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ABSTRACT

Context. The performance of CCD detectors aboard orbiting X-ray nladeries slowly degrades due to accumulating radiation-da
age.

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 the Chandra X-ray Observadmiy,the X-ray Imaging Spectrometer (XIS) aboard the SuzakayX
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 theégn't forget to fill this in when everything else is done!

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 thghandra 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 oSpectrometer (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 venfferent ra-

are planned to be part of many upcoming missions. diation environments. The two instruments combined hawve pr

Radiation damage is a common concern in all spacecréffced more than eighteen years worth of monitoring datalwhic
components. One symptom of radiation damage in CCDs is Ri®vides a unique opportunity to better understand theioata
increase in the number of charge tra® Ref TBA. When ship between X-ray CCD spectral resolution, radiation dgena
charge is transfered across the CCD to the readout, some gy 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 transfered away bdfereinstruments, spacecraft orbits, and on-board calibra@irces
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 provigeest
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 chips in ACIS and the XIS were fabricated at MIT
Measured CTl is a function of fluence, or, more specificallj;incoln Laboratory and are very similar in design. The ACIS
the amount of charge deposited on the CCD. As the fluence @€Ds predate the XIS CCDs by nearly a decade so soffex-di
creases, traps filled by one charge packet may remain fillad agnces do exist.
second charge packet is transferred through the pixel. #&e 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-illumated topause and past the bow shock into the solar wind (O’'Dell et a
(BI). The layout of the ACIS devices is shown in Figure 1. Th2000). Soon after launch it was discovered that the FI CC@s ha
CCD characteristics are summarized in Table 1 and desdibedufered radiation damage from exposure to soft protefsi—
detail by Garmire et al. (2003). 0.5 MeV) scatteredfd Chandra’'s grazing-incidence optics dur-
Suzaku has four XIS instruments, each with an indepenng passages through the radiation belts (Prigozhin el080R
dent X-ray Telescope (XRT) and focal plane assembly. The folhe Bl CCDs were urféected due to the much deeper buried
devices are model CCID41, comprising three FI chips (XIS@hannel. Since the discovery of the radiation damage, AGES h
X1S2, and XIS3) and one BI (XIS1). The layout of the XIS debeen protected during radiation belt passages by movingtit o
vices is shown in Figure 2. One of the FI devices (X1S2) was the focal plane. Radiation damage to the CCDs has corttinue
damaged by a likely micrometorite strike in October 2006 arat a much slower rate, due to soft protons scattered by thesopt
has been unused since that time. The CCDs are summarizedunng observations, and strongly penetrating solar piotnd
Table 1 and described in detail by Koyama et al. (2007). TH& Xtosmic rays which pass through the spacecraft shielding. Th
devices are physically very similar to the ACIS devices witle  particle background on the detector consists of a quiegz@nt
notable exception, the addition of charge injection cafi@s tion that is anti-correlated with the solar cycle, and sotitpn
in the XIS CCID41 (Bautz et al. 2007). This allows a contrdlleflares (Grant et al. 2002).
amount of charge to be injected from a register at the topef th Suzakuis in a 96-minute, low-Earth orbit with an inclination
array into individual pixels, rows, or a variety of patteassthe of 32 degrees and gains some protection from cosmic rays by
CCD is clocked. The injected charge is transfered along thith the Earth’s geomagnetic field (Mitsuda et al. 2007). Manytsrb
other charge packets in the array. pass through the South Atlantic Anomaly (SAA), a region of
While the CCDs are reasonably similar, there are a numbathanced particle flux, which requires the instruments tshiog
of important operational tfierences. The individual frame expo-oftf. The particle background on the XIS detectors is produced
sure time for XIS is more than twice as long as for ACIS. Giveby cosmic rays that penetrate the spacecraft shieldinguiiz
the same particle or X-ray flux, the longer frame time of XI®t al. 2004); it is generally lower for XIS than for ACIS and
will yield more sacrificial charge than seen on ACIS. Anotheraries throughout the orbit as a function of the geomagetic
important diference is the operating temperature of the detectof rigidity, a measure of how well the Earth’s geomagnetic field
ACIS is kept much colder than XIS, which reduces incidenchields the spacecraft from charged particles (Tawa eDaBR
of warm pixels. Depending on the characteristics of thetedec
traps, the temperature can also change the measured Chig Int I
case of the ACIS Bl CCDs, the initial CTl is all due to damagé-3- Calibration Sources

