thepixel over both parameters. These synthetic flat fields have been
F110W filter at 62 and 78 K. The histograms on the right-hand extensively tested, and they proved to reliably reproduce the
side in Figure 4 clearly show a smaller spread in pixel values DQE for the temperature range of interest. Because the routine
at the higher temperature. pipeline calibration of NICMOS data at this time cannot take
Figure 5 summarizes the average DQE changes for all threeinto account temperature changes of the detectors, the NICMOS
NICMOS detectors as a function of both wavelength and de- group provides a Web-based tool to create synthetic flat-field
tector temperature. The DQE increase is a well-behaved func-exposures for all instrument filters at arbitrary temperatéires.
tion of both wavelength and temperature. On the basis of
the data for camera NIC3, we have linearly interpolated the 36 saturation Levels and Dynamic Range
measured DQE increase between the wavelengths of the em- . ) o )
ployed filters for a number of temperatures. The DQE im- The saturation Ie‘}/el of a"glven _deteqtor pixel is defined by
provements are very regular and predictable. At 75 K, the amount of charge “loaded” onto it during the detector reset.
expected NICMOS operating temperature under the NCS, the
average responsivity increased by about 45%,i83% inH, ® NICMOS users who wish to improve on the pipeline calibration of their

and 17% inK bands. _ o _ data can access the tool from the NICMOS Web site at http:/www.stsci.edu/
Because of the regular behavior of the DQE, it is possible cgi-bin/nicmos.
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Fic. 6.—Mean saturation level vs. temperature.

sequence eliminates all effects of bias variations or shading.
78 1 The effective integration time of this difference image is only
76 NIC3 ] 0.3 s, too short for the linear dark current signal to become
Z‘z‘ 1 important. Therefore, the rms deviation of the pixel values
o across the detector array is an accurate representation of the
o intrinsic read noise of the detectors. We plot the resulting read
noise measurements as a function of temperature in Figure 7.
“ : - | From these measurements, we can confirm that the read noise
Lol o ] is indeed fairly constant over the full temperature range covered
] by our data.
We converted the read noise from DN to electrons by using
Fic. 5.—Expected NICMOS DQE as a function of wavelength and tem- the following conversion gains: 5.6 .DN_l for NIC1 and
perature for all three NICMOS cameras. The solid lines are linear fits to the NIC2 and 6.5 D_Nil' The fact that F_lgur(_a 7 shows camera
data points. NIC3 to have a slightly higher read noise én) than the other
two cameras likely indicates that its true conversion gain is
Since the reset voltage of the NICMOS detectors is sensitive SOmMewhat lower than assumed. In order to match the read noise

to temperature changes, the pixel saturation levels are expectelfVels of the olther two cameras, the NIC3 gain would have to
to be a function of temperature. be 5.9¢” DN

The flat-field exposures taken during the course of the mon- ,
itoring program allow us to measure this effect. As summarized 3-8 Detector Cosmetics
in Figure 6 for the NIC2 camera, the average pixel saturates Throughout the warm-up, no evidence was found for any
earlier at higher temperatures. However, the intrinsic capaci- significant changes in the detector cosmetics, i.e., the number
tance of the detector pixels is not expected to change over theof both hot and dead pixels remained constant, the position
temperature range discussed here (60-80 K). Therefore, theand amount of grot did not change, and no debonding or other
resulting loss of dynamic range at higher temperatures can bemechanical pixel defects were observed.
compensated by an adjustment of the reset voltage such that
full use of the pixel capacitance is ensured. 3.9. Linear Dark Current

/

bbb

Array Median DQF Relative to 63 K

I L I L
0.5 1.0 1.5 2.0 2.5

The linear dark current is measured after subtraction of am-
plifier glow and correction for shading. Special care was taken

Each NICMOS detector has four independent readout am-to minimize the impact of those measurements that were af-
plifiers, each of which reads®8 x 128 pixel quadrant. The fected by high cosmic-ray persistence after 48l passage
noise associated with the amplification process, commonly re-through the South Atlantic Anomaly. Figure 8 shows some
ferred to as read noise, is not expected to be a strong functionexample exposures that demonstrate the varying structure of
of temperature. The dark current monitoring data allow us to the dark current throughout the warm-up. All images are shown
test this expectation. Subtracting the first two reads of a STEP64with an identical color stretch.

