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ABSTRACT

Context. Ignore the abstract - isn’t updated yet. The performance of CCD detectors aboard orbiting X-ray olageries slowly
degrades due to accumulating radiation damage.

Aims. In an &fort to understand the relationship between CCD spectralutsn, radiation damage, and the on-orbit particle back-
ground, we attempt to identify flerences arising in the performance of two CCD-based ingnisn the Advanced CCD Imaging
Spectrometer (ACIS) aboard ti@handra X-ray Observatory, and the X-ray Imaging Spectrometer (XIS) aboard $heaku X-ray
Observatory.

Methods. We compare the performance evolution of front- and back¥ilhated CCDs with one another and with that of very similar
detectors installed in the ACIS instrument abo@fthndra, which is in a much higher orbit thaBuzaku. We identify dfects of the
differing radiation environments as well as those arising frivoctural diferences between the two types of detector.

Results. There are some flerences and these are thAypstract needs help - don’t forget to come back to this!!

Key words. some keywords

1. Introduction can be in the form of X-rays, charged particle interactiars,
intentionally injected charge.

Charged-coupled devices (CCDs) as astronomical X-rayceete The response of a CCD-based instrument is thus par-

tors have become nearly ubiquitous since their their firstios tially determined by its particle environment, whether sau

sounding rocket flights in the late 1980s. CCDs provide excehg radiation damage or providing sacrificial charge, which

lent quantum giiciency with moderate spectral resolution over & turn is dependent on the spacecraft orbit. The Advanced

broad energy range-0.1-10 keV) and are well-suited as imagCCD Imaging Spectrometer (ACIS) on th@handra X-ray

ing spectrometers as well as readout detectors for diseersdbservatory (Weisskopf et al. 2002) and the X-ray Imaging

gratings. Currently, CCDs are focal plane detectors in fpe 0Spectrometer (XIS) on th8uzaku X-ray Observatory (Mitsuda

erating X-ray observatories from NASA, ESA and JAXA, an@t al. 2007) utilize similar CCDs but occupy veryférent radi-

are planned to be part of many upcoming missions. ation environments. The two instruments combined have pro-

Radiation damage is a common concern in all spacecréitced more than twenty-two years worth of monitoring data
components. One symptom of radiation damage in CCDs is Which provide a unique opportunity to better understandetee
increase in the number of charge traf® Ref TBA. When tionship between X-ray CCD spectral resolution, radiatem-
charge is transferred across the CCD to the readout, some @€, and the on-orbit particle background.
tion can be captured by the traps and gradually re-emitfed. | We begin by describing theffierences and similarities of the
the original charge packet has been transferred away beiffereinstruments, spacecraft orbits, and on-board calibra@mmces
traps re-emit, the captured charge is “lost” to the chargégta in Section 2. Section 3 outlines our data analysis procedure
This process is quantified as charge transfefficiency (CTI), while Section 4 discusses the results. The data used indpisrp
the fractional charge loss per pixel. As a result, the amofint have been minimally processed and have not undergone sthnda
charge (or the pulseheight) read out from the instrument d@peline processing which applies corrections to provigeiest
creases with increasing transfer distance; since thispalght performance possible. The results here do not reflect wiygk-a t
corresponds directly to the incoming X-ray photon energg, tical user would find using standard data products.
measured energy also decreases. In addition, the spextodli
tion degrades due to noise in the charge trapping and resemis
process, non-uniform trap distribution, and variationsap oc- 2. Description of the Instruments
cupancy. All of these processes apply to the charge in eaeh pi -
so multi-pixel X-ray events will be more degraded than siagl 2-1- CCD Detector Characteristics

