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Anomalous Annealing of a High-Resistivity CCD
Irradiated at Low Temperature

Marshall Bautz, Gregory Prigozhin, Steve Kissel, Beverly LaMarr, Catherine Grant, and Steve Brown

Abstract—The front-illuminated charge-coupled device (CCD)
detectors in the Chandra X-ray Observatory’s ACIS instrument
suffered radiation damage from soft protons focused by the
telescope mirror early in the mission. In the course of assessing
this damage, the focal plane was temporarily warmed from
its normal operating temperature (then 100 C) to +30 C.
Following this “bakeout,” the radiation-damaged CCDs exhib-
ited significantly greater charge transfer inefficiency (CTI). We
performed a laboratory experiment with a sibling of the flight
detectors in an attempt to reproduce and better understand this
phenomenon. The test CCD was cooled to 100 C, irradiated
by 120 keV protons and then warmed to +30 C for 8 hours. As
expected, after the initial irradiation, but before detector warmup,
a substantial CTI increase was observed. The subsequent warmup
itself then produced an additional factor 2.5 increase in CTI.
Following smaller subsequent irradiations with the detector cold, a
“bakeout” for 8 hours at 60 C produced no observable increase
in CTI. However, a subsequent bakeout to +30 C for another 8
hours resulted in an additional increase in CTI of roughly 15%.
The CTI changes produced by the room temperature bakeout
are accompanied by dramatic changes in the de-trapping times
of electron traps responsible for the CTI. The distributions of
signal amplitudes in the pixels trailing X-ray events indicate that
annealing at room temperature can cause large changes of the trap
emission times, from which we infer that conversion of trapping
defects takes place. The observed phenomena can be explained
by the previously suggested mechanism of carbon-related defect
transformation. Specifically, the room-temperature annealing
may allow carbon interstitials to form metastable complexes with
phosphorus and/or carbon substitutional atoms.

Index Terms—Charge-coupled device (CCD), electron traps, in-
terstitial carbon, radiation damage, X-ray.

I. INTRODUCTION

CHARGE-COUPLED device (CCD) detectors in space are
often operated at cold temperatures in order to mitigate ra-

diation damage accumulated in the harsh space environment. It
is common practice to warm such devices periodically to anneal
at least some radiation defects and improve device performance,
and also to remove contamination accumulated on cold surfaces
in the optical path (see, for instance, [1] and [2]).

X-ray CCD detectors in the Chandra X-ray Observatory’s
Advanced CCD Imaging Spectrometer (ACIS) instrument
demonstrated an anomalous behavior when the focal plane
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was warmed up early in the mission following exposure of
the detectors to low energy protons in the Earth’s radiation
belts. Very soon after the damage occurred, the focal plane
temperature was elevated to 20–30 for 8 hours and then
the CCDs were cooled back down to the normal operating
temperature ( at that point in the mission). This
“bakeout ” caused the charge transfer inefficiency (CTI) of the
frontside illuminated CCDs, measured using the on-board
calibration source, to increase by about 35%.

The literature on radiation damage in CCDs is vast; a com-
prehensive recent review can be found in [3]. Most of this re-
search is based on data acquired on the ground, and in almost
all the cases the devices under investigation were irradiated at
room temperature. It is relatively difficult to perform experi-
ments involving irradiation of devices in cryogenic conditions,
especially if the radiation in question is not penetrating, because
an entire CCD camera with cooling equipment must be placed
in vacuum with the irradiating beam. An additional complica-
tion arises because the laboratory dose rate is necessarily rela-
tively large so that years of in-flight damage accumulation can
be produced in a reasonable period of time. The resulting in-
duced radioactivity of the test apparatus can add a background
which complicates interpretation of the experimental data. On
the other hand, the detectors flown on many space missions un-
dergo irradiation at low temperatures at which the defect forma-
tion mechanisms and defect kinetics can be very different from
those prevailing at room temperature. This makes the task of
studying the radiation effects in the cold devices very important
for space-based instruments. This paper describes an attempt in
this direction. A related experiment, in which the primary goal
was to characterize the development and annealing of hot pixels,
has recently been reported elsewhere [2].