3.7. Readout Noise
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NICMOS cameras.
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led to the shortened NICMOS lifetime. Because grot prevents
incoming photons from reaching the detector material, it is
clearly visible in all NICMOS flat-field images as clusters of
cold pixels, i.e., pixels with very low responsivity. The dark
current images obtained throughout the duration of the bump
do not show any sign of the grot. This indicates that if near-
IR photons are indeed responsible for the bump, they must
have come from within or behind the detector. Also, a tran-
siently hot part inside the NICMOS dewar is inconceivable,
because all temperature sensors showed a monotonic increase
during the warm-up. In addition, in order to produce such a
close match to flat-field exposures, the signal must have been
produced in or close to a pupil plane, which does not exist
between the filter wheel and the detectors. One can therefore
conclude that the bump signal cannot be produced by near-IR
photons from outside the detector.

3.9.2. Morphology of the Dark Current Bump

Another important observational result is that the morphol-
ogy of the excess signal that constitutes the dark current bump
closely resembles the spatial variations of the DQE. This can
be most easily seen when comparing the structure in the dark
current images at the peak of the bump in Figure 8 to the flat-
field exposures shown in Figure 4. This similarity between dark
current and DQE is seen only over the temperature range of
the bump signal. Any valid explanation for the dark current
bump must account for this correlation, which we investigate
in more detail in § 4.1.

One conclusion that can be drawn from the DQE-like bump
morphology is that the electrons responsible for the bump signal
are subject to the same spatial variations in material properties
as “normal” signal electrons. Quantities such as impurity den-
sity, mean free path length, or recombination efficiency all

The median signal of all three NICMOS arrays for the whole affect the detection probability of a charge carrier. Therefore,

temperature range of the warm-up is plotted in Figure 9 on the bump electrons are likely to originate at the same physical
both linear and logarithmic scales. The notable increase andlocation as signal electrons produced by infrared photons.
subsequent decline of the dark current between 77 and 85 K We emphasize that a temporary increase in detector tem-
is an unexpected feature to which we refer as the “bump” for perature can be ruled out as the source of the enhanced dark
the remainder of this report. An increasing number of pixels current. This is because the signal morphology at dark current
with above average dark current is responsible for the “salt- levels comparable to the bump (between 90 and 96 K; Fig. 8)
and-pepper” appearance of the images in Figure 8. Compareds very different and certainly does not reflect the DQE struc-
to NIC1 and NIC2, the NIC3 detector shows a much larger ture. Moreover, as described in §3.2, the detector bias levels
number of such “hot” pixels at temperatures above 85 K. This are very sensitive to temperature changes, but they certainly
explains the elevated median dark current of NIC3 comparedshow no evidence for a transient heating of the detectors in
to the other two detectors at temperatures above 85 K (Fig. 9).excess of the overall instrument warm-up (see Fig. 2).

3.9.1. Absence of the Grot 4. DISCUSSION OF THE ON-ORBIT

An important observational fact is that the dark current im- DARK CURRENT
ages taken over the duration of the bump do not show any The data described in the previous sections provide a com-
signs of “grot.” Grot is the commonly used term for a number prehensive study of the performance of NICMOSS3 detectors
of small flecks of black paint on the detector surfaces. Theseas a function of their operating temperature. The NICMOS
particles presumably were scraped off the baffles during me-warm-up program offers a unique opportunity to study the
chanical contact with the filter wheel housing, the process thateffects of the space environment on HgCdTe detectors. A sig-
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= NICMOS "Dark Current" Images at Various Temperatures
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Fic. 8.—"Snapshot” dark exposures of all three cameras at temperatures of 68, 82, 88, and 96 K. Note the flat-field morphology in all cameras at 82 K.

