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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 they.

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 #iiciency 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 oSpectrometer (XIS) on thBuzaku 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 traf® 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 béfereinstruments, 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 fractional charge loss per pixel. As a result, the amotint
charge (or the pulseheight) read out from the instrument de-
creases with increasing transfer distance; since thiepalght 2. Description of the Instruments
corresponds directly to the incoming X-ray photon energg, t -
measupred energy al};o decreases. Ingadditi)é)rr]), the spaﬂghi 2.1. CCD Detector Characteristics

tion degrades due to noise in the charge trapping and res&mis The CCD chips in ACIS and the XIS were fabricated at MIT
process, non-uniform trap distribution, and variations@p oc- | jncoln Laboratory and are very similar in design. The ACIS
cupancy. All of these processes apply to the charge in eaeh pi ccps predate the XIS CCDs by nearly a decade so soffez-di
so multi-pixel X-ray events will be more degraded than $#Agl ences do exist.
pixel events. Chandra has a single X-ray telescope and a moveable
Measured CTI is a function of fluence, or, more specificallcience Instrument Module (SIM), which can move ACIS in and
the amount of charge deposited on the CCD. As the fluence out of the telescope focus. The ACIS focal plane consistsrof t
creases, traps filled by one charge packet may remain fillad aSCD devices (MIT Lincoln Laboratory CCID17), eight of which
second charge packet is transferred through the pixel. &te sare front-illuminated (FI) and two of which are back-illumaited
ond charge packet sees fewer unoccupied traps as a resudt of Bl). The layout of the ACIS devices is shown in Figure 1. The
previous “sacrificial charge” and loses less charge thawitldy CCD characteristics are summarized in Table 1 and desciribed
have otherwise (Gendreau et al. 1993). This sacrificial gghardetail by Garmire et al. (2003).
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Suzaku has four XIS instruments, each with an indepering passages through the radiation belts (Prigozhin ei080R
dent X-ray Telescope (XRT) and focal plane assembly. The folihe 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, AGE h
X1S2, and X1S3) 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 pioand
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 quiegmmt
notable exception, the addition of charge injection cafigs tion that is anti-correlated with the solar cycle, and soéitpn
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 read out along with tiiee 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 numbasrhanced 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 shieldinguiuiz
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 incidencshields 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 entirebgy 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 slightif-  of the ECS are done twice an orbit, just before and after perig
ferent which, depending on the time constants of the electrgne 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 (TiKa), as well as those from the’Fe
XIS detectors, has been the standard operating mode siggfrce itself at0.7 keV (MnL), 5.9 keV (Mn Ky), and 6.4 keV
November 2006 (Uchiyama et al. 2009). In this mode a full roygin K g)
of charge equivalent to 6 keV for the Fl 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. The level of injected charge was increased to 6 &V fhe55Fe source itself at 5.9 keV (Mndg, and 6.4 keV (Mn IB).
the Bl chip in June 2011, however we exclude those obsengtiorhe 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 BI CCD was nearly the same as the #{L. Data and Analysis

CCDs pre-launch, due to an improved thinning process furthe,o gata used here have not inali
1 . gone through the standard gipelin
described in Burke et al. (2004) and Bautz et al. (2004). ocessing that is normally applied to data distributedgers.
For the purposes of this paper, we are only examining pargieandard processirgs designed to remove some of thigeets
lel CTI, or charge Ioss_as a function of.row nl_meer. Serial CTle are trying to study here, by applying corrections for Ciid a
charge loss as a fl_mctlon of columns, is negligible for botf X time-dependent gain changes. The actual performance geen b
and ACIS except in the case of the ACIS Bl CCDs, and evefica| user from standard pipeline processed data is nmaeh |
then itis not evolving on orbit. proved from that seen here. The data have been minimally pro-
cessed, by removing the CCD bias level and by applying a stan-
2.2. Orbital Radiation Environments dard grade filter (ASCA G02346) and d?scarding all other§XI
] o . and ACIS-S3 are used are representative Bl CCDs and XIS3 and
ACIS anq XIS occupy quite tierent radlat|or_1 environments. AC|S-I3 are representative FI CCDs.
Chandra is in a highly elliptical, 2.7-day orbit that transits a  As the XIS calibration sources only illuminate the upper
wide range of particle environments, from the Earth’s radie  corners of the CCDs, we filter the data to include only events
belts at closest approach through the magnetosphere amemagiithin a rectangular region encompassing the calibrationee

