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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 provides a unique opportunity to better understared th
increase in the number of charge traf® Ref TBA. When relationship between X-ray CCD spectral resolution, riuie
charge is transferred across the CCD to the readout, some g&mage, 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 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. @& 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-illumaited belts at closest approach through the magnetosphere amemag
(BI). The layout of the ACIS devices is shown in Figure 1. Theopause and past the bow shock into the solar wind (O'Dell et a
CCD characteristics are summarized in Table 1 and descibe@000). Soon after launch it was discovered that the FI CC@s ha
detail by Garmire et al. (2003). sufered radiation damage from exposure to soft prote@sl—
Suzaku has four XIS instruments, each with an indeperB.5 MeV) scatteredf® Chandra’s grazing-incidence optics dur-
dent X-ray Telescope (XRT) and focal plane assembly. The fomng passages through the radiation belts (Prigozhin eiG@l0R
devices are model CCID41, comprising three FI chips (XISThe Bl CCDs were unféected due to the much deeper buried
X1S2, and XIS3) and one Bl (XIS1). The layout of the XIS deehannel. Since the discovery of the radiation damage, AGES h
vices is shown in Figure 2. One of the FI devices (XIS2) waseen protected during radiation belt passages by movingtit o
damaged by a likely micrometeorite strike in October 200é amf the focal plane. Radiation damage to the CCDs has cordinue
has been unused since that time. The characteristics of@BsC at a much slower rate, due to soft protons scattered by thesopt
are summarized in Table 1 and described in detail by Koyardaring observations, and strongly penetrating solar mstnd
et al. (2007). The XIS devices are physically very similatite cosmic rays which pass through the spacecraft shielding. Th
ACIS devices with one notable exception, the addition ofgba particle background on the detector consists of a quiegmnt
injection capabilities in the XIS CCID41 (Bautz et al. 2007}tion that is anti-correlated with the solar cycle, and soéttpn
This allows a controlled amount of charge to be injected feomflares (Grant et al. 2002).
register at the top of the array into individual pixels, rowsa Suzakuis in a 96-minute, low-Earth orbit with an inclination
variety of patterns as the CCD is clocked. The injected aharg of 32 degrees and gains some protection from cosmic rays by
transferred along with the other charge packets in the array the Earth’s geomagnetic field (Mitsuda et al. 2007). Manyiterb
While the CCDs are reasonably similar, there are a numhmass through the South Atlantic Anomaly (SAA), a region of
of important operational flierences. The individual frame expo-enhanced patrticle flux, which requires the instruments &hiog
sure time for XIS is more than twice as long as for ACIS. Giveoff. The particle background on the XIS detectors is produced
the same particle or X-ray flux, the longer frame time of X18 wi by cosmic rays that penetrate the spacecraft shieldinguiuiz
yield more sacrificial charge than seen on ACIS. Another impcet al. 2004); it is generally lower for XIS than for ACIS and
tant diference is the operating temperature of the detector. AGI&ries throughout the orbit as a function of the geomagmetic
is kept much colder than XIS-120°C versus-90°C), which re- off rigidity, a measure of how well the Earth’s geomagnetic field
duces the incidence of warm pixels. Depending on the charatields the spacecraft from charged particles (Tawa eDaBR
teristics of the electron traps, the temperature can alsogd
the measured CTI. In the case of the ACIS BI CCDs, the initig _—
CTlis all due to damage during manufacturing, and the perfar-3- Calibration Sources

mance is slightly better at warmer temperatures. The CThef tgoth ACIS and XIS have on-board radioact¥&e sources used
ACIS FI CCDs is entirely due to radiation damage, so the CCIgr instrument monitoring and calibration. The ACIS Extairn
are highly sensitive to temperature and have much lower €Tl@ajibration Source (ECS) is mounted such that it is only view
—120°C (Grant et al. 2006). Similarly, the row-to-row transfepple when ACIS is moved out of the focal plane. Observations
times are slightly dferent which, depending on the time conpf the ECS are done twice an orbit, just before and after perig
stants of 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 providediat
XIS detectors, has been the standard operating mode sinog kev (AlK) and 4.5 keV (Tiky), 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 1.3 ms during tlgeq kev (MnKp).
chip read out. Initially the level of injected charge wasieglent The calibration sources on XIS illuminate the upper corners
to 6 keV for the FI chips and was much lower, 2 keV, for the By each CCD during all observations. The spectral linesrarma f
chip. The level of injected charge for the Bl chip was inceghs the55Fe source itself at 5.9 keV (Mnd), and 6.4 keV (Mn 18).
to 6 keV in June 2011do we need areferencehere? LaMarr  The window of the source holder absorbs the low-energy Mn L
et al. 2012? _ 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 Tpe energy spectra of the ACIS and XIS calibration sources
ing process. The ACIS BI CCDs had measurable CTl across $@ shown in Figure 3. These data are from the Bl CCDs taken
entire array, including the frame store and serial readmaya early in each mission when performance was best. In themegio