II. EXPERIMENTAL DETAILS

The ACIS instrument [4] contains eight front-illuminated and
two back-illuminated CCDs which are described in detail else-
where [5]. Briefly, each device is a frame-transfer imager with
1026 rows of 1024 pixels each in imaging and framestore areas,
respectively. Imaging area pixels are 24 square. The de-
vices are fabricated from high-resistivity ( be-
fore processing) float-zone silicon to provide the large depletion
depth (50–75 ) required for good X-ray detection efficiency.
The back-illuminated devices were thinned to 45 . During
readout, the rapid image-to-framestore charge transfer occurs at
a rate of one row every 40 ; the four output nodes are read
simultaneously, each at a rate of .

In the ground experiments described here, a front-illuminated
CCD from an ACIS flight production lot was cooled to

0018-9499/$20.00 © 2005 IEEE



520 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 52, NO. 2, APRIL 2005

and irradiated at that temperature by 120 keV protons in the radi-
ation laboratory of NASA’s Goddard Space Flight Center. This
proton energy was chosen because the flight CCDs accumulated
radiation damage mostly from exposure to low energy protons
in the beginning of the mission [6]. Protons of this energy de-
grade the quality of charge transfer of front-illuminated CCDs
very efficiently because they deposit a large amount of energy in
the CCD buried channel. The framestores of both the flight and
laboratory test devices were shielded during both proton irradi-
ation and CTI measurements, and suffered no radiation damage.
This simplifies the data analysis because charge transfer through
the damaged area involves only one type of transfer: the 40
per line transfer from the image section to the framestore. The
much slower readout of the framestore is unaffected by the ra-
diation.

A CCD test dewar was attached to the exit window of the ac-
celerator, and a movable X-ray source was placed in front
of the CCD in order to allow an accurate in situ measurement
of the CTI. The proton dose and energy were measured using
a silicon diode detector (an ORTEC model TU-013-025-300).
We used the CCD itself to map the proton beam intensity and
to calibrate the beam-monitoring silicon detector during test
runs at very low proton beam currents. In this mode we were
able to detect individual protons with the CCD. For the regular,
higher-dose irradiations the CCD power was turned off.

Several irradiation and warm-up/cool-down cycles between
room temperature and an intermediate temperature
were introduced to simulate the scenario experienced by the
flight detectors. CCD power was turned off during the 3 inter-
vals when the detector was at , but left on for the
periods. We measured CTI, using the source, before and
after each irradiation and each temperature cycle in both the ir-
radiated and protected (control) sections of the device. All CTI
measurements were made with the detector at . The
methods used to measure CTI and trailing pixel amplitude, in-
cluding the event selection criteria, are described in [6]. Briefly,
we group events by location (row number) on the detector, form
separate amplitude histograms for each event pixel, accumu-
lated over all the events in each spatial region, and fit Gaussian
profiles to determine the mode of each histogram. The rate of
change of the mode of the central pixel histogram with row
number yields the CTI. The modes of the various trailing pixel
histograms, for events at large row number, are used to extract
trap time constant information discussed in Section IV below.
We note that since for the majority of X-ray events, even at the
5.9 keV energy we use, all of the charge is collected in the cen-
tral pixel, the modes of these amplitude histograms are quite in-
sensitive to the effects of charge splitting during the initial (pre-
transfer) charge collection process.

The CCD temperature and irradiation history are shown to-
gether with the associated CTI measurements in the top and
middle panels of Fig. 1. The doses for each of the four irradi-
ations are listed in Table I. After measurement C10 was com-
pleted, the device was warmed up and the test dewar was dis-
connected from the accelerator vacuum chamber. The detector
was returned from the GSFC radiation laboratory to our labora-
tory at the Massachusetts Institute of Technology (MIT), Cam-
bridge, and stored at room temperature after that, except for a

two final control measurements (C11 one day later and C12 two
weeks later).

III. RESULTS

The evolution of CTI during the experiment is shown in the
middle panel in Fig. 1. As expected, each irradiation increased
the CTI. While neither of the two warm-ups to had a
measurable effect on the CTI, the first warm-up to sig-
nificantly increased CTI from to (points
C4 and C5 in Fig. 1). The second warm-up to this temperature
(separated from the first by two irradiations) also produced an
increase in CTI.