during manufacturing, and the performance is slightlydsedt Both ACIS and XIS have on-board radioactf?€e sources used
warmer temperatures. The CTI of the ACIS FI CCDs is entirebgr instrument monitoring and calibration. The ACIS Extarn
due to radiation damage, so the CCDs are highly sensitived@ibration Source (ECS) is mounted such that it is only view
temperaure and have much lower CTI-t20C (Grant et al. aple when ACIS is moved out of the focal plane. Observations
2006). Similarly, the row-to-row transfer times are sligidif-  of the ECS are done twice an orbit, just before and after perig
ferent which, depending on the time constants of the electrgpe ECS provides roughly uniform illumination of the entioe
traps, can change the measured CTI. cal plane. Fluorescent Al and Ti targets provide lines ak#\s
Finally, charge injection, while initially turnedfbfor the (AIK) and 4.5 keV (TiKe), as well as those from thePFe
XIS detectors, has been the standard operating mode siggfrce itself at-0.7 keV (MnL), 5.9 keV (Mn Ky), and 6.4 keV
November 2006 (Uchiyama et al. 2009). In this mode a full roygin K ).
of charge equivalent to 6 keV for the FI chips (2 keV for the Bl The calibration sources on XIS illuminate the upper corners
chip) is injected every 54 rows, or every 1.3 ms during th@ chhf each CCD during all observations. The spectral linesrara f
read out..T_he level of injected charge was increased to 6 he\( the55Fe source itself at 5.9 keV (Mndg, and 6.4 keV (Mn Ig).
the Bl chip in June 2011, however we exclude those obsen&tiorhe window of the source holder absorbs the low-energy Mn L

from the analysis presented here. _ lines. The orientation and approximate size of the regithas i
As already noted above, between the time that ACIS and X}ginated by the calibration sources are shown in Figure 2.

were built, some improvements were made in the Bl manufactur

ing process. The ACIS Bl CCDs had measurable CTI across the

entire array, including the framestore and serial readoatya 3. Methodology
from defects induced in during the manufacturing procebe. T )
performance of the XIS Bl CCD was nearly the same as the fi1. Data and Analysis

CCDs pre-launch, due to an improved thinning process forthgne gata used here have not gone through the standard pipelin
described in Burke et al. (.2004) and Bautz et al. (200.4)' ocessing that is normally applied to data distributedsers.

For the purposes of this paper, we are only examining pargienqard processirlgs designed to remove some of théeets
lel CTI, or charge Ioss_as a function of_row nL_meer. Serial CTfe are trying to study here, by applying corrections for Cid a
charge loss as a function of columns, is negligible for bot8 X e _gependent gain changes. The actual performance geen b
and ACIS except in the case of the ACIS BI CCDs, and evefy,ica| yser from standard pipeline processed data is nmaeh i
then itis not evolving on orbit. proved from that reported here. The data have been minimally

processed, by removing the CCD bias level and by applying a

2.2. Orbital Radiation Environments standard grade filter (ASCA G02346) and discarding all oth-

) o _ ers. XIS1 and ACIS-S3 are used are representative Bl CCDs and
ACIS and XIS occupy quite dlierent radiation environments.x|S3 and ACIS-I3 are representative FI CCDs.

Chandra is in a highly elliptical, 2.7-day orbit that transits a
wide range of particle environments, from the Earth’s ridia ! See httg/cxc.harvard.ediagthreadgdata. html and
belts at closest approach through the magnetosphere amemadttp;/heasarc.gsfc.nasa.gdecgsuzakyanalysigabg
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As the XIS calibration sources only illuminate the uppevalue that best reduced the ACIS-I3 scatter. The corredsion
corners of the CCDs, we filter the data to include only evenddways less than 0.5% of the total pulseheight.
within a rectangular region encompassing the calibratiamee While the electronics of the two instruments are not iden-
events. The size of the region varies slightly between C®DS, tical, there’s no reason to assume the relationship of the li
is roughly 225 pixels square. While the ACIS calibrationre@s centroid to CTl would be any fierent for XIS than for ACIS.
fully illuminate the CCDs, the data were also filtered to rfolyg Waiting for more from Bev/Eric. Using multiple observa-
match the XIS regions. tions of Perseus cluster to put limits on the pulseheight
The individual calibration source observations are theihange that's not fromimaging array CTI.
grouped together by time in bins of roughly a month. The ACIS
data cover the time period from January 2000, when the fo%l . .
plane temperature was initially lowered to its current ealto ™ Discussion
February 2011. The XIS data begin shortly after ®w2aku 4.1. CcTI Time Evolution
launch in July 2005 and continue through February 2011. The ) ) ) o
XIS data with and without charge injection are binned sep/e measure the time evolution of CTl using the change in line
rately, as the performance is quitefeient. energy of the Mn k line, as described in the previous section.