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
and ACIS except in the case of the ACIS BI CCDs, and ev

o ; . %he data used here have not gone through the standard pipelin
then it is not evolving on orbit.

processing that is normally applied to data distributedgers.
Standard processihgs designed to remove some of theets

2.2 Orbital Radiation Environments we are trying to study here, by applying corrections for Ciid a
time-dependent gain changes. The actual performance geen b

ACIS and XIS occupy quite flierent radiation environments.

Chandra is in a highly elliptical, 2.7-day orbit that transits a ! See httg/cxc.harvard.ediagthreadgdata. html and
wide range of particle environments, from the Earth’s riadia  httpy/heasarc.gsfc.nasa.gdecgsuzakyanalysigab¢
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typical user from standard pipeline processed data is mmueh ible. For most of the CCDs it is monotonically decreasing at a
proved from that reported here. These data have been migimaéte of~ 2.4 eV or 0.04% per year at 5.9 kéV.
processed, by removing the CCD bias level and by applying a To determine the feasibility of using only the upper corners
standard grade filter (ASCA G02346) and discarding all atheas a CTI metric, we compared the change in Mnpulseheight
event grades. XIS1 and ACIS-S3 are used are representdtivadthe measured CTI for two ACIS chips. The results are shown
CCDs and XIS3 and ACIS-13 are representative FI CCDs.  in Figure 5. Prior to correcting for the known gain change, th
As the XIS calibration sources only illuminate the uppdfactional pulseheight change is well-correlated to the (It
corners of the CCDs, we filter the data to include only everf@N€lS). After the correction, the correlation is eventeglright
within a rectangular region encompassing the calibrationee Panels). The correction cfiient was fit by eye, finding the
events. The size of the region varies slightly between C®Ds, value that best reduced the ACIS-I3 scatter. The corredsion
is roughly 225 pixels square. While the ACIS calibrationees 2Ways less than 0.5% of the total pulseheight.

fully illuminate the CCDs, the ACIS data were also filtered to _ While the electronics of the two instruments are not identi-
roughly match the XIS regions. cal, there’s no reason to assume this should change the -depen

o o ) dence of the line centroid on CTI. It is possible, howeveat th

The individual calibration source observations are thgRe harder spectrum of the particle radiation in low Earthitor
grouped together by time in bins of roughly a month. The ACIsympared toChandra’s higher orbit could produce changes in
data cover the time period from January 2000, when the fogak CT) of the XIS frame store array. To further test this, we
plane temperature was initially lowered to its current @altd 5.6 examined multiple XIS observations of the Perseus clus
May 2013. The XIS data begin shortly after tBezaku launch o1 \yhich is large enough to illuminate a substantial arethef
in July 2005 and also continue through May 2013. The XIS daggcps and has been observed numerous times. The cluster spec-
with and without charge injection and the XIS1 data with@tt  ,m has a strong line due to He-like iron at 6.5 keV (observed
ent levels of charge injection are binned separately, apéhe frame) which can be used, like the Maine in the calibration

formance is quite dierent. source, to directly measure the change in line energy asa fun
The gain of the detector, or the transformation from pulséion of row. We can then extrapolate this relation to find the |

height to energy for each event, is determined by fitting @nergy at row zero as a function of time. This value should be

Gaussian to the pulseheight histogram in the initial tirme Bhe  insensitive to increased radiation damage in the imagirayar

two corner regions must be fit separately, since they arefin dind only dependent on changes in the frame store or changes in

ferent readout nodes and do not have the same gain. This ghmelectronic gain.

correction is then applied to all the time bins. Figure 6 shows this line energy change as a function of time.