A second result of the warm-up to is a dramatic
change in the character of the traps responsible for the charge
losses. This change is illustrated in the top two panels of Fig. 2,
which compare results obtained from CTI measurements C4 and
C5, just before and just after the first such warm-up, respec-
tively. Here we plot the average amplitude of the signal in the
18 pixels (720 ) immediately following 5.9 keV X-ray photon
events. Only charge packets generated near the top of the image
section (above row 700) and thus passing through a large portion
of the damaged silicon were included in this analysis. The signal
amplitude distribution in pixels trailing an X-ray event depends
on the rate at which traps in the buried channel re-emit the elec-
trons captured from the original charge packet, and hence can be
used to characterize the emission time constant of traps. To il-
lustrate this we have fitted a model consisting of the sum of two
exponentials to the data in each panel. Best-fit parameter values
are shown in Fig. 2. The errors on these parameters are highly
correlated, so it is difficult to measure the trap time constants
unambiguously with the present data. A more robust measure
of the phenomenon may be the quantity of charge in the first
pixel trailing the event center, expressed as a fraction of the total
charge lost by an event in traversing the array. This quantity is
plotted for each measurement in the bottom panel of Fig. 1.

As is clear from Fig. 2, the signal in the first pixel trailing
each event increased by more than an order of magnitude after
the first warm-up to . We infer that the density of fast
traps (with emission time constant comparable to or less than the
40 line transfer time) grew as a result of the warm-up. Before
the warm-up the majority of the trap population was comprised
of traps with much longer time constants.

A second significant change in the trap population evidently
occurred as a result of the the 8-hour warm-up to (mea-
surement C9). Since the CTI did not change from C8 to C9,
we conclude that the fast trap was converted into a trap with a
larger time constant. This decay in the fast trap population was
evidently restored by the time the second warm-up to
was completed (measurement C10).

Yet another change in trap composition was observed after the
experiment at GSFC was completed and the CCD was returned
to our laboratory at MIT (measurement C11). Once again, the
density of fast traps dropped dramatically, with no significant
change in CTI. Additional measurements after two weeks of
room temperature storage showed trailing pixel distributions
similar to those observed at C11.
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Fig. 1. Upper panel: CCD temperature as a function of time during the experiment. CTI measurements are indicated with the letter C followed by number;
proton irradiations are indicated with the letter I followed by a number. Middle panel: CTI measured at various times during the experiment. Data for the two
irradiated quadrants of the device are shown. Lower panel: ratio of charge in first trailing pixel to total charge loss obtained from each CTI measurement.

IV. DISCUSSION

A. Reverse Annealing and Trap Characteristics

The most well-known traps produced by proton irradiation
of CCDs, including the P-V (phosphorus-vacancy), V-V (di-
vacancy), and O-V (oxygen-vacancy) centers are stable below

and so cannot be responsible for the phenomena we ob-
serve. (The characteristics of many commonly observed traps
are discussed in [7] and in references therein.) However, the
annealing behavior after the first room temperature bake-out is
consistent with the mechanism suggested by Kono et al. [8],
which we summarize as follows. The high-resistivity float zone
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TABLE I
ACCUMULATED BEAM MONITOR COUNTS AND ESTIMATED 120 keV

PROTON FLUENCE FOR EACH IRRADIATION

material used in fabricating the ACIS CCDs contains a sig-
nificant concentration of (substitutional) carbon, approaching

. Under irradiation, vacancies and silicon intersti-
tials are created. Both are highly mobile even at temper-
atures below . When a meets a substitutional carbon
atom the two can exchange positions, leaving a carbon in-
terstitial . centers have very low mobility at
and so are stable. The electron trap energy level associated with

( —0.10 eV, or E(0.10); e.g., [9]) is too shallow to af-
fect CTI in our operating conditions. For any plausible value
of the capture cross-section for this acceptor state ( say,

), the trap emission time at is smaller
than the transfer period (40 ) by at least a factor of 20, so
trapped charge is reemitted during the transfer process and is
not lost.

At though, is mobile, and can therefore form de-
fects with associated electron traps that can affect CTI. For ex-
ample, may encounter phosphorus atoms (the buried channel
dopant) and form , which has electron traps at several en-
ergy levels (including E(0.23), E(0.26), E(0.32), and E(0.38), as
reported by [10], though [8] quote somewhat different values).
Alternatively, complexes (with levels at E(0.11) and
E(0.17 eV)) can be formed. It is of particular significance for
our purposes that both the and complexes are
metastable ([9], [11]).