topause and past the bow shock into the solar wind (O’Dell et @yents. The size of the region varies slightly between C®DS,
2000). Soon after launch it was discovered that the FI CCds ha

sufered radiation damage from exposure to soft protefisl—~ ! See httg/cxc.harvard.ediagthreadgdata. html and
0.5 MeV) scatteredft Chandra’s grazing-incidence optics dur- httpy/heasarc.gsfc.nasa.gdecgsuzakyanalysigab¢
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is roughly 225 pixels square. While the ACIS calibrationre®s also be more specific electronic gain changes versus frame-
fully illuminate the CCDs, the data were also filtered to rolyg store CTI changes
match the XIS regions.
The individual calibration source observations are then _. .
grouped together by time in bins of roughly a month. The ACI4: Discussion
data cover the time period from January 2000, when the focal <7 Time Evolution
plane temperature was initially lowered to its current ealo
February 2011. The XIS data begin shortly after thgaku We measure the time evolution of CTI using the change in line
launch in July 2005 and continue through February 2011. TReergy of the Mn & line, as described in the previous section.
XIS data with and without charge injection are binned sep&he change in line energy is plotted in Figure 4 (for XIS) and
rately, as the performance is quitefdrent. Figure 5 (for ACIS) as the fractional change since the firthda
The gain of the detector, the transformation from pu|sdhteig30int. Data from both front- and back-illuminated devices a
to energy for each event, is determined by fitting a Gaussianificluded, as well as both with and without XIS charge injewcti
the pulseheight histogram in the initial time bin. The tworer Increasing CTl leads to decreasing measured line energy. Al
regions must be fit separately, since they are ffedént readout cases show an overall increase in CTI due to radiation damage
nodes and do not have the same gain. This gain correctioeris th some cases, the CTl increase from radiation damage is-modi
applied to all the time bins. fied by sacrificial charge from the particle background,uésed
We then make an energy spectrum of the data in each tifséther in Section 4.3. Charge injection also clearly medithe
bin. Since we have a|ready app“ed a gain correction, the t\);,_@te of CTl increase. The rate of Change of CTl varies substan
corner regions can now be combined into one spectrum andtifly between the dierent cases.
together. A Gaussian plus a linear background term is fiteo th
region around the Mn K line. The Gaussian centroid and width, 1 1 gzaku
are used in the subsequent sections to understand theiemolut ™~
of CTI. The use of charge injection for the XIS greatlffexts the in-
ferred change in CTI. Charge injection was not used from the
. beginning of theSuzaku mission through mid-2006; the rate of
3.2. A Proxy for Measuring CTI line energy change is roughly 2% per year during this time (se

A standard measurement of parallel CTI, or charge loss agigure 4). The Fland Bl devices, while not identical, appeay
function of row, requires full illumination of the CCD with aSimilar. The line energy evolution appears to be approxtyat
source of known energy. The ECS on ACIS is capable of #inear withtime.

luminating the entire CCD array with photons at a number of When charge injection is turned on, there are three notable
specific energies, as described in Section 2.3. The CTI on x¢8anges. The first is that the line energy is restored to yiearl
is calibrated in a number of less direct ways, including ashowits original value, since the charge injection producesiigant
method of “checker flag” charge injection described furtimer Sacrificial charge whichimproves the measured CTI. Therséco
Ozawa et al. (2009). Since the XIS calibration sources are i thatthe rate of change of line energy is shallower thahaut
capable of illuminating the full chip, for proper comparisae c_harge injection. Finally, the improvement due_to chargecin
must restrict our analysis to the upper corners of the ACigsch tion is larger for the FI CCD than for the Bl device. The rate of
as well. A change in CTI must change the accumulated chalg”@ energy change is roughly 1% per year for the BI CCD and
loss and thus the pulseheight far from the framestore region 0-4% per year for the FI CCD. The /Bl difference is due to
change in pulseheight, however, does not necessarily bawe t the fact that the amount of charge injected is three timelsdrig
related to CTI; it could also be due to changes in the gain co the FI CCDs than the BI CCD (Bautz et al. 2006Qmment
pletely unrelated to radiation damage. For example, ACESzhafrom Bev: three times higher isn’t what's relevant, it's that
known slow change in the gain as a function of time as measutg@ F! is above and the Bl is below the X-ray line energy. Bl

most of the CCDs it is monotonically decreasing at a rate df Ccharge on the BI CCD was increased in mid-2011 and since that