We then make an energy spectrum of the data in each il the data shown were taken with charge injection activ, b
bin. Since we have already applied a gain correction, the tR§re the Bl charge injection level was increased. The @earg
corner regions can be combined into one spectrum and fit {B-1ine energy mdependel?)t of the imaging array CTI is 0.6%
gether for better counting statistics. A Gaussian plus ealin P€r year for XIS1 and 0.2% per year for XIS3. Théfelience
background term is fit to the region around the Malite using P€tween XIS1 and XIS3 may indicate that the cause for the line
Gehrels weighting (Gehrels 1986) which is a better apprexim®n€ray change s radlatlon (_jamage_m the fr_ame store, retwer
tion of the statistical error when the counts in the spediiad a gain change, which is b_el_ng partially m|t_|gated by the ghar
can be small or zero. The Gaussian centroid and width are u gctlon. The amount of injected charge is smaller for the B
in the subsequent sections of this paper to understand the D than it is for the Fl CCD, so it receives less mitigation.
lution of CTI. Example spectra of the region around the Mn kT so, these can be considered lower limits for the line eperg

line for the XIS FI CCD with and without charge injection aré1ange in the frame store when charge injection is not aatide
shown in Figure 4. Also shown are the best fit Gaussian pl gnnot mitigate the_ Ch?‘fge loss due_to radiation damager Aft
background model. the XIS1 charge injection level was increased, we assunte tha

the line energy change in the frame store of XIS1 should balequ
to that on XIS3.

3.2. A Proxy for Measuring CTI
4. Discussion

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

function of row, requires full illumination of the CCD with a4.1. CTI Time Evolution

source of known energy. The ECS on ACIS is capable of illuzv

nating the entire CCD array with photons at a number of Seci Nle measure the time evolution of CTI using the change in line
energies, as described in Section 2.3. The CTI on XIS is ¢ nergy of the Mn & line, as described in the previous section.

he change in line energy is plotted in Figure 7 (for XIS) and

gfra‘\‘tcer? elgkirn H(,Tt,),eéﬁ;rlegsir?.'éigt)vr\l’%yess'é?%gg'?3&2?‘{{?' gg’; CvFigure 8 (for ACIS) as the fractional change since the firsada
g ge nj oint. Data from both front- and back-illuminated devices a

et al. (2009). Since the XIS calibration sources are inclpa hcluded, as well as both with and without XIS charge injeati

of illuminating the full chip, for proper comparison we muet ; ; :

. . . Increasing CTl leads to decreasing measured line energy. Al
strict our analysis to the upper corners of the ACIS chipsels w . oo oy gn overall increase in C'Igl due to radiation da?%/age
A change in CTI must change the accumulated c_harge loss qﬁ‘iome cases, the CTl increase from radiation damage is-modi
thus the pulseheight far from the frame store region. A Chanﬁed by sacrificial charge from the particle background, used

in pulseheight, however, does not necessarily have to heeck| further in Section 4.3. Charge injection also clearly meditihe

to CTlin the imaging array; it (.:OUId als_o be due to CTI Chang?ﬁte of CTl increase. The rate of change of CTl varies substan
in the frame store or changes in the gain completely unittate tially between the dferent cases

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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4.1.1. Suzaku differences in the number and type of particles impinging on the
CCDs because they are in the same orbital environment, batt mu

The use of charge injection for the XIS greatlfests the in- reqyit from how the particles interact with the CCD struetur
ferred change in CTI. Charge injection was not used from &ie bg 4 rificial charge from the changing particle backgrourtitae

ginning of theSuzaku mission through mid-2006; the rate of lineg; g gifrerence will be discussed further in Section 4.3.
energy change is roughly 2.0% per year for the Bl device an

1.9% per year for the FI device during this time (see Figure 7)
The Fl and BI devices, while not identical, appear very samil 4.2. Spectral Resolution Time Evolution

and the line energy evolution is approximately linear withe. .
Taking the lower limit for the line energy change in the fram&ne SPectral resolution is measured as the FWHM of the MnK
ine. The time evolution of spectral resolution is shown in

store from Section 3.2, the upper limit of the line energygea "

in the imaging array is about 1.4% per year for the Bl devi ggures 10 and 11 fc_)r X|_S and AC'.S' respgc'uvely. Data from
and 1.3% per year for the FI device in the absence of chafy@ih front-and back-illuminated devices are included, et as
injection. oth with and without XIS charge injection.