The gain of the detector, the transformation from pulsefiteig! '€ change in line energy is plotted in Figure 5 (for XIS) and

to energy for each event, is determined by fitting a Gaussianfi9ure 6 (for ACIS) as the fractional change since the firsada

the pulseheight histogram in the initial time bin. The tworesr PO'Intd Ddata frorn bOLh fgonft-handdchrl](-illuminatﬁd deyigee.a
regions must be fit separately, since they are fredint readout Ncluded, as well as both with and without XIS charge injecti

nodes and do not have the same gain. This gain correctioris th _Ncréasing CTl leads to decreasing measured line energy. Al
applied to all the time bins. cases show an overall increase in CTI due to radiation damage

We then make an energy spectrum of the data in each ti In some cases, the CTl increase from radiation damage is-modi

bin. Since we have already applied a gain correction, the t[ﬁ]eed by sacrificial charge from the particle background,assed

. . . ther in Section 4.3. Charge injection also clearly meditihe
corner regions can now be combined into one spectrum and #

together. A Gaussian plus a linear background term is fitéo thal(le (?afei;/—éler;lc{ﬁgz(;.ergrﬁ égtseegf change of CTl varies substan
region around the Mn K line. The Gaussian centroid and width y '

are used in the subsequent sections to understand theiewmolut

of CTI. Example spectra of the region around the Mnlite for  4.1.1. Suzaku

the XIS FI CCD with and without charge injection are shown L&’[‘F use of charge injection for the XIS greatifieats the in-

erred change in CTI. Charge injection was not used from the
beginning of theSuzaku mission through mid-2006; the rate of
line energy change is roughly 2% per year during this time (se
3.2. A Proxy for Measuring CTI Figure 5). The Fl and Bl devices, while not identical, appeay
similar. The line energy evolution appears to be approéfyat
A standard measurement of parallel CTI, or charge loss asifear with time.
function of row, requires full ilumination of the CCD with a._ When Charge injection is turned on, there are three notable
source of known energy. The ECS on ACIS is capable of ¢hanges. The first is that the line energy is restored to yearl
luminating the entire CCD array with photons at a number @ original value, since the charge injection producesiicant
specific energies, as described in Section 2.3. The CTI on Xd§crificial charge which improves the measured CTI. Thers:co
is calibrated in a number of less direct ways, including aehovis that the rate of change of line energy is shallower thahauit
method of “checker flag” charge injection described furtimer charge injection. Finally, the improvement due to chargecin
Ozawa et al. (2009). Since the XIS calibration sources are ijon is larger for the FI CCD than for the Bl device. The rate
capable of illuminating the full chip, for proper comparisee of jine energy change is roughly 1.0% per year for the Bl CCD
must restrict our analysis to the upper corners of the ACIBCh and 0.4% per year for the FI CCD. The/Bl difference is due
as well. A change in CTI must change the accumulated chaigethe fact that the amount of charge injected is higher fer th
loss and thus the pulseheight far from the framestore regionF| CCD than for the BI CCD (Bautz et al. 2007). In particular,
change in pulseheight, however, does not necessarily bawe t for the FI CCD the injected charge level is higher than theay(-r
related to CTI; it could also be due to changes in the gain colfre energy of the calibration source and for the BI CCD is muc
pletely unrelated to radiation damage. For example, ACESehaower than the line energy. The amount of charge injection on
known slow change in the gain as a function of time as measukg@ B| CCD is instiicient to provide the full potential mitiga-
very close to the framestore where CTI change should be-neglpn. It should be noted that the amount of injected chargien
gible. For most of the CCDs it is monotonically decreasing atg| CCD was increased in mid-2011 and since that time the rate
rate of~ 2.4 eVlyr or 0.04%yr at 5.9 ke\V2 of line energy change of the BI CCD is nearly the same as the FI
To determine the feasibility of using only the upper corneiGCD (LaMarr et al. 2012). We have not included the recent data
as a CTI metric, we compared the change in Mnpulseheight in this analysis.
to the measured CTI for two ACIS chips. The results are shown
in Figure 4. Prior to correcting for the known gain change, th
fractional pulseheight change is well-correlated to the @t 4-1-2- Chandra
panels). After the correction, the correlation is eventeglright  The change in line energy for ACIS is venyigirent from XIS,
panels). The correction cfigient was fit by eye, finding the a5 can be seen in Figure 6. ACIS does not have the capability to
inject a known quantity of charge like XIS, so the only sacidi