In principle, knowledge of the emission time constants of the
traps associated with the and defects would
help to test this picture. Trap capture cross-sections relevant to
our operating temperature, as well as the corresponding energy
levels, are required to compute these time constants. Unfortu-
nately, widely varying values for both parameters are reported
in the literature. For example, four distinct values of reported
for the complex span more than two orders of magnitude
([8], [12]–[14]). As noted above, there is also some disagree-
ment about the values of the energy levels of the various traps
associated with the defect. In the face of this uncertainty,
we choose to compare our results to what is known about the ki-
netics of conversion amongst the various configurations of these
complexes. Some characteristics of these complexes are listed
in Table II.

We shall argue that the bulk of the CTI increase, or “reverse
annealing” we observe, as well as the evolution in the trailing
pixel amplitude, arise from the formation and inter-conversion
of various states of the complex. While we cannot rule
out some contribution by defects to the reverse an-
nealing, we shall show that the latter cannot contribute signif-

icantly to trailing charge evolution, and probably do not con-
tribute much to the reverse annealing.

According to Gürer et al. ([9]), the defect has five dif-
ferent configurations. Under zero bias conditions, the order of
configurational energies, from lowest to highest, is IA, IIA, IIB
and III. The fifth configuration, IB, is not produced at tempera-
tures above 140 K and so is, for our purposes, not relevant. (Note
that the order of the defect configuration energies differs from
that of the electron trap energy levels; see [9].) At sufficiently
high temperatures and under zero bias, all sites relax
to the lowest-energy IA configuration with a characteristic time
scale of order ten seconds. At our highest “annealing” tempera-
ture however, this relaxation process is much slower,
and is limited by the IIA to IA transition which has a time con-
stant of order (see Table II), which is comparable to
our annealing period. A second important characteristic of this
defect system is that, under reverse bias, when the charge states
of the various configurations are different, the IIA configuration
relaxes to the IIB configuration (rather than to the IA configura-
tion). The IIA and IIB configurations thus form a bistable pair.

We hypothesize that the IIA configuration is associated with
an electron trap with emission time (at ) comparable
to the 40 line transfer time, while the IA and IIB emission
timescales are considerably longer (but not much longer than
the CCD frame period of 3.2 s). Under these assumptions, all
three configurations contribute to the CTI , but only the IIA con-
figuration contributes significantly to trailing pixel charge. We
note that, given the trap energies, these assumptions are consis-
tent with plausible values of .

The following scenario may then explain our observations.
The initial, low-temperature irradiation converts to as de-
scribed above, and also creates stable defects, such as
and , which contribute to the CTI. During the initial
postirradiation anneal at , defects are formed by
migrating . Assuming that initially form in all config-
urations, we expect that, by the end of the first anneal they will
all have relaxed either to the IA (lowest energy) or IIA states.
Upon cool-down to , both configurations contribute to the
enhanced CTI, and in particular the IIA defects contribute to the
enhanced amplitude of the trailing charge. Note that at ,
no changes in configuration are expected within the
time period of the experiment.

The subsequent (low-temperature) irradiations (I2 and I3 in
Fig. 1) liberate additional , and produce additional and

defects, though the total fluence of these latter irradiations
is only about 30% of that of the initial ones. The low-tempera-
ture “anneals,” however, will not produce additional

because is not sufficiently mobile at this temperature
[15]. On the other hand, the CCD channel is depleted during
these annealing periods (since the detector is biased), so the
bistable IIA states convert to the IIB configuration with a time
constant of . This conversion explains the factor of
two drop in trailing pixel amplitude during the 8-hour .
Note that at this temperature the return transition from IIB to IIA
is strongly suppressed.