pixel events. The CCD chipsin ACIS and XIS were fabricated at MIT Lincoln
Measured CTl is a function of fluence, or, more specificallj;aboratory and are very similar in design. The ACIS CCDs pre-
the amount of charge deposited on the CCD. As the fluence éfate the XIS CCDs by nearly a decade so sonfiedinces do
creases, traps filled by one charge packet may remain fillad agxist.
second charge packet is transferred through the pixel. @& s Chandra has a single X-ray telescope and a moveable
ond charge packet sees fewer unoccupied traps as a resudt ofScience Instrument Module (SIM), which can move ACIS in and
previous “sacrificial charge” and loses less charge thawitlv  out of the telescope focus. The ACIS focal plane consisterof t
have otherwise (Gendreau et al. 1993). This sacrificialggharCCD devices (MIT Lincoln Laboratory CCID17), eight of which
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are front-illuminated (FI) and two of which are back-illumited wide range of particle environments, from the Earth’s radia
(BI). The layout of the ACIS devices is shown in Figure 1. Thbelts at closest approach through the magnetosphere anmemag
CCD characteristics are summarized in Table 1 and desciibedopause and past the bow shock into the solar wind (O'Dell et a
detail by Garmire et al. (2003). 2000). Soon after launch it was discovered that the FI CCEs ha
Suzaku has four XIS instruments, each with an indepersufered radiation damage from exposure to soft prote@sl(—
dent X-ray Telescope (XRT) and focal plane assembly. The fodl.5 MeV) scattered Chandra’s grazing-incidence optics dur-
devices are model CCID41, comprising three FI chips (XISthg passages through the radiation belts (Prigozhin eG8l0p
X1S2, and XIS3) and one BI (XIS1). The layout of the XIS deThe Bl CCDs were urféected due to the much deeper buried
vices is shown in Figure 2. One of the FI devices (X1S2) washannel. Since the discovery of the radiation damage, AGES h
damaged by a likely micrometeorite strike in October 2006 ameen protected during radiation belt passages by movingtit o
has been unused since that time. The characteristics ofdBs C of the focal plane. Radiation damage to the CCDs has cortinue
are summarized in Table 1 and described in detail by Koyarahia much slower rate, due to soft protons scattered by thesopt
et al. (2007). The XIS devices are physically very similathte during observations, and strongly penetrating solar pi®and
ACIS devices with one notable exception, the addition ofgha cosmic rays which pass through the spacecraft shielding. Th
injection capabilities in the XIS CCID41 (Bautz et al. 2007)particle background on the detector consists of a quiegmemt
This allows a controlled amount of charge to be injected feomtion that is anti-correlated with the solar cycle, and saoitpn
register at the top of the array into individual pixels, rowsa flares (Grant et al. 2002).
variety of patterns as the CCD is clocked. The injected aharg Suzaku is in a 96-minute, low-Earth orbit with an inclination
transferred along with the other charge packets in the array of 32 degrees and gains some protection from cosmic rays by
While the CCDs are reasonably similar, there are a numhfe Earth’'s geomagnetic field (Mitsuda et al. 2007). Manytsrb
of important operational @ierences. The individual frame expo-pass through the South Atlantic Anomaly (SAA), a region of
sure time for XIS is more than twice as long as for ACIS. Giveenhanced particle flux, which requires the instruments &hiog
the same particle or X-ray flux, the longer frame time of X18 wi off. The particle background on the XIS detectors is produced
yield more sacrificial charge than seen on ACIS. Another impdiy cosmic rays that penetrate the spacecraft shieldinguiMiz
tant diference is the operating temperature of the detector. ACéE al. 2004); it is generally lower for XIS than for ACIS and
is kept much colder than XIS-120°C versus-90°C), which re- varies throughout the orbit as a function of the geomagcetic
duces the incidence of warm pixels. Depending on the charatt rigidity, a measure of how well the Earth’s geomagnetic field
teristics of the electron traps, the temperature can alsogdh shields the spacecraft from charged particles (Tawa eDaBR
the measured CTI. In the case of the ACIS Bl CCDs, the ini-
tial CTl is all due to the manufacturing process, and theahit
performance is slightly better at warmer temperatures K8ur

et al. 1997). The CTI of the ACIS FI CCDs is entirely due t@oth ACIS and XIS have on-board radioact®&e sources used
radiation damage, so the CCDs are highly sensitive to tempgjy instrument monitoring and calibration. The ACIS Extairn
ature and have much lower CTI al20°C (Grant et al. 2006). cCalibration Source (ECS) is mounted such that it is only view
Similarly, the row-to-row transfer times are slightlyfigrent be- aple when ACIS is moved out of the focal plane. Observations
tween ACIS and XIS, which, depending on the time constantsgfthe ECS are done twice an orbit, just before and after perig
the electron traps, can change the measured CTI. passages. The ECS provides roughly uniform illuminatiothef
Finally, charge injection, while initially turnedffor the entire focal plane. Fluorescent Al and Ti targets providegiat
XIS detectors, has been the standard operating mode Sifos ke (AIK) and 4.5 keV (Tik), as well as those from the
November 2006 (Uchiyama et al. 2009). In this mode a full ro%Fe source itself at0.7 keV (MnL), 5.9 keV (Mn k), and
of charge is injected every 54 rows, or every 8.2 ms during tige4 keV (Mn Kg).
chip read out. Initially the level of injected charge was iegu The calibration sources on XIS illuminate the upper corners
lent to 6 keV for the FI chips and was much lower, 2 keV, fogf each CCD during all observations. The spectral linesrara f
the BI chip. The level of injected charge for the Bl chip was inpe55Fe source itself at 5.9 keV (Mnd), and 6.4 keV (Mn 1g).
creased to 6 keV in June 2011 (Tsujimoto et al. 2011; LaMathe window of the source holder absorbs the low-energy Mn L
etal. 2012). _ lines. The orientation and approximate size of the regithas i
As already noted above, between the time that ACIS and Xyginated by the calibration sources are shown in Figure 2.
were built, some improvements were made in the Bl manufac- The energy spectra of the ACIS and XIS calibration sources
turing process. The ACIS Bl CCDs had measurable CTI acrogg shown in Figure 3. These data are from the BI CCDs taken
the entire array, including the frame store and serial retdo early in each mission when performance was best. In the megio

ray, from defects induced during the manufacturing pracess  5r0und the Mn i line the spectra from the two sources look
performance of the XIS BI CCD was nearly the same as the iy similar to each other.

