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1 Summary and Prognosis

We report preliminary results of laboratory soft-proton irradiation of a cold ACIS CCD. We
performed this experiment in an attempt to reproduce the effect of the September, 1999 room-
temperature bakeout of the flight ACIS detectors on detector performance, and to gain under-
standing of the effects of future ACIS bakeouts. Following irradiation of a cold detector -100C by
120 keV protons, simulating the 1999 irradiation of the ACIS flight detectors, an initial eight-hour
bakeout to +30C produced a factor ≈ 2.5 increase in charge transfer inefficiency (CTI). Following
additional irradiations to simulate the dose received by the flight instrument since its 1999 bakeout,
a bakeout of the laboratory device for 8 hours at -60C produced no degradation in CTI. However,
a subsequent bakeout of the laboratory device for 8 hours at +30C produced an additional increase
in CTI of roughly 15%.

The initial laboratory bakeout to +30C increased CTI by a factor twice as large as that ex-
perienced by the flight detectors after the 1999 on-orbit bakeout. We do not have a definitive
explanation of this difference at present, so quantitative predictions of the effect a future +30C
bakeout of ACIS must be regarded with caution. On the basis of the results discussed here, how-
ever, we believe the following conjecture is plausible: a future +30C bakeout of the ACIS flight
instrument would produce a noticeable change in ACIS calibration (especially of the energy scale)
but is unlikely to increase the CTI of the flight FI detectors by more than 15%. At the current rate
of increase, a 15% increase in CTI is equivalent to an additional 4.8 years radiation exposure.

2 Objectives

In priority order, the objectives of the experiment were to:

1. Reproduce the effect observed on-orbit in September 1999, in which bakeout of the ACIS
focal plane to +20 to +30C for about 8 hours caused a 30% increase in the charge transfer
inefficiency of the front-illuminated (FI) CCDs.

2. Obtain data to support accurate prediction of effect of a second on-orbit bakeout on ACIS
FI CCD performance.

3. Determine the influence of bakeout time and/or temperature on bakeout-induced CTI changes.
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Figure 1: Schematic diagram of beam geometry during the cold irradiation testing at GSFC. The
figure is not to scale. The ∼ 12 degree beam deviation produced by the magnet is not indicated.
The distance between the monitor detector and the CCD was approximately 56 cm. The encircled
“x” symbols denote gate valves. The vertical dashed line marks the interface between MIT and
GSFC equipment.

Further details on the ACIS flight experience with detector bakeout are described in an earlier
memo [3]. We chose to focus on the two highest priority goals in this experiment, so only a limited
amount of information addressing the third goal was obtained.

3 The Experiment

3.1 Hardware configuration

The experiment was performed at NASA/Goddard’s Radiation Laboratory in collaboration with
Dr. Stephen Brown and Mr. Claude Smith, both of GSFC. We used the laboratory’s smaller linear
accelerator. After some intial experiments with 100 keV protons, we chose to conduct the remainder
of the experiment using 120 keV protons to maximize the displacement damage per particle.

A schematic diagram of the irradiation geometry is shown in figure 1. Charged particles leaving
the accelerator pass through an analyzing magnet which selects particles with a charge-to-mass ratio
of 1 (in proton units) at the nominal accelerator energy. A sample chamber following the magnet
contains an implanted silicon diode detector (ORTEC model TU-013-025-300; ares 25 mm2 ) on
movable shutter. This detector serves three purposes. First, proton beam alignment is performed
by adjusting the magnet current to place the peak of the proton beam flux on the monitor detector.
Second, the monitor detector is used to monitor the beam flux during CCD irradiations. Finally,
the monitor detector also measures proton energy. Its energy scale was calibrated using the 59.5
keV line from an 241Am source. The uncertainty in the mean proton energy is believed to be less
than 2 keV.

We used a CCD camera orginially developed at MIT to calibrate ACIS detectors at a synchrotron
storage ring. This camera, an ancestor of the ACIS-2C instrument, was attached to the “sample
chamber” housing the monitor detector. The camera is equipped with a turbomolecular pump and
a liquid nitrogen cooling system. A heater on the detector cold plate and a commercial temperature
controller maintain the CCD at a fixed operating temperature. CCD temperature was recorded
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Sequence Temperature Duration ACIS Event Simulated:
Number (C) (hr)

1 +30 8 1999 Sept. +30C bakeout
2 -60 1 1999 Sept. -60 “bakeout”
3 -60 6 Possible future -60C “bakeout”
4 +30 8 Possible future +30C bakeout

Table 1: Summary of laboratory thermal cycles performed in this experiment.

continuously during the entire experiment, except for the period during which the equipment was
transported from GSFC back to MIT.