The second anneal at produces additional
from the liberated in irradiations I2 and I3; this will increase
the CTI, as is observed. Moreover, the defects converted from
IIA to IIB during the reverse-bias anneal will rapidly
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Fig. 2. Average signal amplitude in the pixels following the charge packet produced by ManganeseK X-ray photons at various points in the experiment. The
data are taken from the region above row 700 in the imaging section of the device (farthest from the output register). The solid line is the best-fit two-exponential
model. C4: after irradiation but before the first warm-up to+30 C; C5: immediately after the first warm-up to+30 C; C10: immediately after the second warm-up
to +30 C; C11: one day after the final warmup to room temperature at completion of the experiment. There were additional irradiations between measurements
C5 and C10. Note that each of these plots has a different vertical scale. Note also that for control purposes the modal signal amplitude of the pixels preceding
the center pixel of the event, as well of both corner pixels preceding the event, are also shown. The signal in the preceding pixels is close to zero, confirming that
nonzero amplitude in the trailing pixels is indeed caused by the CTI.

TABLE II
CHARACTERISTICS OF SOME ELECTRON TRAPS WHICH MAY AFFECT CTI IN THIS EXPERIMENT. ENTRY MARKED � IS UNKNOWN

return to the IIA state at zero bias and ; the time constant
for this process is only 22 s. In this simple picture, given the
rate of the IIA-to-IA conversion at zero bias, one would expect
the trailing pixel fraction to be somewhat lower at the end of the
second anneal (C10) than at the end of the first (C5). However, if

the time constant for formation (from ) is comparable
to or longer than the duration of the first anneal, then
some produced in I1 will not contribute to production
until the second annealing period. These factors would
tend to increase the fraction of the population of in the
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TABLE III
COMPARISON OF FLIGHT AND GROUND CHANGES IN CTI

IIA state, and thus increase the trailing pixel fraction observed
at C10.

The large drop in the trailing pixel fraction between C10 and
C11 is more difficult to interpret, primarily because the detector
was transported from GSFC to MIT in this period, and the de-
tector conditions are therefore not well-known. For example, the
detector temperature was not actively controlled during trans-
port, and might have exceeded for a substantial fraction
of this interval. Moreover, the detector was exposed to ambient
(laboratory) light levels during handling, and in these periods
hole injection surely occurred. Finally, in contrast to the two
previous annealing periods at , the detector was biased
during the cool-down to operating temperature immediately pre-
ceding measurement C11. Elevated temperature, hole injection,
and the application of bias would all be expected to affect the
configuration of defects [9].

In spite of these ambiguities, we can at least conclude that
the decline in the number of defects in the IIA configuration is
consistent with the expected behavior of defects. This
last annealing period is about twice and long as the previous
ones, and defects in the IIA configuration would tend
to relax to the IA configuration throughout the period. (To the
extent that the detector temperature exceeded 30 in this pe-
riod, this process would occur more rapidly than in previous an-
nealing episodes.) Moreover, at the start of this interval there
is no significant population of defects in the IIB state available
to replenish IIA population. In addition, the application of bias
at the beginning of the cool-down could rapidly convert defects
from IIA to the IIB state. On the other hand, it must be noted that
significant (optical) injection of holes would be be expected to
“pump” (increase) the population in the IIA level by converting
defects from the IA to the III configuration, from which they
would quickly relax through the IIB to the IIA state. In sum-
mary, though, we conclude that the observed changes in CTI
and trailing charge level are consistent with the meta-stability
of defects, given the assumptions we have made about
trap emission time constants.

In contrast, while defects may contribute to the ob-
served changes in CTI (provided the emission time constants
are in the appropriate range) it is unlikely that they are respon-
sible for the changes in the trailing pixel amplitude. This defect
is bistable, and, if present, almost certainly changes configura-
tion during our experiment. When the CCD channel is depleted,
(e.g., during device operation and during the anneals)

will quickly relax to the (neutral) B state, while during
the (zero bias) warmer anneals, the defect will convert to the

(charged) A configuration. The time constants for these configu-
ration changes are so short, however ( 100 ns at ; [11])
that they cannot produce any observable signature in our data.

Finally, we note that we might expect the density of
defects to exceed that of simply because the density
of phosphorus ( in the CCD buried channel)
exceeds that of carbon by about a factor of five.

B. Comparison to Flight Experience

The bakeout-induced change in CTI agrees qualitatively with
the flight experience, although the magnitude of the observed
change is significantly larger than that seen in the flight devices.
In part this is due to differences in the details of the flight and
ground annealing protocols, but we shall argue that other factors
must also be at work. These may include detector-to-detector
variations in impurity concentrations and differences between
the on-orbit and laboratory proton energy distributions.