CCDs pre-launch, due to an improved thinning process furthe
described in Burke et al. (2004) and Bautz et al. (2004).
For the purposes of this paper, we are only examining pargl-Methodology
lel CTI, or charge loss as a function of row number. Serial,CTI ]
charge loss as a function of columns, is negligible for botg X 3-1. Data and Analysis

ahnd ACIS exceplt in the ca;_e of the ACIIS Bl CCDs, and evefhe gata used here have not gone through the standard pipelin
then itis not evolving on orbit (Grant et al. 2005). processing that is normally applied to data distributedgers.
Standard processihdgs designed to remove some of thieets

2.2. Orbital Radiation Environments we are trying to study here, by applying corrections for Cid a

ACIS and XIS occupy quite ffierent radiation environments. ! See httg/cxc.harvard.ediagthreadgdata. html and
Chandra is in a highly elliptical, 2.7-day orbit that transits ahttp;y/heasarc.gsfc.nasa.gdecgsuzakyanalysigabg

2.3. Calibration Sources
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time-dependent gain changes. The actual performance geen ble. For most of the CCDs it is monotonically decreasing at a
typical user from standard pipeline processed data is nmeh irate of~ 2.4 eV or 0.04% per year at 5.9 kéV.
proved from that reported here. These data have been migimal To determine the feasibility of using only the upper corners
processed, by removing the CCD bias level and by applyingasa a CTI metric, we compared the change in Mnpllseheight
standard grade filter (ASCA G02346) and discarding all atheto the measured CTI for two ACIS chips. The results are shown
event grades. XIS1 and ACIS-S3 are used are representdtivérBFigure 5. Prior to correcting for the known gain change, th
CCDs and XIS3 and ACIS-I3 are representative FI CCDs.  fractional pulseheight change is well-correlated to thé @aft

As the XIS calibration sources only illuminate the uppepanels). After the correction, the correlation is eventtgkright
corners of the CCDs, we filter the data to include only evengénels). The correction ctiigient was fit by eye, finding the
within a rectangular region encompassing the calibratiamee value that best reduced the ACIS-I13 scatter. The corredson
events. The size of the region varies slightly between C®Dis, always less than 0.5% of the total pulseheight.
is roughly 225 pixels square. While the ACIS calibrationrses While the electronics of the two instruments are not identi-
fully illuminate the CCDs, the ACIS data were also filtered teal, there’s no reason to assume this should change the -depen
roughly match the XIS regions. dence of the line centroid on CTI. It is possible, howevesat th

The individual calibration source observations are thdfe harder spectrum of the particle radiation in low Earthitor
grouped together by time in bins of roughly a month. The Aci§ompared taChandra’s higher orbit could produce changes in
data cover the time period from January 2000, when the fodd CT! of the XIS frame store array. To further test this, we
plane temperature was initially lowered to its current ealto have e_xar_mned multiple XIS_observatlons of the Perseus clus
May 2013. The XIS data begin shortly after tBezaku launch t€r which is large enough to illuminate a sybstantlal arethef
in July 2005 and also continue through May 2013. The XIS da&cDs and has been observed numerous times. The cluster spec-
with and without charge injection and the XIS1 data witfieti  trum has a strong line due to He-like iron at 6.5 keV (observed

ent levels of charge injection are binned separately, apéne frame), which can be used, like the Mrkine in the calibration
formance is quite dierent. source, to directly measure the change in line energy asa fun

fion of row. We can then extrapolate this relation to find the |
energy at row zero as a function of time. This value should be
insensitive to increased radiation damage in the imagirayar
d only dependent on changes in the frame store or changes in
electronic gain.
Figure 6 shows this line energy change as a function of time.
. -All the data shown were taken with charge injection active, b
We then make an energy spectrum of the data in each ti ore the BI charge injection level was increased. The ghan

bin. Since we have already appligd a gain correction, the_ WPline energy independent of the imaging array CTl is 0.6% pe
corner regions can be combined into one spectrum and fit sar for XIS1 and 0.2% per year for XIS3. Theffdrence be-

gether for better counting statistics. A Gaussian plus @alin {01 x|S1 and XIS3 may indicate that the cause for the line en
ergy change is radiation damage in the frame store, rataerh

The gain of the detector, or the transformation from puls
height to energy for each event, is determined by fitting
Gaussian to the pulseheight histogram in the initial tinme Bhe
two corner regions must be fit separately, since they arefin 31”
ferent readout nodes and do not have the same gain. This
correction is then applied to all the time bins.

background term is fit to the region around the Mmlihe using

Gehrels weighting (Gehrels 1986) which is a better appraxim : . o : .
tion of the statistical error when the counts in the spediiad electronics gain change. Radiation damage in the frame &tor

can be small or zero. The Gaussian centroid and width are ugaﬁ?ally mitigated by the charge injection, and since thwant

in th b t secti f thi i derstand th F jected charge is smaller for the BI CCD, it receives leds
In the subsequent Sections of this paper to understand e &ation The amount of injected charge is smaller for the BDCC

lution of CTI. Example spectra of the region around the Mn Kthan it is for the FI CCD, so it receives less mitigation. If so

"?\e for _th?:_XIS F|40,2|D W'thh and Wltr;rc])utbcha:r?? gjecthn ar‘Iathese can be considered lower limits for the line energy ghan
shown in Figure 4. AlSo shown are the best it Laussian pPisi e frame store when charge injection is not active andatin

background model. mitigate the charge loss due to radiation damage. After 84 X
charge injection level was increased, we assume that thetin