ADU yr-1 at 5.9 ke\2 time the rate of line energy change of the Bl CCD is nearly the
To determine the feasibility of using only the upper corneg@me as the FI CCD (LaMarr et al. 2012). We have notincluded

as a CTI metric, we compared the change in MngUlseheight the recent datain this analysis.

to the measured CTI for two ACIS chips. The results are shown

in Figure 3. Prior to correcting for the known gain change, thy 1 2 chandra

fractional pulseheight change is well-correlated to the @3t o _ )

panels). After the correction, the correlation is eventigkright The change in line energy for ACIS is veryidirent from XIS,

panels). The correction cigient was fit by eye, finding the as can be seen in Figure 5. ACIS does not have the capability to

value that best reduced the ACIS-I3 scatter. The corredtioninject a known quantity of charge like XIS, so the only sacii

always less than 0.5% of the total pulseheight. charge is from the particle background and the X-ray photons
While the electronics of the two instruments are not identihemselves. The rate of line energy change is much lower for

cal, there’s no reason to assume the relationship of theeine ACIS than itis for XIS. Assuming a linear decay, the change is

troid to CTI would be any dferent for XIS than for ACIS. roughly 0.1% per year for the BI CCD and 0.07% per year for
(maybe BeyEric can add something more? XIS gain evo- the FICCD. o
lution must be monitored by sky sources, which should indi- ~ The evolution of the FI and BI CCDs look quitefidirent as

cate if there’s lots of non-CTI gain change going on) should Well. The FI CCDs appear to be much more sensitive to sacri-
ficial charge from the particle background than the BI CCDs.

2 See http/space.mit.edtiomécgrantgain for example plots of the The decrease is clearly not strictly linear, due to the chang
gain change. sacrificial charge which adds both features from indivichoddr
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storms and a larger modification tied to the solar cycle. Thisrificial charge improves performance and lowers CTI. Figire
seen in distinct features common to the plots of line enengly ashows images of typical raw CCD frames for both ACIS and
particle backgrounds as a function of time; periods of loeka XIS and both types of CCDs. Essentially all the visible feasu
ground correspond to periods of increased CTI, and viceaverre due to cosmic ray charged particles. While the images-do i
(see Figure 6). This cannot be due tffeliences in the numberclude X-ray events from the calibration sources and (in tsec
and type of particles impinging on the CCDs because theynareof XIS) celestial sources, they are nearly invisible duehigirt

the same orbital environment, but must result from how thre pamall size and low numbers. In the absence of controlledyehar
ticles interact with the CCD structure. Sacrificial chargeni injection, as is now routine on Suzaku, the most importamtc®

the changing particle background and th¢gBFidifference will of sacrificial charge is from particle interactions.

be discussed further in Section 4.3. The most obvious distinction is that between the FI and BI
CCDs due to their structural fierences. The FI CCDs display
large streaks and blobs while the BI CCDs have much smaller
features. The FI CCDs have an active, depleted region and a

The spectral resolution is measured as the FWHM of the Mn Knuch thicker field-free region in the silicon substrate. The
line. The time evolution of spectral resolution is shown iRy events generally interact in the depleted region soliaege
Figures 7 and 8 for XIS and ACIS, respectively. Data from botf collected in a small area. Charge particles can travaeser-
front- and back-illuminated devices are included, as webath tire thickness of the CCD, depositing charge along theih pat
with and without XIS charge injection. The charge in the field-free region can disperse more freely
The relationship between increasing CTI and spectral reid produces the large blobs seen in the image. The Bl CCDs
lution is not as simple as that for line energy. If an X-rayreve &re fully depleted, without the additional field-free regid’he
occupies a single pixel, the charge loss due to CTI esshntidtharge from particles stays more concentrated into sntzibes
adds an additional noise term to the spectral resolutiothén @nd streaks. Comparing the FI and Bl images from a single in-
case of both ACIS and XIS, many events are split over multipiérument, such as ACIS, shows that the total number of rtic
pixels. In that case, charge loss adds additional noisesttom ~ €Vents is comparable even though their morphology is fereli
all of the split pixels. In addition, some of the lost chargayrbe ent. _ ) )
re-emitted into a trailing pixel which may also be includedhe The number of particle events is alsdfdrent between XIS
event depending on the size of the trailing charge. The coeabi @nd ACIS. ACIS clearly shows more particle events than XIS,

effects of these processes result in a broader FWHM than wo@¢en though the ACIS frame exposure time, 3.2 sec, is less
be measured in the absence of CTI. than half that of XIS, 8 sec. This is due to the particle envi-

ronment in the two orbits. Suzaku is in a low-earth orbit and

receives substantial shielding from the Earth’s magnegi fi
4.2.1. Suzaku while Chandra’s orbit takes it well above the magnetospaece
(aoes not receive the same shielding. One might assume that th