If both the pre-anneal CTI increase and the quantity of lib-
erated by the irradiation were proportional to the nonionizing
energy deposition, then the ratio of the CTI change resulting
from the anneal to the CTI change resulting from the (pre-an-
neal) irradiation should be independent of dose. We compare
values of this ratio (denoted ) for a representative flight device
(ACIS S2) and the present test device in Table III. Note that the
flight detectors were warmed to for 3.5 hours, and then
held at for 4.5 hours, while in the present laboratory
experiment the detector was held at for a full 8 hours.

The value of is significantly different for the flight and
ground devices. A part of this discrepancy must result from the
different annealing protocols. However, if the reverse annealing
is the result of migration, then the well-known temperature
dependence of the annealing rate ([15]) can be used to correct
for this difference, assuming identical concentrations of carbon
(and any other relevant impurities) in the two devices. The result
is that, even in the extreme limit of very long annealing time con-
stant, an 8 h, anneal of the flight detectors would have
produced , still significantly less than that observed in
the ground experiment.

Some part of this discrepancy may be due to differences in
the concentrations of carbon and other impurities. While the
concentration of implanted phosphorus in the buried n-channel
is presumably well-controlled, the residual carbon concentra-
tion is not. If most produced in the initial irradiation ulti-
mately anneal to or other defects besides , then
the annealing time constant will be independent of carbon con-
centration and the value of (for a given annealing scenario)
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would be expected to vary linearly with the carbon concentra-
tion. Thus, a factor of 3 difference in carbon concentration
could reconcile the ground and flight results. (If were the
dominant annealing sink for , then the annealing rate would
also increase directly with the carbon concentration, leading in
some circumstances to a more rapid variation of with carbon
concentration. As we have argued above, however, is
unlikely to be the dominant sink for in our devices.) Sec-
ondary ion mass spectroscopy of siblings of the ACIS flight de-
vices, however, shows (amongst eight samples) a mean carbon
concentration of , with an RMS variation of
order 15% and a maximum variation of a factor of 1.6. It thus
seems unlikely that the difference in can be explained entirely
by differences in the carbon concentration alone. The oxygen
concentration in the CCD buried channel is thought to be quite
high (approaching near the surface) as a result of
the growth of the gate oxide during fabrication. may
therefore be an even more significant sink for than .
Since is associated with hole traps but not electron traps
([14]) we would not directly detect it in our X-ray data. In this
case variations in oxygen concentration would lead to variations
in the annealing time constant, and this could contribute to vari-
ations in . Without detailed knowledge of the formation rates
and cross-sections for the relevant defects, however, we are un-
able to test this explanation quantitatively.

Another possible source of discrepancy between ground
and flight values of is the difference in proton energy dis-
tributions. The laboratory test used a monochromatic, 120
keV proton beam, while the proton spectrum near Chandra’s
perigee of about is a continuum extending at least to
several hundred keV [16]. If all of the damage and dislocation
processes scaled directly with nonionizing energy loss, this
difference should not affect the relative magnitude of the
reverse annealing. On the other hand, the spatial distribution
of the energy deposition in the CCD’s buried channel must be
different in the two cases. Moreover, there is evidence that,
at least in the case of electron irradiation, the proportion of
divacancy defects depends on electron energy [17].
Thus it is at least plausible to speculate that the proportion of
nonionizing energy resulting in production of also depends
on the energy of the incident radiation. We note in this connec-
tion that the initial defect populations (before any annealing)
seem to be different in the ground and flight detectors. In
particular, the proportion of charge loss in the first trailing pixel
is negligible in the ground data (see the bottom panel of Fig. 1,
measurements C3 and C4) but is significantly larger (0.08
0.006) in the flight data. This is consistent with the production
of a higher proportion of defects in the flight detectors.

It must be noted (see Table III) that different values of are
observed for the two irradiation/anneal cycles within the ground
experiment itself. In principle this result (as well as at least some
part of the difference between the flight and ground results for
this parameter) could be explained if the amplitude of the re-
verse annealing were limited by the intrinsic carbon concen-
tration rather than by the (nonionizing) radiation dose. Since
the defect concentration inferred from the CTI change (of order

) is roughly two orders of magnitude lower than the
expected carbon concentration, however, in this picture most of

the ultimately must anneal to defects which are not electri-
cally active in the CCD. As noted above, may be such
a sink. Once again, however, we are unable to test this idea
quantitatively without accurate information about the relative
proportions in which the various defects are formed.