3.2. A Proxy for Measuring CTI ergy change in the frame store of XIS1 should be equal to that
on XIS3.

A standard measurement of parallel CTI, or charge loss as a

function of row, requires full illumination of the CCD with a _ _

source of known energy. The ECS on ACIS is capable of illumd. Discussion

nating the entire CCD array with photons at a number of sgecif . .

energies, as described in Section 2.3. The CTl on XIS is ca |'—1' CTI Time Evolution

brated in a number of less direct ways, including a novel methwe measure the time evolution of CTI using the change in line
of “checker flag” charge injection described further in Oaawenergy of the Mn i line, as described in the previous section.
et al. (2009). Since the XIS calibration sources are incipalThe change in line energy is plotted in Figure 7 (for XIS) and
of illuminating the full chip, for proper comparison we must  Figure 8 (for ACIS) as the fractional change since the firsada
strict our analysis to the upper corners of the ACIS chipsels w point. Data from both front- and back-illuminated devices a

A change in CTI must change the accumulated charge loss af¢luded, as well as both with and without XIS charge injewti
thus the pulseheight far from the frame store region. A ckang |ncreasing CTl leads to decreasing measured line energy. Al
in pulseheight, however, does not necessarily have to btetel cases show an overall increase in CTI due to radiation damage
to CTl in the imaging array; it could also be due to CTI changes some cases, the CTl increase from radiation damage is-modi
in the frame store or changes in the gain completely unrlate fied by sacrificial charge from the particle background, aksed
radiation damage. For example, ACIS has a known slow change

in the gain as a function of time as measured very close to the See http/space.mit.edtiomegcgrantgain for example plots of the
frame store where imaging array CTl change should be negligain change.
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further in Section 4.3. Charge injection also clearly madithe The evolution of the FI and Bl CCDs look quitefidirent
rate of CTl increase. The rate of change of CTI varies substdrom each other as well. The FI CCDs are much more sensitive
tially between the dferent cases. to sacrificial charge from the particle background than the B
CCDs. The FI CCD decrease is clearly not strictly linear, due
to the changing sacrificial charge which adds both featuoes f
individual solar storms and a larger modification tied togbkr
The use of charge injection for the XIS greatlffexts the in- cycle. Thisis seenin distinct features commonto thg p@a .
genergy and particle backgrounds as a function of time; gerio

ferred change in CTI. Charge injection was not used from &ie . .
ginning of tﬁquuzaku missiogrjl thrJough mid-2006: the rate of line2 10W background correspond to periods of increased CTd, an

energy change is roughly 2.0% per year for the Bl device a t%e versa @ee Figure 9). ThigBI distinctio_n carjnot_be.due to
1.9% per year for the FI device during this time (see Figure 7 1crencesin the number and type of particles impinging on the

The FI and BI devices, while not identical, appear very samil CDs because they are in the same orbital environment, batt mu

: P ; : / result from how the particles interact with the CCD struetur
and the line energy evolution is approximately linear withet Facrificial charge from the changing particle backgrourdithe

4.1.1. Suzaku

We can remove theffects of frame store CTI by assuming tha ; . . X .

the Fl and Bl line energy evolution would be about the samk wit /B! différence will be discussed further in Section 4.3.
the same level of charge injection. As we showed in Sectian 3.

the change in the Bl is larger than that in the FI, presumaely by 2, spectral Resolution Time Evolution

cause the Bl uses a lower level of injected charge. We can use

the Bl value (0.6% per year) as a lower limit for the case of nbhe spectral resolution is measured as the FWHM of the Mn K
charge injection for both the Bl and FI. Then in the absence lbfe. The time evolution of spectral resolution is shown in
charge injection, the upper limit of the line energy changjest Figures 10 and 11 for XIS and ACIS, respectively. Data from
the imaging array is about 1.4% per year for the Bl device ah@th front- and back-illuminated devices are included, ab &8
1.3% per year for the Fl device. both with and without XIS charge injection.

When charge injection was first turned on in 2006, there were The relationship between increasing CTI and spectral reso-
three notable changes. The first is that the line energytenegs lution is not as simple as that for line energy. If an X-rayreve
to nearly its original value, since the charge injectiondorces occupies a single pixel, the charge loss due to CTI esshntial
significant sacrificial charge which improves the measurét C adds an additional noise term to the spectral resolutionciwh
The second is that the rate of change of line energy is shatlowould increase in step with the increased charge loss. loake
with charge injection than without. Finally, the improvemhdue of both ACIS and XIS, many events are split over multiple pix-
to charge injection is larger for the FI CCD than for the BI degls. In that case, charge loss adds additional noise tewwns fr
vice. The rate of line energy change is roughly 1.0% per year fall of the split pixels. In addition, some of the lost chargaym
the BI CCD and 0.36% per year for the FI CCD. After removin§e re-emitted into a trailing pixel which may or may not also b
the gain change measured in Section 3.2, the rate of linggnencluded in the event pulseheight depending on the sizeeof th
change is roughly 0.40% per year for the Bl CCD and 0.16% pi&giling charge and the original split charge. The combiagd
year for the FI CCD. fects of these processes result in a broader FWHM than would