nificant unexpected result was the elevated dark current level The theoretical expectation for the dark current at temper-
at temperatures between 77 and 85 K. Because the bump istures above 140 K is to follow the charge carrier concentration
located at or close to the expected operating temperature fofCooper et al. 1993), which, in turn, increases with temperature
operations under the NCS, its nature needs to be understoodccording to the Boltzmann facter®" . At temperatures be-
for successful instrument calibration. In particular, it is impor- tween 90 and 140 K, a generation-recombination model de-
tant to determine whether the enhanced dark current will be scribed by Rogalski & Pietrowski (1988) provides the best
observed during science operation in Cycle 11 and beyond.agreement with the laboratory measurements of Cooper et al.
Long exposures in narrowband filters at wavelengths below (1993). The two regimes both produce a basically linear relation
1.7 um are of particular concern, since for these, the NICMOS of log (dark current)versus IV , but with different slopes.
sensitivity is limited by the noise associated with the dark At temperatures below 90 K, poorly understood tunneling
current signal. The dark current bump observed in NICMOS effects are known to cause a deviation from the generation-
therefore warrants further investigation. recombination model. Tunneling effects cause a flattening of
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Fic. 10.—Cross section of a PACE-| detector array (not to scale).
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4 A |
+—+—+ NICI f / ] The observed similarity of the bump morphology to the DQE
2 NI 4 variations suggests that the traps are distributed at a depth inside
& 100¢ E the bulk material of the detector roughly equal to the absorption
8 -+ NIC3 . . . . .
g length of infrared photons. To illustrate this point, we show in
s Figure 10 a cross section of the NICMOS3 detector. Before
; 1.0E - infrared photons enter the active detector material, they pass
g g [ moewabam through a transparent sapphire substrate. In order to improve
) the lattice match between the sapphire and the HgCdTe ma-
o1l | terial, a narrow layer of CdTe is grown between the sapphire
SR E f . and the HgCdTe bulk material.
0.016 0.014 0.012 0.010

1/T (Inverse Detector Temp) Although the insertion of the CdTe layer improves the lattice
match considerably, it is far from perfect, and the CdTe-

Fic. 9.—Top: Median dark current signal vs. temperature for all three NIC- HngTe boundary is expected to contain a |arge number of
MOS camerasBottom: Same, but plotted on a logarithmic scale YT . interface traps. If trapped electrons were indeed released at the

CdTe-HgCdTe boundary, a general match between the mor-
the dark current curve at colder temperatures, eventually ap-phologies of the bump and the DQE would be explained nat-
proaching an asymptotic dark current level. This behavior is urally. This is because the electrons on their diffusion path
also evident from Figure 9. However, none of the models pre- toward thepn-junction are subject to variations in the carrier
dicts an increase and subsequent decline in the temperaturéfetime inside the HgCdTe layer which give rise to nonuni-
range between 77 and 85 K. formities in the DQE across the detector.

As described in § 3.9, the warm-up observations rule out A more detailed test can be conducted by comparing the
both a temporary increase in detector temperature and a rabump morphology to flat-field exposures taken at various wave-
diative signal from outside the detector as the cause for thelengths. To first order, one would predict that flat fields taken
bump. One possible origin for the charge released over theat shorter wavelengths produce a better match to the bump
duration of the bump is a population of electrons which was structure, because shorter wavelength photons do not penetrate
“trapped” inside the detector material as long as it was colder as deeply into the detector material as longer wavelength pho-
than about 75 K. As the detectors warmed up above this threshtons. They are absorbed closer to the CdTe-HgCdTe interface,
old, the trapped charge was gradually released over the temthe suggested location of the traps. If, on the other hand, the
perature range of the bump, until at about 85 K all traps were traps were distributed uniformly over the detector material, a
emptied. The additional charge diffuses to frejunctions, flat field taken over the full responsivity range of the detector
thus giving rise to the enhanced signal that constitutes the(i.e., 0.8—2.5um) should provide the best match to the bump
bump. However, this qualitative scenario leaves a number of morphology.
questions open, such as the nature and number of the putative Discriminating between these two predictions requires flat-
traps, the origin of the trapped charge, and the mechanism andield exposures taken over a broad range of waveleraittie
time constants for releasing trapped charge. From the evaluatemperature of the bump peak at approximately 82 K. Unfor-
tion of the monitoring data, one can make a few comments tunately, the flat-field monitoring program obtained data in only
that might illuminate these issues further. a few broadband filters (see Table 1) at only a number of
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Camera

NIC2  NIC3

(suouoiw) yybusjanom

Fic. 11.—Ratio images of normalized bump signal and flat-field response
for various wavelengths in NIC1l€ft column), NIC2 (center column), and
NIC3 (right column). The color stretch is the same in all images.

temperatures below 78 K. We have therefore used the well-
behaved DQE dependency on temperature and wavelength de-
scribed in § 3.5 to built a set of synthetic monochromatic flat
fields for a temperature of 82 K, covering the full sensitivity
range of the NICMOS detectors. In Figure 11, we compare the
morphology of these to that of the bump. More specifically,
we show images of the ratio between the normalized bump
signal (after subtraction of the linear dark current) and the
synthetic flat-field exposures, sorted by wavelength. A spatially
uniform ratio image means a good match between the bump
signal and the DQE morphology. Obviously, the agreement is
better for shorter wavelengths.