A radioactive 55Fe source was used to measure the CTI of the CCD various points during the
experiment. The source was mounted on movable rod so that it could be placed in the beam at
suitable distance from the detector for characterization, or removed from the beam to allow proton
irradiation.

The CCD we irradiated is an engineering-grade, front-illuminated ACIS detector (MIT/LL
model CCID17, serial number w183c3) which is a sibling of the flight devices. This detector was
delivered to CSR with bright-column defect in the center of the array. This defect affects only
about half of each of the center two quadrants of the array (i.e., the central 1/4 of the entire
detector) so the outer-most regions of the detector were used for this test. A thin acetate sheet
(a piece of ordinary viewgraph transparency film) covered either the left or the right half of the
detector during all testing. This sheet stops 120 keV protons very effectively (with a measured
transmission less than 10−4) but is reasonably transparent (> 50% transmission) to 6 keV photons.
This arrangement allowed us to characterize the entire array while irradiating only half of it with
protons at any one time. The unirradiated portion therefore functioned as a control.

We used engineering-model ACIS detector electronics and associated electrical support equip-
ment. Electronics power was switched off during all irradiations except the (low flux) beam cali-
bration measurements described below.

3.2 Sequence

The sequence of detector characterizations, proton irradiations and thermal cycles is shown in
Figure 2. Although some we did some preliminary tests with 100 keV protons, all irradiations
described in Figure 2 involved 120 keV protons. The sequence of irradiations (designated I1,I1b,
I2 and I3 in the figure) and thermal cycles was intended to simulate the environment experienced
by the flight detectors, as well as two possible future thermal cycles. The estimated total proton
fluence for each irradiation is listed in Table 2.

CTI measurements (designated C2 through C10 in the figure) were performed before and after
each irradiation and before and after each thermal cycle. Several dark current measurements
(D1..D4) were also performed. During thermal cycles, the warm-up rate was controlled to 0.8 K/min
to approximate conditions in the flight instrument. Cool-down rates were limited to 3K/min. The
actual thermal profile during the experiment is shown in Figure 2 and summarized in Table 1.

3.3 Dosimetry & Dose

Dosimetry in this experiment was complicated by uncertainties in the beam profile and alignment
and by the relatively large distance (about 56 cm) between the monitor detector and the CCD.
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Figure 2: Nominal experiment timeline showing detector thermal history and the times at which
120-keV proton irradiations (I1-I3), CTI measurements (C2-C11) and dark current measurements
(D1-D4) were made.
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Irradiation Monitor Counts Exposure CCD Fluence Simulates dose received by ACIS:
Number (107 ct) Time (min) (107 p cm−2)

I1 6.4 35 5.0 Before 1999 +30C bakeout (first half)
I1a 6.6 27 5.2 Before 1999 +30C bakeout (second half)
I2 2.0 15 1.6 Between 1999 +30C and -60C bakeouts
I3 1.8 12 1.4 After 1999 -60C bakeout through present

Table 2: Accumulated beam monitor counts and estimated 120 keV proton fluence at CCD for each
irradiation, averaged over CCD rows 100-500 and columns 60-430. Absolute fluence estimates are
probably uncertain at the 15% level.

Indeed, initial irradiations showed considerably less damage than expected based on earlier mea-
surements with warm CCDs, together with the beam monitor rates, adjusted for the expected
beam divergence. (These initial experiments were performed with primary test quadrants A and B
shielded from proton exposure.)

To investigate this phenomenon, we reduced the beam flux by roughly a factor of 100 compared
to that used in standard irradiations so that we could count single proton events in the CCD and
relate the observed monitor detector counting rate to the average CCD counting rate. We found
that the (spatially-averaged) proton flux at the CCD was about a factor of 5.1 lower than at the
beam monitor detector. (Preliminary beam divergence measurements with a phosphor screen had
suggested the beam should be diluted by only a factor of about 1.25.) This flux conversion factor
was repeatable at the 15% level. The most likely explanation of this discrepancy seems to be that
the exposed portion of of the CCD was intercepting the wings of the beam profile, while, as a
consequence of the beam alignment procedure, the monitor detector measured the peak beam flux.
We have not checked this explanation quantitatively.

We calibrated the relation between beam monitor count rate and CCD flux using a low-flux
beam immediately prior to each irradiation. Of course, this procedure required that the CCD be
powered up during these beam calibration measurements. Power was switched off prior to the (high-
flux) irradiations. These beam calibration measurements account for a neglible fraction (< 0.1%)
of the total dose.

The beam calibration measurements allowed us to map the variation of dose with position in
the detector. This is shown, along with the corresponding radiation-induced dark current pattern,
in Figure 3. Figure 4 shows the variation of proton flux with row number more quantitatively
quadrant A. These data were obtained in the beam calibration measurements preceding irradiation
I1.