4.2. Spectral Resolution Time Evolution

The spectral resolution of the XIS devices shows temporal

feqs from both CTI ar_ld_ op_eratlonal changes (see Figure ster accumulation of radiation damage, but that is noesiec
Initially, before charge injection was turned on, the raténe sarily the case

crease of spectral resolution for Fl and Bl CCDs was very-simi One reason is that these raw frames represent only a snapshot
lar, about 70 eV’ per year. Once charge injection was tumed 03 the relative particle rates at a articuIaPtime Both)i/tsrm- P
the performance improved and FWHM dropped to nearly ti P P .

gher particle rate on the ACIS raw frames would translate t

initial value. The rate of increase is much slower with clear ersect regions with much higher particle rates (Eartftateon

injection than without, although again, the FI CCD showseno neslffu?r?gnttgea???r)lé??jtovxg n?;gei()s,{zle?a'gig:% ;a(\;\gfsr:n;ersma; dt:e
improvement than the Bl CCD due to the larger amount of i : 9

jected charge in the FI devices. The FWHM increase is abo’%ﬂnsider the environment during the entire orbit, not justliev
F

ta is being collected. A second reason is that the mea8died
éIZS\éSer year for the FI CCD and about 28 eV per year for t gures 4 and 5) is a function not only of the accumulated rad

ation damage, but also the sacrificial charge and the foaakpl
temperatures (see Section 4.4.
4.2.2. Chandra These basic dlierences in the number and morphology of

) ) ) particle events can explain some of th&eliences between the
The spectral resolution time dependence for ACIffeds from | eyolution of ACIS and XIS. An additional piece of the puz-
that of XIS (see Figure 8). The initial FWHM for both ACIS ¢ is the time-dependence of the particle events themselve
devices is much higher than that for XIS. This is due to the preigyre 6 shows a measure of the ACIS particle background over
launch manufacturing defects on the BI CCD (see Section 2tﬂag same time period and with the same binning as the CTI
and the initial radiation damage to the FI CCDs in 1999 (Sggo|ution data. In this case the rate of high energy events re
Section 2.2), before the time period shown here. The rate-of jected on-board the spacecraft is used as a proxy for thigleart
crease, however, is vanishingly small, less than 1 eV per y&ackground rate. These events are well above the X-ray ener-
for the BI CCD and consistent with no change for the Fl CClyies that can be focused by the telescope and can only bedcause
Unlike the line energy, the FWHM evolution shows no 0bVIOU§y particles. The particle background rate is clearly noistant
dependence on the particle background. but is lowest in 2001 and reaches more than twice that level in
2010. It has been shown that this measure of the ACIS patrticle
background is well correlated over long time-scales with-pr
ton fluxes measured by the ACE spacecraft with energies above
10 MeV (Grant et al. 2002). The lower particle fluxes are due to
As stated previously, measured CTI is a function of the arhousxtra shielding provided by the solar magnetic field duriog s
of charge deposited on the CCD. Increasing the amount of ska-maximum. Additional smaller scale dips can be seen which

4.3. CTIl and Spectral Resolution: Dependence on
Background
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can be directly linked to increased heliomagnetic shigjdiar- Society of Photo-Optical Instrumentation Engineers (SP®nference

ing specific solar storms. The solar storms also produce tranSeries ) )

sient increases in the particle background, but these aze o%uﬁsélzéfécifggrélj'2/;'2'2'-00””3’ A.H., et al. 2004, IEERfisactions on

muqh shorter timescales, hours to days, and thus do not BPREAmire, G. P. Bautz. M. W., Ford, P. G., Nousek, J. A., & RickJr.,

in Figure 6. G. R. 2003, in Society of Photo-Optical Instrumentation iEagrs (SPIE)
In contrast to the line energy evolution, the line width for Conference Series, Vol. 4851, Society of Photo-Opticatrimsentation

ACIS does not appear to have any dependence on Sacriﬁci%ngmeers (SPIE) Conference Series, ed. J. E. Truemper & Ramanbaum,