2 See http/space.mit.edtiomécgrantgain for example plots of the charge is from the particle background and the X-ray photons
gain change. themselves. The rate of line energy change is much lower for

Figure 3. Also shown are the best fit Gaussian plus backgro
model.
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ACIS than it is for XIS. Assuming a linear decay, the change 3ease, however, is vanishingly small, less than 1 eV per yea
roughly 0.12% per year for the Bl CCD and 0.07% per year féor the Bl CCD and consistent with no change for the FI CCD.
the FI CCD. Unlike the line energy, the FWHM evolution shows no obvious

The evolution of the Fl and Bl CCDs look quitefitirent as  dependence on the particle background.
well. The FI CCDs appear to be much more sensitive to sacri-
ficial charge from the particle background than the Bl CCD
The decrease is clearly not strictly linear, due to the chang
sacrificial charge which adds both features from indivicuodhr
storms and a larger modification tied to the solar cycle. This As stated previously, measured CTl is a function of the arhoun
seen in distinct features common to the plots of line enengly aof charge deposited on the CCD. Increasing the amount of sac-
particle backgrounds as a function of time; periods of lowkba rificial charge improves performance and lowers CTI. Figioe
ground correspond to periods of increased CTI, and viceavetshows images of typical raw CCD frames for both ACIS and
(see Figure 7). This cannot be due tdfeliences in the number XIS and both types of CCDs. Essentially all the visible feasu
and type of particles impinging on the CCDs because theynareare due to cosmic ray charged particles. While the images-do i
the same orbital environment, but must result from how thre palude X-ray events from the calibration sources and (in teec
ticles interact with the CCD structure. Sacrificial chargenf of XIS) celestial sources, they are nearly invisible duehigirt
the changing particle background and th¢gBFidifference will small size and low numbers. In the absence of controllechehar
be discussed further in Section 4.3. injection, as is now routine on Suzaku, the most importamtc
of sacrificial charge is from particle interactions.

The most obvious distinction is that between the FI and BI
CCDs due to their structural fierences. The FI CCDs display

The spectral resolution is measured as the FWHM of the Mn Karge streaks and blobs while the BI CCDs have much smaller
line. The time evolution of spectral resolution is shown if¢atures. The FI CCDs have an active, depleted region and a
Figures 8 and 9 for XIS and ACIS, respectively. Data from botRuch thicker field-free region in the silicon substrate. Ky
front- and back-illuminated devices are included, as webath €vents generally interact in the depleted region so thegehiar
with and without XIS charge injection. collected in a small area. Charged particles can traveeserth
The relationship between increasing CTI and spectral redi€ thickness of the CCD, depositing charge along theih pat

lution is not as simple as that for line energy. If an X-rayreve | "€ charge in the field-free region can disperse more freely
occupies a single pixel, the charge loss due to CTI essntidi"d Produces the large blobs seen in the image. The Bl CCDs
adds an additional noise term to the spectral resolutiothen re fully depleted, without the additional field-free regidhe
case of both ACIS and XIS, many events are split over multipf&arge from particles stays more concentrated into sntztés

pixels. In that case, charge loss adds additional noisesteom ~ @nd streaks. Comparing the Fl and Bl images from a single in-
all of the split pixels. In addition, some of the lost chargayrhe Strument, such as ACIS, shows that the total number of jartic

re-emitted into a trailing pixel which may also be includedie €VeNts is comparable even though their morphology is gerdi

event depending on the size of the trailing charge. The coetbi ent.