When charge injection was first turned on in 2006, there were. | "€ relationship between increasing CTl and spectral reso-
three notable changes. The first is that the line energy isress lution IS not as S|mp_le as that for line energy. If an X-rayrdve
to nearly its original value, since the charge injectionques CCCUPI€S a single pixel, the charge loss due to CTI essntial
significant sacrificial charge which improves the measurgt ¢ 2dds an additional noise term to the spectral resolutionciwh
The second is that the rate of change of line energy is shaﬂov\\fvou'd increase in step with the increased ch_arge loss. Im.
with charge injection than without. Finally, the improvemdue °f Poth ACIS and XIS, many events are split over multiple pix-
to charge injection is larger for the FI CCD than for the Bl de€!S: I that case, charge loss adds additional noise tewns fr
vice. The rate of line energy change is roughly 1.0% per yaar @ll of the _Spl't P'XElS' In _add|t_|on, 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 al& b
the gain change measured in Section 3.2, the rate of linggneff'cluded in the event pulseheight depending on the sizeef th
change is roughly 0.40% per year for the Bl CCD and 0.16% p, giling charge and the original $p||t charge. The combiegd
year for the FI CCD. ects of these.processes result in a broader FWHM than would

The FJBI difference in 2006 is due to the fact that thge 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 CCy.2.1. Suzaku
the injected charge level, 6 keV, is higher than the X-rag lin _ )
energy of the calibration source and for the BI CCD the chard&e spectral resolution of the XIS devices shows temporal ef
level, 2 keV, is much lower than the line energy. The amount &cts from both CTI and operational changes (see Figure 10).
charge injection on the BI 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 FI and BI CCDs was very-simi
CCD was increased in mid-2011 to be equal to the FI CCD aff, about 50 eV per year. Once charge injection was turned on
since that time the rate of line energy change of the BI CCD e performance improved and FWHM dropped to nearly the
0.34% per year, nearly the same as the FI CCD (LaMarr et Hlitial value. The rate of increase is much slower with clearg
2012). After removing the gain change measured in Sectn 3njection than without, although again, the FI CCD showsenor

the rate of line energy change for the BI CCD with 6 keV charggprovement 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

Lo . . of FWHM change for the BI CCD improves to about 7 eV per
The change in line energy for ACIS is venyiidirent from XIS, y?oar' very similar to the FI CCD.

as can be seen in Figure 8. ACIS does not have the capabilit
inject a known quantity of charge like XIS, so the only saerifi

cial charge is from the particle background and the X-ray-pha.2.2. Chandra

tons themselves. The rate of line energy change is much lower o )

for ACIS than it is for XIS and is also more irregular, particu The spectral resolution time dependence for ACIffeds 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 BI CCD and 0.10% per year féfevices is much hlgher than that for XIS. This is due to t_he pre
the FI CCD. After removing the known gain change discussédnch manufacturing defects on the BI 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,

The evolution of the FI and Bl CCDs look quitefigirent less than 1 eV per year for_the BI CCD and consistent with no
from each other as well. The FI CCDs are much more sensitizgdange for the FI CCD. Unlike the line energy, the FWHM evo-
to sacrificial charge from the particle background than the B/tion shows no obvious dependence on the particle backgtou
CCDs. The FI CCD decrease is clearly not strictly linear, due
to the changing sacrificial charge which adds both featues f 4 3 ©7) ang Spectral Resolution: Dependence on
individual solar storms and a larger modification tied toshkar Background
cycle. Thisis seen in distinct features common to the ploise
energy and particle backgrounds as a function of time; pgerioAs stated previously, measured CTlI is a function of the arhoun
of low background correspond to periods of increased CTd, anf charge deposited on the CCD. Increasing the amount of sac-
vice versa (see Figure 9). Thig/Bl distinction cannot be due to rificial charge improves performance and lowers CTI. Figize
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shows images of typical raw CCD frames for both ACIS anticle rate. These events are well above the X-ray energigs th
XIS and both types of CCDs. Essentially all the visible featu can be focused by the telescope and can only be caused by par-
are due to cosmic ray charged particles. While the images-doficles. The particle background rate is clearly not corisbar
clude X-ray events from the calibration sources and (in te=c is lowest in 2001, reaches more than twice that level in 2010,
of XIS) celestial sources, they are nearly invisible duehimirt and is nearly back to the original low level in 2013. It hasrbee
small size and low numbers. In the absence of controlledgehashown that this measure of the ACIS particle background Ik we
injection, as is now routine oBuzaku the mostimportant source correlated over long time-scales with proton fluxes meakhye