This result is quantified better in Figure 12 which plots the
standard deviation in the (ring-median filtered) ratio images as
a function of their wavelength. The ring-median filtering elim-
inates pixel-to-pixel variations and emphasizes the large-scale
structures in the ratio images. For the NIC2 and NIC3 detectors,
the DQE structure and the bump signal match best at the short-
est wavelengths. In NIC1, the standard deviation at the shortest
wavelengths is dominated by a pattern of diagonal stripes in
the ratio images. These are likely due to the illumination pattern
of the flat-field lamps.

In summary, the fact that the best match between bump
morphology and DQE is obtained at the shortest wavelengths
indicates that the excess charge detected over the course of the
bump originated at or close to the CdTe-HgCdTe interface. If
the excess charge is indeed due to a population of traps intro-
duced during the manufacturing process, a similar behavior
would be expected in all NICMOS3 detectors, at least in those
from the same lot. The laboratory test program recommended
by the Independent Science Review Committee was designed
to address this question. In what follows, we describe the mo-
tivation, design, and results of this test program.

5. THE “BUMP TEST”: A
LABORATORY EXPERIMENT

One proposed scenario for filling the traps is via normal
signal electrons produced by infrared radiation. To test this
specific hypothesis, a controlled experiment was conducted at
the NICMOS detector laboratory at Steward Observatory, Uni-
versity of Arizona. The goal of this program was to replicate
the on-orbit warm-up profile described in § 2 and to measure
the dark current of a NICMOS3 detector as a function of tem-
perature for two scenarios. In the first, the device was cooled
down andnot exposed to any external illumination in the cold
state. Since no signal electrons were produced that could fill
the putative traps, the expectation is that the subsequent warm-
up should not show the dark current bump. In the second sce-
nario, the detector wetood-illuminated in the cold state, with
levels exceeding the charge amount under the bump by about
3 orders of magnitude. In this case, one expects the putative
traps to be filled before the warm-up starts, and hence the bump
should be reproduced.
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flight detectors and replicated the on-orbit warm-up profile with

: NIC high accuracy. During the entire duration of the warm-up (about
0090 3 5 days), STEP64 MULTIACCUM exposures were taken con-

g E tinuously, each with a total exposure time of 1088 s. This data
format is identical to that used during the on-orbit monitoring
program.

Following this initial warm-up, the detector was recooled to
63.4 K and another set of baseline dark frames was obtained
to provide a consistency check with the previous data. The cold
detector was then exposed to a high level of incident near-IR
light. Four discrete passbands with a FWHM of @rh were
used to cover the full range of spectral sensitivity of the atray.
The primary goal of the flooding process was to expose the
detector to broadband illumination levels greater than the total
charge released during the on-orbit bump anomaly, i.e.,
2 E ~8 x 10° e pixel *. However, the probability of a signal elec-
0.080F- z E tron being “caught” in one of the putative charge traps is un-

g 3 known. As a compromise between test duration and probability
0’0705 . . . 3 of filling the traps, we adopted-a1000 times higher integrated
ok ' ' ' 3 flood signal. The total accumulated signal achieved over the
E NIC3 ] four passbands during the flood whg x 10° e pixel™, as

] detailed in Table 2. After the flood illumination, another series

. _ of baseline dark frames was taken. The warm-up profile and
0.06[ 3 dark current measurements were then repeated identically as
004 = 1 in the preflood phase. If the proposed scenario for charge traps
Fo- . was correct, this sequence should have reproduced the on-orbit

0.100F

0.080 & E

0.070F

0.060F

0.050F -

E NIC2 ]
0.100 =

0.090 =

Standard Deviation

- - - dark-current bump.
o Wasalength (microns) = We also investigated any systematic effects caused by the
detector not being in thermal equilibrium during the warm-up.
Fic. 12.—Standard deviation in the ring-median filtered ratio images of Fig. It is known, for example, that the thermal COUp“ng between
11. The filtering emphasizes the large-scale variations in the images. the array and its temperature sensor through the detector stage
is not perfect. This will introduce some amount of thermal lag,
Details about the major elements of the laboratory equipmentso the measured dark current is actually attributed to a slightly
and the test procedures may be found irk&oet al. (2000Db). wrong detector temperature. To address these issues, the de-
Here, we only give a brief summary to illuminate some crucial tector was again cooled to 63.4 K and allowed to thermally
aspects. The test detector—a NICMOS3 flight spare array with equilibrate. After another series of baseline darks, the detector
characteristics that are very similar to the on-orbit detec- was warmed through a number of thermal plateaus. At each
tors—was secured in a flightlike mount and installed in a dewar of these (at temperatures of 63.4, 70, 77, 83, and 88 K), the
with a cold-shuttered optical window. The dewar contains two detector was held stable for 5 hours. After equilibration, 10
filter wheels which can be externally commanded and rotateddark current exposures were obtained at each plateau. These
for optical stimulation at selected wavelengths. A temperature- measurements were compared to those in the same temperature
controlled stage accurately holds the array to any desired tem+egimes, during the continuous warm-up. From this compatri-
perature. The thermal background inside the dewar producesson, we obtained an empirical measure of the heat transfer
a detector signal of about 08 s*. This sets a lower limit efficiency between the detector and its temperature sensor,
to any dark current measurements but is smaller than the actualvhich is discussed in the next section.
detector dark current over most of the temperature range of