The FyBI difference in 2006 is due to the fact that th&€ measured in the absence of CTI.
amount of charge injected is higher for the FI CCD than for
the Bl CCD (Bautz et al. 2007). In particular, for the FI CCDy 5 1 suzaku
the injected charge level, 6 keV, is higher than the X-rag lin"" ™"
energy of the calibration source and for the Bl CCD the chargée spectral resolution of the XIS devices shows temporal ef
level, 2 keV, is much lower than the line energy. The amount ¢écts from both CTI and operational changes (see Figure 10).
charge injection on the Bl CCD is infiicient to provide the full Initially, before charge injection was turned on, the ratene
potential mitigation. The amount of injected charge on the Brease of spectral resolution for Fl and Bl CCDs was very-simi
CCD was increased in mid-2011 to be equal to the FI CCD aiut, about 50 eV per year. Once charge injection was turned on
since that time the rate of line energy change of the Bl CCD tise performance improved and FWHM dropped to nearly the
0.34% per year, nearly the same as the FI CCD (LaMarr et giitial value. The rate of increase is much slower with clearg
2012). After removing the gain change measured in Sect®n 3injection than without, although again, the FI CCD shows enor
the rate of line energy change for the BI CCD with 6 keV chargmprovement than the BI CCD due to the larger amount of in-
injection is roughly 0.14% per year. jected charge in the FI devices. The FWHM increase is about
9 eV per year for the FI CCD and about 13 eV per year for the
Bl CCD. As discussed in Section 4.1.1, after the increashen t
4.1.2. Chandra amount of injected charge on the BI CCD in mid-2011, the rate
The change in line energy for ACIS is venyfidirent from x1s, ©f FWHM change for the BI CCD improves to about 7 eV per
as can be seen in Figure 8. ACIS does not have the capability &" Very similar to the FI CCD.
inject a known quantity of charge like XIS, so the only saerifi
cial charge is from the particle background and the X-ray-ph@ 5 > chandra
tons themselves. The rate of line energy change is much lower
for ACIS than it is for XIS and is also more irregular, particuThe spectral resolution time dependence for ACleds from
larly for the FI CCD. Assuming a linear decrease, the chasgethat of XIS (see Figure 11). The initial FWHM for both ACIS
roughly 0.12% per year for the Bl CCD and 0.10% per year falevices is much higher than that for XIS. This is due to the pre
the FI CCD. After removing the known gain change discusséalinch manufacturing defects on the Bl CCD (see Section 2.1)
in Section 3.2, the change in ACIS line energy is roughly ®08and the initial radiation damage to the FI CCDs in 1999 (see
per year for the BI CCD and 0.06% for the FI CCD. Section 2.2). The rate of increase, however, is vanishisigiall,
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less than 1 eV per year for the BI CCD and consistent with 18) is a function not only of the accumulated radiation damage
change for the FI CCD. Unlike the line energy, the FWHM evdsut also the sacrificial charge and the focal plane tempersitu
lution shows no obvious dependence on the particle backglou(see Section 4.4).

These basic distinctions in the number and morphology of
particle events can explain some of th&eliences between the
CTl evolution of ACIS and XIS. An additional piece of the puz-
zle is the time-dependence of the particle events thenselve
As stated previously, measured CTl is a function of the arhourigure 9 shows a measure of the ACIS particle background over
of charge deposited on the CCD. Increasing the amount of sfte same time period and with the same binning as the line en-
rificial charge improves performance and lowers CTI. Figize ergy evolution data. In this case the rate of high energytsven
shows images of typical raw CCD frames for both ACIS anijected on-board the spacecraft is used as a proxy for the pa
XIS and both types of CCDs. Essentially all the visible feasu ticle rate. These events are well above the X-ray energgs th
are due to cosmic ray charged particles. While the images-do ¢an be focused by the telescope and can only be caused by par-
clude X-ray events from the calibration sources and (in tisec ticles. The particle background rate is clearly not cortsharn
of XIS) celestial sources, they are nearly invisible duehieirt is lowest in 2001, reaches more than twice that level in 2010,
small size and low numbers. In the absence of controlledgehagind is nearly back to the original low level in 2013. It hasrbee
injection, as is now routine oBuzaku, the most important source shown that this measure of the ACIS particle background Ik we
of sacrificial charge is from particle interactions. correlated over long time-scales with proton fluxes meakshye

The most obvious distinction is that between the FI and Be Advanced Composition Explorer (Stone et al. 1998) space
CCDs due to their structural fiérences. The FI CCDs displaycraft with energies above 10 MeV (Grant et al. 2002). The fowe
large streaks and blobs while the Bl CCDs have much smalarticle fluxes are due to extra shielding provided by tharsol
features. The FI CCDs have an active, depleted region an#hagnetic field during solar maximum. Additional smallerleca
much thicker field-free region in the silicon substrate. Kagy dips can be seen which can be directly linked to increased-hel
events generally interact in the depleted region so thegehiar magnetic shielding during specific solar storms. The sotanss
collected in a small area. Charged particles can traveeserth also produce transient increases in the particle backgrdurt
tire thickness of the CCD, depositing charge along theih pathese are over much shorter timescales, hours to days, asd th
The charge in the field-free region can disperse more freélg not appear in Figure 9.
and produces the large blobs seen in the image. The Bl CCDs We can use these dips in the line energy to quantify the
are fully depleted, without the additional field-free regidhe strength of its dependence on sacrificial charge from the par
charge from particles stays more concentrated into snizltéeis  ticle background. A correction for sacrificial charge is tpair
and streaks. Comparing the Fl and Bl images from a single iite ACIS instrument team’s standard CTI monitoring program
strument, such as ACIS, shows that the total number of particlescribed in Grant et al. (2005), although the correcticiofs
hits is comparable even though their morphology is $tedént. have evolved since then. We can apply these correctionrtsitto