During each high-flux irradiation, we inserted the monitor detector into the beam for approx-
imately 3 seconds every 3 minutes. The beam flux tended to drift downward during the longer
exposures, in one case falling by a factor of 2 over 35 minutes. Flux changes between subsequent
3 minute measurements were less than 10%, We used the average of all of the beam monitor flux
measurements to compute the fluence for a given irradiation. The beam monitor count totals,
exposure times and estimated total proton fluence for each irradiation are listed in Table 2. We
believe the absolute fluence estimates are accurate to about ±15% (one sigma.)

3.4 Aside on choice of proton energy

Experiments conducted in 1999 with room temperature CCD detectors suggested that the maximum
damage per unit fluence occurs at a proton energy of about 100 keV (see MIT ACIS memo of 10 Nov.
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Figure 3: False color image of proton fluence distribution on the CCD measured immediately before
irradiation I1 (left), compared with dark current measured later at -60 C (right). Spatial bin size
is 32x32 pixels for both images. The total expsoure time is about 6 min, and the estimated proton
flux was about 250 p cm−2 s−1 during this beam calibration measurement. Only the irradiated
portions of the CCD (quadrants A & B) are shown.
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Figure 4: Mean proton count per pixel as a function of row number in detector quadrant A during
the beam calibration measurement immediately preceding irradation I1. Each point represents the
the average proton count per pixel in a single row, with the average take over columns 61 through
256. The total exposure time is about 6 minutes.
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1999.) For this reason our first irradiation of a cold CCD was performed with 100 keV protons. The
observed damage in a preliminary irradiation run with a cold CCD was much lower than expected,
however. A similar phenomenon was seen in the January 2000 attempt to reproduce the “reverse
annealing” effect[1]. Part of the explanation for this discrepancy lies in the subsequently discovered
difference in beam flux at the monitor detector and at the CCD respectively, and no doubt part
lies in the unexpectedly large “reverse annealing” effect we later observed. We were also concerned,
however, that the 100 keV protons might be stopping, or losing an unexpectedly large quantity of
energy, in the CCD deadlayer. The proton energy spectra obtained from the CCD beam calibration
data supported this concern, since all of the detected 100 keV protons produced CCD events with
less about 10 keV of deposited energy. On the other hand, CCD spectra of 120 keV protons showed
about half of the detected protons deposited more than the CCD saturation threshold of 20 keV
or so.

In an effort maximize the damage per proton, we elected to conduct the experiment using 120
keV protons. Since the preliminary 100 keV test measurements just described irradiated detector
quadrants C and D, we reversed the position of the acetate CCD shield to expose quadrants A and B
before beginning the 120 keV irradiation sequence that subject of this memo. The characterization
measurement (C2) preceding the first 120-keV irradiation (I1) confirm that quadrants A and B
were undamaged at that point in the experiment.

At this writing the observed (i.e., lower than expected) ionizing energy loss of the 100 keV
protons in the CCD has not been explained. From the soft X-ray calibration of sibling devices, we
believe the CCD deadlayer consists primarily of roughly equal parts silicon and silicon dioxide, with
a total thickness of about 0.5 µm. On the basis of SRIM simulations, we expect such a deadlayer
to transmit well over 99% of the 100 keV protons incident on it, and we expect the transmitted
protons to have a mean energy of about 28 keV. It seems likely that the deadlayer of this test CCD
is somewhat thicker than we expected.

We note that the (post-bakeout) CTI change per unit 120-keV proton fluence turned out to be
within 30% of the value expected on the basis of warm-irradiation tests conducted in 1999[4].

4 Analysis Methods

As is shown in Figure 3, the proton dose was varied considerably over the active area of the CCD.
The charge transfer efficiency shows a corresponding variation, as is illustrated in Figure 5. This
figure shows the mode pulseheight in the center pixel of X-ray events as a function of row for the
same quadrant. (This quantity is used for routine CTI monitoring of the ACIS flight instrument.)
For the first 500 rows or so, pulse-height falls approximately linearly; in this region, the detector
experienced an approximately uniform proton dose. At higher rows, there was very little dose, so
pulse-height remains more or less constant.