interest. 5.1. Data Reduction and Analysis

In order to establish a baseline measurement of the dark )
current increase with temperature, the detector was cooled to FOr all MULTIACCUM sequences obtained throughout the

63.4 Kwithout any prior illumination and allowed to thermally €St program, we measured the dark current accumulation be-
stabilize. After a series of dark exposures taken at this baseline
temperature, the detector was warmed to 88 K throth a se- . In order to assure quantitative knowledge of the incident flux level, we

quence of 14 linear ramp segments. The ramp slopes Weréngse not to perform the flooding unfiltered. Also, using a very broad bandpass
chosen to closely follow the on-orbit warm-up of the NICMOS  would have saturated the detector in the shortest possible read time.
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TABLE 2 : ;
FLooD ILLUMINATION LEVELS 161 I
A DQE Observed Flux Duration Charge 1_4;_  Predicha (_:umm e
(sm) (%)  (ADUs?)  (minutes) (1C° e pixel ) o - Steady St Dok ottt
08 ...... 0.15 3409 55 132 3 12 .
12..... 0.4 6383 78 3.51 T | |
18 ...... 0.6 10936 68 5.23 FE
2.4 ... 0.8 9189 109 7.05 &1
s 0.8-
§ 1 PR s
# 06 S T
tween reads 14 and 25. The 14th read was chosen as the ref-2 [ ..~ ,M‘ﬂ_‘f“"
erence frame because it is well beyond any device nonlinearities § 0-4}&3’ o 7ﬁég,j'a.L-,*!'M‘e‘af‘uﬁ"—"‘v"-”. t 1
introduced by the reset gradient (or “shading”) of the device [ 1"‘”‘»‘f\{‘&f’n}]@J“M"‘“-"‘?*u"u"‘“ﬁfw*ﬂ“:""? PR
(Rieke et al. 1993). The signal difference between the two reads 2f '
divided by the net integration time yields the linear dark current. oLl at TEDE .. .

We measured th8 ¢ clipped mean and median dark current
in each detector quadrant ovei7@ x 70  pixel subarray. The
subarrays were used to avoid the bulk of the amplifier glow  Fis. 13.—Postflood dark currents. Dark currents measured during the warm-
and other anomalies at the quadrant boundaries. The measuregp thermal slewspoints), with the detector held at constant temperatures
dark current was then related to temperature for both the pre-(siuares), and correctedsplid black line) for temperature lagsplid gray line)
and postflood test runs. as discussed in the text.

However, there is an additional complication to the interpre-
tation of the measurements. The above measurement does ndb€ €xpected signal excess at each segment of the thermal ramps
yield the true dark current, because the detector is not in therma@fter scaling. When this model of the signal excess is subtracted
equilibrium. As the device warms up, the two reads—which are from the measured dark curremiofs), the corrected dark cur-
704 s apart—are taken at different temperatures. This introduced®nt @lack line) exactly passes through the measurements ob-
a DC bias change. The DC bias, or zero point, can be measured@ined with the device in thermal equilibriursq(iares).
from the zeroth read in a MULTIACCUM sequence which is ~ AS can be seen from Figure 13, the measured and corrected
taken only 0.2 s after the reset. For a detector in thermal equi-dark current curves for the postflood warm-up data show no
librium, the zero point depends linearly on detector tempera- €vidence of any bumplike signal as seen in the on-orbit warm-
ture. In other words, NICMOS3 detectors make excellent ther- Up- Therefore, the proposed explanation of photoelectrons
mometers. For the test detector, we found a DC shift rate of ‘Stored” in charge traps that are intrinsic to the manufacturing
~190 ADU K. The apparent signal produced by this effect Process of the NICMOS detectors seems unlikely.
was removed via the following scheme.