The available flight data on trap time constants are consistent
with the ground test results, although the flight and ground data
sets are not directly comparable. To date we have measured trap
time constants in the flight detectors only in the detector temper-
ature range to [6]. In this temperature range
we find two dominant electron traps, with energy levels of 0.23
eV (likely to be or , or both) and 0.25 eV (possibly

) below the conduction band, respectively. These traps
should have time constants of 40 and 617 respectively
at , which is consistent with the laboratory results we
present here (see Fig. 2). The flight data at also show
a trap with energy 0.16 eV below the conduction band, which is
quite close to the energy levels of both the and
traps. We note that time constant of this trap at is so
short (about 12 ) that it would not be observable at .
This time constant, given the measured energy level, implies a
capture cross-section ( ; [6]) roughly
consistent with that of the defect, which we therefore
regard as the most plausible identification for this trap.

Finally, we observe that although our ground experiment is
not sensitive to reverse annealing at low detector temperatures

over periods much longer than about 10 hours,
our experience with the flight detectors over several years is that
the CTI increases at a rate no greater than per year
[18]. We attribute this rate of on-orbit CTI increase to on-going
displacement damage from the charged particle environment in
space, but can also infer from it a strict upper limit on the rate of
reverse annealing at the on-orbit detector operating temperature
( to ). This limit is consistent with picture that
the observed reverse annealing is a consequence of the forma-
tion of carbon-related defects.

V. CONCLUSION

A CCD irradiated by 120-keV protons while at a tempera-
ture showed a significant increase in CTI after
warm-up to . The distribution of charge in pixels trailing
X-ray events suggests that the warm-up caused a significant in-
crease in the density of traps with time constant close to 40 .
No significant change in CTI was detected after warm-up to

. Further annealing at resulted in conversion
of the traps with time constant near 40 into a different popu-
lation with much longer time constants.

The observed behavior is consistent with a previously pro-
posed explanation [8] in which the relatively high concentration
of carbon in float zone high resistivity silicon, and the instability
of carbon-related defects (such as and ), lead to
changes in the trap population after annealing. The former are
more likely to be responsible for the variation in fast trap den-
sity that we observe.

The laboratory results reported here are in qualitative agree-
ment with on-orbit ACIS experience, but the relative magnitude
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of the reverse annealing (as a proportion of the pre-annealing ra-
diation damage) is larger in the ground data by a factor of three
to five. Differences amongst the detectors in the concentration
of carbon and other impurities may be responsible for some of
this discrepancy; we speculate that differences between labora-
tory and on-orbit radiation spectra may also play a role.

We note that reverse annealing and defect changes we ob-
serve may not occur in detectors fabricated from Czochralski
silicon, in which the much greater oxygen concentration may
affect defect formation and kinetics. Moreover, in situations in
which CCD detectors are periodically warmed for purposes of
annealing hot pixel defects (as is done with the Hubble Space
Telescope instruments WFPC2, STIS and ACS, for example [1],
[2]), reverse annealing of CTI might well occur unnoticed un-
less CTI measurements are made immediately before and after
each annealing cycle.

An important practical consequence of our experiment is that
the characteristics of radiation-induced traps depend on the tem-
perature history of the device during and after irradiation. For
high-resistivity, float-zone CCDs irradiated when cold, the radi-
ation-induced CTI degradation may be aggravated if the device
is warmed to room temperature.

Our results suggest several directions for future work. Since
the migration enthalpy of is reasonably well known [15],
an isochronal reverse annealing experiment, in which the CTI
change is monitored as a function of annealing temperature for
a fixed annealing time, could test the relevance of the carbon-re-
lated defect mechanism we discuss. A possible test of the im-
portance of defects in particular would be to attempt to
anneal these defects entirely (i.e., transform to ) at
moderate temperatures , possibly with the assistance
of hole injection. Finally, measurement of the magnitude of the
reverse annealing effect as a function of proton energy would be
useful in explaining the differences between ground and flight
experiences with reverse annealing.
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