The number of particle events isfilirent between XIS and our line energy data to get a better sense for the true CTlgehan
ACIS. ACIS clearly shows more particle events than XIS, eveh the absence of sacrificial charge from the particle bamkgd.
though the ACIS frame exposure time, 3.2 sec, is less thdn hBhis corrected line energy and the line energy with no cerrec
that of XIS, 8 sec. This is due to the particle environmenhia t tion are shown in Figure 14. The CTI evolution is now much
two orbits.Suzaku is in a low-earth orbit and receives substantisgmoother, with a slightly higher rate of increase duringasol
shielding from the Earth’s magnetic field whi@handra’sorbit maximum (2000-2002). After removing the gain change dis-
takes it well above the magnetosphere and does not recaveatissed in Section 3.2 and assuming a linear dependenceté¢he r
same shielding. of change is now 0.08% and 0.17% per year for the Bl and Fl

This can also be seen in Figure 13 which shows the partiél€Ds, respectively, as compared to the background-undede
background spectrum from each instrument after event récogvalues of 0.08% and 0.06% per year. The FI device is clearly
tion and filtering. The ACIS data was taken while the instrntnemuch more sensitive to sacrificial charge than the Bl device.
was stowed and not under its calibration source, while tig XI Due to the shielding from the Earth’'s magnetic field, the
data was taken looking at the dark Earth. In both cases, tlye olong-term variability of the XIS particle background is yer
X-rays are due to materials fluorescing in the instrumenh wismall. Tawa et al. (2008) found that after removing the atbit
the remainder of the events from particle interactionshBdS modulation and with the exception of a brief period of high so
CCDs have much lower particle background levels than ACI®By activity, the particle background on XIS was constarthimi
due to the dferent orbits. The Bl devices have higher levels6% per year. We have verified that the broad-band (5-13 keV)
than the FI devices, as the larger cosmic ray blooms seereonpharticle background in all three XIS detectors has changed b
FI CCDs are moreféiciently filtered out of the event list. All the less than 4% per year for the range of dates considered in this
devices have the same pixel size, so the comparison is valid. work.

One might assume that the higher particle rate on the ACIS A much stronger variability is induced by the Earth’s geo-
raw frames would translate to faster accumulation of ramiat magnetic field as the spacecraft travels about@6-minute or-
damage, but that is not necessarily the case. One reasaat is ltit. Geomagnetic cutfbrigidity (COR) quantifies the shielding
the raw frames and the particle spectra represent only a snpwvided by the geomagnetic field at a particular orbitaltpms
shot of the relative particle rates at a particular time hBabits High values of COR correspond to regions with higher shigjdi
intersect regions with much higher particle rates (Eanth@i- and therefore lower particle background. In particular, ave
ation belts and the SAA) that will not be seen in the data asing the quantity COR2, as defined in Tawa et al. (2008). The
the instruments are shut down. The total radiation dosagésnecount rate of the particle background more than doublesdextw
to consider the environment during the entire orbit andrduri the highest and lowest COR values (Tawa et al. 2008).
times of high solar activity, not just while data are being-rco  The dependence of line energy on ctit+igidity is shown
lected. A second reason is that the measured CTI (Figured 7 amFigure 15. In general, line energy is only weakly dependen