. ; 8-44

charg_e. N,0ne of the strong features seen in the line eneegy ééndreau, K., Bautz, M., & Ricker, G. 1993, Nuclear Instratseand Methods

seen in Figure 8really need some more here attempt an €x-  in Physics Research A, 335, 318

planation Grant, C. E., Bautz, M. W,, Kissel, S. E., LaMarr, B., & Prippgiz, G. Y. 2006,
Due to the shielding from the Earth’s magnetic field. the in Society of Photo-Optical Instrumentation Engineers|EgRConference

Iong-term variability of the XIS particle background is yer (S:erifes, VoI.6827f_3, Society of Photo-Optical Instrumentatngineers (SPIE)

N . onterence >eries

small. T_aW3- et aI..(2008) found_ that after.remO\_/lng the_ atbitgrant, C. E., Bautz, M. W., & Virani, S. N. 2002, in AstronomicSociety of

modulation and with the exception of a brief period of high so  the Pacific Conference Series, Vol. 262, The High Energy éts# at Sharp

lar activity, the particle background on XIS was constarthimi Focus: Chandra Science, ed. E. M. Schlegel & S. D. VrtileK, 40

+6% per year. A much stronger variability is induced by thEoyama' K., Tsunemi, H., Dotani, T., etal. 2007, PASJ, 59, 23

, Lo aMarr, B. J., Bautz, M. W, Kissel, S. E., Miller, E. D., & Bozhin, G. Y. 2012,
Eal’th S geo_magnet'c field as the Spacecraft travels atoud8- in Society of Photo-Optical Instrumentation Engineers|E3RConference
minute orbit. Series, \ol. 8443, Society of Photo-Optical Instrumentatngineers (SPIE)

Geomagnetic cutfdrigidity (COR) quantifies the shielding  Conference Series
provided by the geomagnetic field at a particular orbitalmrs ~ Mitsuda, K., Bautz, M., Inoue, H., etal. 2007, PASJ, 59, 1
High values of COR correspond to regions with higher shielgsa T Kamae, T., Godirey, G., et al. 2004, ApJ, 614,311
. g p_ 9 9 . ’Dell, S. L., Bautz, M. W., Blackwell, W. C., et al. 2000, ino8ety of
ing and therefore lower particle background. In particules Photo-Optical Instrumentation Engineers (SPIE) ConfegeSeries, Vol.
are using the quantity COR2, as defined in Tawa et al. (2008)4140, Society of Photo-Optical Instrumentation Engin¢SRIE) Conference
The dependence of line energy and FWHM on cfiitrigidity is Series, ed. K. A. Flanagan & O. H. Siegmund, 99-110

: : : awa, M., Uchiyama, H., Matsumoto, H., et al. 2009, PASJ161
shown in Figures 10 and 11. In general, line energy and FWHSﬁgozhin, G Y}" Kissel. S. E.. Bautz, M. W.. et al. 2000, incity of

are only weakly dependent on cuf-oigidity, and that depen-  ppoto-Optical Instrumentation Engineers (SPIE) ConfezeSeries, Vol.
dence disappears when charge injection is active. In thenales 4140, Society of Photo-Optical Instrumentation Engin¢éSRIE) Conference
of charge injection, the line energy varies by about 0.1% thes Series, ed. K. A. Flanagan & O. H. Siegmund, 123-134
entire range of COR values for both the Bl and FI CCDs, witffva. N, Hayashida, K., Nagai, M., etal. 2008, PASJ, 60, 11

lightly higher line energies at low COR, as is expected éar s chiyama, H., Ozawa, M., Matsumoto, H., et al. 2009, PASJ261
shightly hig gles ’ =XP L Weisskopf, M. C., Brinkman, B., Canizares, C., et al. 2005P, 114, 1
rificial charge from the particle background. With chargeda
tion, this minimal dependence disappears, as the injettade

completes overwhelms the charge from the particle backgtou

4.4. CTI and Spectral Resolution: Dependence on
Temperature

At least some of the flierences between the evolution of CTl on
ACIS and XIS can possibly be due to operating &itedlent focal
plane temperatures. ACIS is much colde420° C than XIS
at—90°C, so many of the common electron traps that cause CTI
have been frozen out. In particular, the rate of change ofi€TI
much higher on XIS than ACIS. While this could be due to a
higher level of damaging particle radiation, it could alsodue
to the higher CCD temperatures.

The ACIS team has performed a series of CTl measure-
ments at dierent temperatures at twofidirent times (Grant
et al. 2006). By comparing the time evolution-at20°C and
—90°C we can determine how large the CTI change on ACIS
would be at either temperature.

5. Conclusions
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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.
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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.

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 <2.5¢€ at4lkpix 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) 46 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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Fig. 3. 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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