effects of these processes result in a broader FWHM than woyd The number of particle events isfiéirent between XIS and
be measured in the absence of CTI. ACIS. ACIS clearly shows more particle events than XIS, even

though the ACIS frame exposure time, 3.2 sec, is less thdn hal
that of XIS, 8 sec. This is due to the particle environmenhim t
4.2.1. Suzaku two orbits. Suzaku is in a low-earth orbit and receives sl

i ) shielding from the Earth’s magnetic field while Chandrakior
The spectral resolution of the XIS devices shows temporal ghyes it well above the magnetosphere and does not receive th

fects from both CTI and operational changes (see Figure 84me shielding.
Initially, before charge injection was turned on, the raténe  one might assume that the higher particle rate on the ACIS
crease of spectral resolution for Fl and BI CCDs was very-simiy; frames would translate to faster accumulation of rémfiat
lar, about 70 eV per year. Once charge injection was turned @ mage, but that is not necessarily the case. One reasaat is th
the performance improved and FWHM dropped to nearly thgese raw frames represent only a snapshot of the relatitie pa
initial value. The rate of increase is much slower with clearge rates at a particular time. Both orbits intersect regiaith
injection than without, although again, the FI CCD showsenogy,,ch higher particle rates (Earth’s radiation belts and3Ad)
improvement than the BI CCD due to the larger amount of ifnat will not be seen in the raw frames as the instruments are
jected charge in the FI devices. The FWHM increase is abay{,,t down. The total radiation dosage needs to considerthe e
12 eV per year for the FI CCD and about 28 eV per year for thgonment during the entire orbit and during times of higteso
BI CCD. As discussed in Section 4.1.1, after the increasben tyqjvity, not just while data is being collected. A seconalsen is
amount of injected charge on the BI CCD in mid-2011, the Fhat the measured CTI (Figures 5 and 6) is a function not ohly o
and Bl CCDs have nearly the same rate of FWHM change.  he accumulated radiation damage, but also the sacrificiabe
and the focal plane temperatures (see Section 4.4).
4.2.2. Chandra 'I_'hese basic distinctio_ns in the numb(_er and morphology of
particle events can explain some of th&eliences between the
The spectral resolution time dependence for AClBeds from CTI evolution of ACIS and XIS. An additional piece of the puz-
that of XIS (see Figure 9). The initial FWHM for both ACISzle is the time-dependence of the particle events thenselve
devices is much higher than that for XIS. This is due to the prBigure 7 shows a measure of the ACIS particle background over
launch manufacturing defects on the Bl CCD (see Section 2thg same time period and with the same binning as the line en-
and the initial radiation damage to the FI CCDs in 1999 (seggy evolution data. In this case the rate of high energytsven
Section 2.2), before the time period shown here. The rate-of rejected on-board the spacecraft is used as a proxy for ttie pa

%.3. CTl and Spectral Resolution: Dependence on
Background

4.2. Spectral Resolution Time Evolution
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cle background rate. These events are well above the X-gty ershown in Figure 10, the total charge per frame from both parti
gies that can be focused by the telescope and can only bedcaudes and X-rays is more than two times higher for ACIS than for
by particles. The particle background rate is clearly noistant XIS.

but is lowest in 2001 and reaches more than twice that level in In contrast to the line energy evolution, the line width for
2010. It has been shown that this measure of the ACIS partidl€lS does not appear to have any dependence on sacrificial
background is well correlated over long time-scales wititgm charge. None of the strong features seen in the line enegy an
fluxes measured by the Advanced Composition Explorer (Stoparticle background (Figure 7) are seen in Figure 9. The XIS
et al. 1998) spacecraft with energies above 10 MeV (Grditte width, however, does show a weak dependence onftut-o
et al. 2002). The lower particle fluxes are due to extra shieldgidity in the absence of charge injection (Figure 18&ed

ing provided by the solar magnetic field during solar maximurmore here. refer back to section 4.2, make revelant to sac-
Additional smaller scale dips can be seen which can be djirectificial charge.

linked to increased heliomagnetic shielding during spesiiar
storms. The solar storms also produce transient increashbs i
particle background, but these are over much shorter tiahesc
hours to days, and thus do not appear in Figure 7.