4.3. CTIl and Spectral Resolution: Dependence on
Background
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on cut-df rigidity, and that dependence disappears when chafgave trap time constants that are shorter, so both the midgeh
injection is active. In the absence of charge injection,lthe and the line width are reasonably independent of the sdatific
energy varies by about 0.2% over the entire range of COR vaharge.
ues for both the Bl and FI CCDs, with slightly higher line ener  The XIS line width, however, does show a weak dependence
gies at low COR, as is expected for sacrificial charge from thé cut-df-rigidity in the absence of charge injection and varies
particle background. With charge injection, this minimepen- by about 15 eV over the entire range of COR values (Figure 16).
dence disappears, as the injected charge completes ovarsvhés it was for the XIS line energy, this dependence disappears
the charge from the particle background. with the use of charge injection, which overwhelms the charg
The ACIS FI CCD line energy appears to have a mudhom the particle background.
stronger dependence on sacrificial charge from the pabtiaik-
ground than the ACIS BI CCD or XIS. Over the entire range of .
ACIS particle background rates, about a factor of two, the li 4-4- €T/ and Spectral Resolution: Dependence on
energy change due to sacrificial charge is about 1.5% forthe F  'emperature
CCD and about 0.01% for the BI CCD. Without charge injecat |east some of the dierences between the evolution of CTI
tion, the XIS line energy chan_ges by only about 0.2% for b(_)gh ACIS and XIS can possibly be due to operating #iedent
Bl and FI CCDs over the entire range of COR values, whiqycg| plane temperatures. ACIS is kept much colder B20°C
is also about a factor of two in particle rates. As discussed g X|S at-90°C, so many of the common electron traps that
fore, the absolute level of the particle background is mughér  ~5,,se CTI have been frozen out. To best measure flezefices
for ACIS than for XIS. For example, in the typical raw imageg, performance, we want to minimize théfect of the sacrificial
shown in Figure 12, the total charge per frame from both parfiharge, both from the particle background on ACIS and charge
cles and X-rays is more than two times higher for ACIS than f@giection onSuzaku. We can compare the line energy evolution
XIS. While this does make sacrificial charge more important f 5t AC|S after the sacrificial charge correction discussethin
ACIS than XIS, the two ACIS CCD types are seeing the samgevious section (Figure 14) to XIS without charge injeatio
p_artlcle flux and yet have flerent sacrificial charge dependen(Figure 7). The rate of change is much higher for XIS than for
cies. . ACIS by a factor of about 18 for the BI CCDs and 7 for the FI
The sacrificial charge fierences between the Bl and Flccps. While this could be due to a higher level of damaging
CCDs on ACIS are partially due to the structurdteliences; the particle radiation, it could also be due to the higher CCD-tem
spatial distribution of the deposited charge is much more-co peratures.
pact on the Bl than on the FI CCD. More importantis that both - potynately, the ACIS team has performed a series of CTI
types of ACIS CCDs start the time period covered here with Sigheasurements at ferent temperatures on two occasions sep-
nificantly more CTI than XIS and the source of the CT1 for eachrated by six years (Grant et al. 2006). We can use these data
is distinct. The FI CCDs were damaged very early in t_he_mlssugo compare the time evolution al20°C and-90°C, determine
from unprotected passages through the Earth's radiatitis, béy oy, arge the CTI change on ACIS would be at either tempera-
while the BI CCD initial CTl is entirely due to manufacturing yyre, and then compare to the actual change measured fooXIS t
The types of electron traps that are causing the charge 18ss &g how much of the fierence is due to temperature rather than
not the same and the typical de-trapping timescales will B&s 5ything else. We have reanalyzed the data used in Grant et al
different. Grant et al. (2005) demonstrates this by comparig {006) to duplicate the data analysis techniques usedsrptbi
fraction of the lost charge that is re-emitted into the failog hor The representative FI CCD in this paper, ACIS-I3, was no
pixel. Itis an order of magnitude higher for the BI CCD thae thj, se during the first set of temperature measurements, so it
Fl, implying the the BI CCD traps have much shorter time Cofis replaced in the analysis of this paragraph by ACIS-S2 whic
stants. The time constants of the FI CCD traps are betteftdic shoy1g have similar characteristics. We can only compage th
to the typical frequency of sacrificial charge due to cosm¥sT |ine energy and not the line width evolution, as the much @igh
and thus their performance is much more sensitive to the icosifaye| of CT1 on ACIS makes measurement of the width at warm
ray rate (Grant et al. 2003). The XIS sacrificial charge depemperatures problematic. The change in line energy witk ti
dence is identical between the FI and Bl CCDs since both theapproximately a factor of four times larger-80°C than at
original CTI and the accumulated CTI are similar. Presumabl 15 This can be compared to the much larger ratio between
the time constants of the XIS traps are shorter than thedypighe ACIS and XIS line energy change in the previous paragraph
frequency of cosmic ray sacrificial charge. _ _ Scaling the ACIS line energy evolution t0°C yields a rate
In contrast to the line energy evolution, the line width fopf change of 0.3%r (BI) and 0.5%yr (FI1), which is still much
ACIS does not appear to have any dependence on the changigiler than the XIS rate of change. While temperature can ex
sacrificial charge. None of the strong features seen in ttee lipjain some of the dierence between the line energy evolution

energy and particle background (Figure 9) are seen in Fijlire of AC|S and XIS, it cannot account for all of thefitirence.
This does not imply that the presence or absence of sadrificia

charge has nofkect on the spectral resolution, just not on the

timescales dealt with in this work. Grant et al. (2003) devet ~gnclusions

oped an event-level pulseheight correction for the FI CC& th

used additional information on the distance and amount®©f s&Vle have compared the on-orbit performance evolution of the
rificial charge along the readout path which did provide son@handra ACIS andSuzaku XIS CCDs, which share similar hard-
improvement of the line width. Because the time constants whre, to better understand thi@ezt of the radiation environment
the FI CCD traps are well matched to the typical frequency of low- and high-Earth orbit. Both instruments havéfeted per-
cosmic ray sacrificial charge, the random distribution eft¢bs- formance degradation due to radiation damage, but opagedtio
mic rays produces additional noise in the spectral resoiufihe differences make this comparison more complicated. Most im-
overall level of cosmic rays, as mapped in this work, doespet portant are the presence of charge injection and the waal f
pear to be as important. The ACIS Bl CCDs, as discussed abguiane temperature on XIS.
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The change in line energy with time was used as a proxy ftite other hand, shows little to no increase in the spectsalue
measuring changing charge transfeflioéency. To reduce con- tion, however the line width was much higher than XIS to begin
fusion with changes in the electronic gain and CTI in the anwith and may be so large as to swamp the smaller incremental
store array, we have removed our best estimates of this eharghanges.