We have measured the effect of this proton damage pattern in two ways. First, we measure
charge transfer inefficiency in the conventional manner, but restricting attention to those regions
in which the proton fluence was approximately constant. These regions are described in Table 3.
Second, we have exploited the relatively large number of events detected in the undamaged area
to measure a second quantity, which we call the asymptotic fractional charge loss. This quantity
is determined by first computing the mode center pulse-height in the undamaged protion (more
precisely, rows Y3-Y4) The difference between the initial (i.e., Y=0) center pixel pulse height and
the asymptotic center pixel pulse-height, divided by the intial pulse-height, is then the asymptotic
fractional charge loss.
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Figure 5: Variation of center-pixel pulse height with CCD row from the “C4” characterization.
The non-uniform proton dose is obvious. The pulse height is expressed in units of equivalent X-ray
energy.

Quadrant Columns (CCD-X) Rows (CCD-Y)

A 60-256 100-500
B 257-430 100-500

Table 3: Spatial regions used for conventional CTI measurements.
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Characterization CTI/10−5 AFL
Quad A Quad B Quad A Quad B

C2 -0.16 -0.10 -2.e-05 -3.e-05
C3 4.8 5.6 0.025 0.034
C4 10.4 12.0 0.056 0.071
C5 26.9 28.7 0.140 0.164
C6 29.8 31.5 0.160 0.187
C7 29.9 31.8 0.162 0.190
C8 31.5 33.8 0.169 0.202
C9 32.0 34.7 0.172 0.205
C10 36.5 38.3 0.200 0.235
C11 36.3 38.4 0.192 0.228

Table 4: Charge transfer inefficiency (CTI) and asymptotic fractional charge loss (AFL) for each
quadrant and characterization period. Formal 90% confidence CTI error is about 1% of the CTI,
but not less than 10−6 absolute. Formal 90% error in the AFL is 0.005 or less.

5 Results

Observed modal center pixel pulse height (derived from 32-row-bins) is plotted as a function of bin
center for both irradiated quadrants and for each characterization in the Appendix. These plots,
normalized to constant pulseheight at y=0, are combined in Figure 6. (The normalization removes
the effect of electronics gain changes which we observed in the course of the experiment, particularly
in characterizations C3 and C4. The two measures of CTI discussed above as determined at each
point in the experiment, are listed in Table 4. Finally, the mean CTI (average of the two quadrants)
is show along with the thermal timeline, in Figure 7.

6 Discussion

Some highlights of these results follow:

• The first +30C bakeout produced a large change in CTI. This result is the first laboratory
demonstration of the qualitative behavior of the flight instrument during its 1999 bakeout.
In fact, the relative magnitude of the bakeout-induced change in CTI we observed in the
lab (about a factor of 2.5) was about twice as large as the corresponding change during the
+30C bakeout on-orbit (which caused an increase by a factor 1.32). We cannot explain the
quantitative difference between the flight and laboratory results, but it seems plausible that
the differences in proton spectrum may be responsible. In particular, we note that if the
phenomenon is indeed related to carbon impurites [2], then if the carbon concentration is
highest near the Si/SiO2 interface, then the shorter range (lower energy) protons would be
more efficient than higher energy ones at producing the reverse-annealing effect.

• “Bakeouts” to -60C do not affect CTI induced by 120 keV protons. Neither bakeout to this
temperature produced a significant change in CTI.

• A future +30C bakeout seems likely to cause a measurable change in the detector calibration.

The final +30C bakeout in this experiment CTI to increase about 15% degradation, or an
absolute terms, by about 4×10−5 (at a detector temperature of -100C). Can this be interpreted
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Figure 6: Variation of center-pixel pulse height with CCD row for quadrants A (top) and B(bottom)
at each stage of the experiment. See Figure 7 to locate each curve in the measurement sequence.
To remove the effect of electronics gain changes observed during the experiment, the data from
each characterization have been scaled so that the y=0 center pixel pulseheight is the same for all
characterizations. Pulseheight is expressed in units of equivalent X-ray energy in eV.
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Figure 7: As-run temporal history of temperature (bottom) and CTI (top) in the experiment. The
warmup after hour 87 represents transport from GFSC back to MIT, and the temperature during
this period is estimated.
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merely as factor of 2.5 increase in the cti caused by the incremental dose between bakeouts? If
so, then we might expect a future bakeout to increase the CTI of the flight detectors about 1/3
of the CTI change experienced since the 1999 +30C bakeout. The incremental CTI change,
referred to the current -120C operating temperature, has been about ∼ 3×10−5, about half of
which occurred during the final unprotected radiation belt passage in September, 1999, and
the remainder of which has accumulated over the intervening three years. A future bakeout
would then be expected to raise CTI by a further ∼ 1× 10−5, or about the equivalent of two
years’ radiation exposure at current rates. A change of this magnitude would certainly have
a measurable effect on the CCD energy scale calibration (by roughly 1 per cent at 6 keV, and
perhaps by a few per cent at 0.6 keV). If this picture is correct, then the effect of a bakeout
on energy resolution would probably be modest.
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