We can use these dips in the measured CTI or line enemgyleast some of the dlierences between the evolution of CTI
to quantify the strength of its dependence on sacrificialgdia on ACIS and XIS can possibly be due to operating #fledént
from the particle background. A correction for sacrificibbege focal plane temperatures. ACIS is kept much colder 520°C
is part of the ACIS instrument team’s standard CTI monitgrinthan XIS at-90°C, so many of the common electron traps that
program described in Grant et al. (2005), although the ctice  cause CTI have been frozen out. In order to minimize ffece
factors have evolved since then. We can apply these carrectbf the sacrificial charge from the particle background, we ca
factors to our line energy data to get a better sense for tiee tcompare the line energy evolution of ACIS after the sacafici
CTI change in the absence of sacrificial charge from thegarti charge correction discussed in the previous section (Eig)
background. This corrected line energy and the line eneitfy wto XIS without charge injection (Figure 5). The rate of chausy
no correction are shown in Figure 11. The CTI evolution is nowuch higher for XIS than for ACIS by about an order of magni-
much smoother, with a slightly higher rate of increase dyrirtude for both the Fl and Bl CCDs. While this could be due to a
solar maximum (2000-2002). After removing the gain changsigher level of damaging particle radiation, it could algodue
discussed in Section 3.2 and assuming a linear dependéecetd the higher CCD temperaturehis comparison isn’t com-
rate of change is now 0.16% and 0.08% per year for the FI apitely fair yet — I'm removing the gain decrease for ACIS
Bl CCDs, respectively, as compared to the uncorrected saltie which reduces the final CTI change number, but I'm not do-
0.07% and 0.12% per year. ing anything equivalent for XIS

Due to the shielding from the Earth’s magnetic field, the Fortunately, the ACIS team has performed a series of CTI
long-term variability of the XIS particle background is yer measurements atfiiérent temperatures on two occasions sepa-
small. Tawa et al. (2008) found that after removing the atbitrated by six years (Grant et al. 2006). We can use this data to
modulation and with the exception of a brief period of high seccompare the time evolution at120°C and-90°C, determine
lar activity, the particle background on XIS was constarthisi  how large the CTI change on ACIS would be at either tempera-
+6% per yearEric working on an update with longer time ture, and then compare to the actual change measured fooXIS t
scale since Tawa’s is only six months. see how much of the fierence is due to temperature rather than

A much stronger variability is induced by the Earth’s geacanything else. We have reanalyzed the data used in Grant et al
magnetic field as the spacecraft travels about@8§-minute or- (2006) to duplicate the data analysis techniques usedsrptzi
bit. Geomagnetic cut{brigidity (COR) quantifies the shielding per. The representative FI CCD, ACIS-I3, was not in use durin
provided by the geomagnetic field at a particular orbitalfpms  the first set of temperature measurements, so it is replaced i
High values of COR correspond to regions with higher shigldi this analysis by ACIS-S2 which should have similar chamste
and therefore lower particle background. In particular,ave tics. We can only compare the line energy and not the linetwidt
using the quantity COR2, as defined in Tawa et al. (2008). Theolution, as the much higher level of CTl on ACIS makes mea-
count rate of the particle background more than doublesdztw surement of the width at warm temperatures problematic. For
the highest and lowest COR values (Tawa et al. 2008). The d®th the Fl and Bl CCDs, the change in line energy with time
pendence of line energy on cuffaigidity is shown in Figure 12. is about three times larger aB0°C than at-120°C which can
In general, line energy is only weakly dependent on diitigid- be compared to the order of magnitud&elience in the previous
ity, and that dependence disappears when charge injestiw: i paragraph. While temperature can explain some of fierdnce
tive. In the absence of charge injection, the line energiesdyy between the line energy evolution of ACIS and XIS, it canmet a
about 0.1% over the entire range of COR values for both the Bbunt for all of the diference.
and Fl CCDs, with slightly higher line energies at low COR, as
is expected for sacrificial charge from the particle backgoh .

With charge injection, this minimal dependence disappess - Conclusions

the injected charge completes overwhelms the charge frem foncjysions TBD. Summarize what we've said so far, try to

particle background. make it make sense.
ACIS line energy appears to have a much stronger depen-

dence on sacrificial charge from the particle background tha | ine evolution.

XIS. This is because the absolute level of the particle back-

ground is much higher for ACIS than for XIS, so even at the- XIS no ClI, strong time evolution, weak particle background
lowest COR and highest count rate, the sacrificial chargm fro dependence

the XIS particle background isn’t fiicient to make much fier-  — XIS with ClI, slower time evolution, no particle background
ence in the line energy. For example, in the typical raw irsage dependence

4.4, CTI and Spectral Resolution: Dependence on
Temperature
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— ACIS, even slower time evolution, strong particle back-
ground dependence (FI more than BI)

— XIS no ClI, 2%yr (no sac. charge correction necessary; low,
non-varying particle background)

— XIS with ClI, 0.4%yr (FI), 1.0%yr (BI) (Bl with new Cl is
~same as Fl)

— ACIS sac. charge removed, 0.16/0(FI), 0.08%yr (BI)

— ACIS sac. charge removed, corrected to -90C, Qyt%&1),
0.2%yr (BI). Still smaller than XIS no Cl=> XIS dosage
is larger?