The XIS CCDs show strong, linear time evolution with very This comparison of XIS and ACIS performance evolution
weak dependence on the particle background. Applying ehagmphasizes the importance of the orbital environment. dwe |
injection slows the rate of CTl increase and removes theégbart Earth orbit of Suzaku has the advantage of a much lower and
background dependence entirely. Both Bl and FI devices hastable particle background during observations tiandra
similar rates of change. The ACIS CCDs exhibit much slowavhich is of great value particularly in studies of extendeihf
time evolution than XIS, with strong particle backgroungele- objections. TheChandra particle background during observa-
dence in the FI devices and much weaker dependence in theiBhs is much higher and subject to variations due to thersola
devices. The ACIS FI and Bl devices do not have similar rategcle and solar storms. This is in contrast to the accumdilate

of change, with the FI devices showing stronger evoluti@nth diation damage which is higher f&izaku even after correcting
the Bl devices. for differences in operating temperature and sacrificial charge.

The most equivalent comparison is XIS without charge injed-he addition of charge injection for ttizaku XIS CCDs pro-
tion to ACIS after removing the sacrificial charge from thetpa vides substantial performance improvement. While theashof
cle background. The rate of line energy decrease is A/A@®Il) orbit for future missions is obviously dependent on manydes
and 1.3%yr (FI) for XIS with no charge injection, and 0.0896 beyond the radiation environment, we hope this study will be
(Bl) and 0.18%yr (FI) for ACIS after removing the improve- useful for better informing that choice.
ment due to sacrificial charge. To compensate for tifiemint Acknowledgements. The authors thank blah blah and blah blah for such and
focal plane temperatures, we can use the results of Graht etsgch. This work was supported by NASA contracts NAS 8-37MNAS 8-
(2006) described in Section 4.4 to scale the ACIS data taker38252, and NNX-09AE58G, and by funding from the InstituteSpface and
—120°C, to our best estimate of what it would be-880°C, the Astronauti(;al Scienc_e, Japan Aerospace Exploration Agereed to double-
focal plane temperature for the XIS devices. This incregses Sk funding stuff with Mark.
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Fig. 1. Schematic drawing of the ACIS focal plane. The red squamisate the regions used for data analysis in this paper. Téengstars show
the standard aimpoints on ACIS-13 and ACIS-S3.

Suzaku/XIS ® (ACTX,ACTY)=(1,1) — chargeinjectionrow T, .
schematlc . analysis (calibration source) region TDETX
X1S0 (IS XI$2 XIS3 17.8'
B
@ I.:

Fig. 2. Schematic drawing of the XIS focal plane. The red circlesastie regions illuminated by th&Fe sources.
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Fig. 4. Spectrum of the Mn K line at 5.9 keV for the XIS FI CCD. Without charge injectiorofted line), the line is broader and shifted to lower
energies. Charge injection (dashed line) improves botlirteecentroid and the width. The red line is the best fit Garsgpius linear background.
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differences. The larger blooms produced by particles on the BI &€ more &iciently filtered in the event selection process than on the 8D.
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Fig. 14. Fractional change in ACIS line central energy over the ewfsthe Chandra mission, after correcting for sacrificial charge from the
particle background. For comparison, the dotted lines shewncorrected line energy as in Figure 8.
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Fig. 15. Fractional change in the XIS line energy as a function of gggmetic cut-€ rigidity (COR), averaging over October-November 2006.
Symbols are the same as in Figure 7. Without charge injectiwre is a weak dependence of line energy with COR, withéridjhe energy
associated with lower COR, as is expected for sacrificialggnal he use of charge injection overwhelms tifeas of sacrificial charge from the
particle background (solid symbols). Therlerror bars are shown but are often smaller than the symbed siz
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Fig. 16. XIS Mn Ka line width (FWHM) as a function of COR, averaging over Octebmvember 2006. Symbols are the same as in Figure 10.
Lower cut-df rigidity indicates a higher particle background, therefire narrower line widths at low COR in the absence of chaigetion
(open symbols) are due to sacrificial charge. Use of chaijgetian overwhelms theffects of sacrificial charge, so no dependence on COR is
seen in those data (solid symbols).
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Table 1. Characteristics of MIT Lincoln Laboratory CCDs for ACIS aKts

ACIS XIS
Model CCID17 CCID41
Format 1026 rows 1024 pixelgrow (imaging area)
Architecture 3-phase, frame-transfer, four parallel autpdes
lllumination Geometry 8Fl & 2Bl 2Fl&1BI
Charge Injection Capable no yes
Pixel Size 24 x 24 um
Readout Noise (RMS) 2-3 @t 400 kpix st <2.5¢€ at4lkpix s?t
Depletion Depth Fl: 64—7am; Bl: 30-40um  Fl: 60—65um; BI: 40-45um
Operating Temperature —120°C via radiative cooling —90°C via Peltier cooler
Frame Transfer Time (per row) 46 24us (Cl of); 152us (Cl on)
Frame Exposure Tinfe 3.2s 8.0s
Pre-Launch CTI (1¢P) Fl: <0.3 FI: 0.3-0.5

BI: 1-3 BI: 0.55

@ In normal operating mode.
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