Based upon the thermal slew rate at any given time during 6. ALTERNATIVE EXPLANATIONS
the warm-up, one can easily calculate the temperature differ- An alternative mechanism for producing charge
ence between reads 14 and 25 of each MULTIACCUM se- traps—which uniquely applies to detectors in space—is dis-
guence and, hence, predict the excess signal in the absence gflacement damage from high-energy protons in the low Earth
any other effects. However, one cannot simply subtract this orbit environment. Thé&lST orbits Earth at an altitude of about
predicted excess signal from each dark current measurement600 km with an orbital period of about 94 minutes. About half
As mentioned before, the thermal coupling between the detectorof its orbits pass through the South Atlantic Anomaly (SAA),
and the sensor used to control the detector temperature is ima region where the van Allen radiation belts reach lower al-
perfect. Indeed, the predicted DC drift rate underestimates thetitudes because of the asymmetry of Earth’'s magnetic field.
true value. The magnitude of this effect, however, can be quan-The charged particle flux onto thdST instruments during
tified by comparing the dark current measured with the detectorpassage through the SAA is much higher than during “SAA-
in thermal equilibrium at different temperatures—as done dur- free” parts of the orbit. The total on-orbit radiation dosage of
ing the last phase of the test—with those measured with thethe NICMOS detectors is fairly uncertain. Our best estimate is
detector transitioning through the same temperatures. One carbased on data from the APEXRAD software (Gussenhoven et
then empirically find a scaling factor, which should be pro- al. 1997). Assuming a total shielding of about 10 mm of alu-
portional to the thermal impedance between the detector andminum, we derive an upper limit of 4 J kjover the entire
its temperature sensor. This scaling factor is to be applied toNICMOS lifetime. For comparison, the average total signal
the predicted DC drift contribution to the measured dark cur- integrated over the temperature range of the bump was
rent. For our instrumental set-up, the scale factor was found5.8 x 10° € pixel™.
to be~ 3, as illustrated in Figure 13. The solid gray line shows  Another possible explanation for the bump signal, which is

Measured Temperature (K}
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physically different from charge traps within the detector, is the NICMOS warm-up program are available from tH&T
photoluminescence. Hunter, Smith, & McGill (1980) have archive.
shown that HgCdTe does show luminescence at energy levels We have found an unexpected increase in dark current in all
within the band gap via band-to-band and donor-to-acceptorthree NICMOS flight detectors in the temperature range be-
transitions, as well as bound-exciton recombination. While the tween 77 and 85 K. We have discussed qualitative scenarios
detailed mechanism remains to be identified, it is not incon- for its explanation, including the possible existence of a pop-
ceivable that luminescence—induced either by the thermal en-ulation of charge traps within the detector material.
ergy provided by the detector warm-up or by mechanical We have reported on a laboratory experiment undertaken to
stress—can produce photons inside the detector material whichmeasure the dark current as a function of temperature in a
are subsequently registered as the bump signal. Clearly, a moreletector of the same manufacture, pedigree, and operating char-
sophisticated test program is required to investigate this theoryacteristics as the flight arrays. The program was specifically
further. designed to investigate the trapped photoelectron hypothesis.
Finally, it has been suggested that surface leakage associate@he test results did not confirm predictions of this hypothesis.
with a transiently sublimed layer on the detector might be a The origin of the NICMOS dark current anomaly is thus likely
viable explanation for the bump. In this context, the outgassing to be unique to the space environment, the way the NICMOS
of the charcoal getter mentioned § 2 might provide &ource detectors are operated on bo&t8T, or a combination of both.
for the contaminant layer. None of the above scenarios can be
explored further with the limited laboratory experiment de-
scribed in this paper.
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respectively. In particular, we would like to thank K. Vural and
W. Tennant at Rockwell who helped to clarify a number of

We have presented results of the NICMOS warm-up mon- issues related to the NICMOS3 arrays. We are indebted to
itoring program. Detector parameters such as quantum effi-W. Burmester of Ball Aerospace, who provided not only his
ciency, dark current, bias, and saturation levels have been meawealth of expertise on the NICMOS instrument and detectors
sured over a wide temperature range. The measurementdut also free lodging and skiing lessons for some of us. We also
provide a unique database of the characteristics of PACE-Iwould like to thank M. Rieke, M. Stiavelli, and T. Casselman
HgCdTe detector arrays in the space environment. The data ofor helpful conversations on the possible origin of the bump.

7. SUMMARY
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