— XIS FI/BI line energy change about the same, ACIZBFFI
not the same=> ACIS getting more soft particles than XIS.

Spectral resolution. (This is harder, working on the logic)
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Chandra/ACIS
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Fig. 1. Schematic drawing of the ACIS focal plane. The orange sguaidicate the regions used for data analysis in this paper.gfeen stars
show the standard aimpoints on ACIS-13 and ACIS-S3.

Suzaku/XIS ® (ACTX,ACTY)=(,1) — charge injection row DETY
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[S2 XIS3 17.8'
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Fig. 2. Schematic drawing of the XIS focal plane. The orange cirshesv the regions illuminated by tfeFe sources. The light grey lines indicate
the direction and spacing of the charge injection rows.
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Fig. 3. 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 bothirteeentroid and the width. The red line is the best fit Garsgpius linear background.



Catherine E. Grant et al.: ThefEcts of Orbital Environment on X-ray CCD Performance

1.01 1.01
1.00F + ] 1.00F + ]
e, Ty
0.99F : 0.99F N :
— H " "o
T 098} + Y 0.98F 1
] 5
% 0.97 . . . £ 097 . . .
> 120 125 130 135 140 120 125 130 135 140
% CTI (x 10%) S CTI (x 10%)
= 1.01 2o
@ ©
S 1.00F -l;,h* E < 1.00F \\w E
Q
<
— 0.99F %& 1 0.99F 1
0.98F 1 0.98F 1
0.97 . . . 0.97 . . .
1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 2.5 3.0
CTI (x 10°) CTI (x 10°)

Fig. 4. CTI (x1CP) versus the fractional change in MKine energy for two ACIS devices, the FI CCD I3 (top) and thed®D S3 (bottom), as
measured from the upper corners of each chip. The left pahels the measured data, while the right panels show dataated for a slow gain
decrease, discussed in the text. The CTI and pulseheightedreorrelated.
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show FI and BI devices with charge injection (CI) on arii ®he 1o error bars are not shown but are smaller than the symbol.sizes
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Fig. 6. Fractional change in ACIS line central energy over the awafsthe Chandra mission, as measured at MKThe dfects of varying
particle background and sacrifical charge are seen in th&AE(FI) data. The Ir error bars are not shown but are smaller than the symbol. sizes
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Fig. 11. Fractional change in ACIS line central energy over the eawfsthe Chandra mission, after correcting for sacrificial charge from the
particle background. For comparison, the dotted lines sthevwncorrected line energy as in Figure 6.
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Fig. 12. Fractional change in the XIS line energy as a function of gegmetic cut-€ rigidity (COR), averaging over October-November 2006.
Symbols are the same as in Figure 5. Without charge injectiwre is a weak dependence of line energy with COR, withdridjhe energy
associated with lower COR, as is expected for sacrificiatgihalhe use of charge injection overwhelms tifeas of sacrificial charge (solid
points) from the particle background. Therlerror bars are not shown but are smaller than the symbol.sizes
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Fig. 13. XIS Mn Ke line width (FWHM) as a function of COR, averaging over Octeb®vember 2006. Symbols are the same as in Figure 8.
Lower cut-df rigidity indicates a higher particle background, thereftre narrower line widths at low COR in the absence of chaigetion
(open points) are due to sacrificial charge. Use of chargetiimn overwhelms thefects of sacrificial charge, so no dependence on COR is seen
in those data (solid points).

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 24um
Readout Noise (RMS) 2-3 @t 400 kpix st <25¢€ at 41 kpix st
Depletion Depth Fl: 64—76m; Bl: 30-40um  Fl: 60—65um; BIl: 40-45um
Operating Temperature —120°C via radiative cooling —90°C via Peltier cooler
Frame Transfer Time (per row) 43 24us
Frame Exposure Tinfe 3.2s 8.0s
Pre-Launch CTI (1) Fl: <0.3 FI: 0.3-0.5

BI: 1-3 BI: 0.55

@ In normal operating mode.
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