of sacrificial charge is from particle interactions. the Advanced Composition Explorer (Stone et al. 1998) space

The most obvious distinction is that between the FI and Braft with energies above 10 MeV (Grant et al. 2002). The lowe
CCDs due to their structural fierences. The FI CCDs displayparticle fluxes are due to extra shielding provided by tharsol
large streaks and blobs while the BI CCDs have much smalleagnetic field during solar maximum. Additional smallerlsca
features. The FI CCDs have an active, depleted region andips can be seen which can be directly linked to increased-hel
much thicker field-free region in the silicon substrate. Ramy magnetic shielding during specific solar storms. The sotanss
events generally interact in the depleted region so thegehiar also produce transient increases in the particle backgldur
collected in a small area. Charged particles can traveeserth these are over much shorter timescales, hours to days, asd th
tire thickness of the CCD, depositing charge along theihpaio not appear in Figure 9.

The charge in the field-free region can disperse more freely We can use these dips in the line energy to quantify the
and produces the large blobs seen in the image. The Bl CC&eength of its dependence on sacrificial charge from the par
are fully depleted, without the additional field-free regi@he ticle background. A correction for sacrificial charge is tpair
charge from particles stays more concentrated into sniats the ACIS instrument team’s standard CTI monitoring program
and streaks. Comparing the FI and Bl images from a single idescribed in Grant et al. (2005), although the correctictofs
strument, such as ACIS, shows that the total number of partibave evolved since then. We can apply these correctionrfaitto
hits is comparable even though their morphology is stedént. our line energy data to get a better sense for the true CTigehan

The number of particle events isfidirent between XIS and in the absence of sacrificial charge from the particle bamkgd.
ACIS. ACIS clearly shows more particle events than XIS, everhis corrected line energy and the line energy with no cerrec
though the ACIS frame exposure time, 3.2 sec, is less thdn H&n are shown in Figure 14. The CTI evolution is now much
that of XIS, 8 sec. This is due to the particle environmenhim t smoother, with a slightly higher rate of increase duringasol
two orbits.Suzaku is in a low-earth orbit and receives substantiahaximum (2000-2002). After removing the gain change dis-
shielding from the Earth’s magnetic field whiBhandra’sorbit cussed in Section 3.2 and assuming a linear dependencaighe r
takes it well above the magnetosphere and does not receiveahchange is now 0.08% and 0.17% per year for the Bl and FlI
same shielding. CCDs, respectively, as compared to the background-urttede

This can also be seen in Figure 13 which shows the partislglues of 0.08% and 0.06% per year. The Fl device is clearly
background spectrum from each instrument after event récognuch more sensitive to sacrificial charge than the Bl device.
tion and filtering. The ACIS data was taken while the instratne  Due to the shielding from the Earth’s magnetic field, the
was stowed and not under its calibration source, while tHg Xlong-term variability of the XIS particle background is yer
data was taken looking at the dark Earth. In both cases, tlye osmall. Tawa et al. (2008) found that after removing the afbit
X-rays are due to materials fluorescing in the instrumenh witnodulation and with the exception of a brief period of high so
the remainder of the events from particle interactionshB€S lar activity, the particle background on XIS was constarihimi
CCDs have much lower particle background levels than ACIS6% per year. We have verified that the broad-band (5-13 keV)
due to the dferent orbits. The BI devices have higher levelparticle background in all three XIS detectors has changed b
than the FI devices, as the larger cosmic ray blooms seeneonlgss than 4% per year for the range of dates considered in this
FI CCDs are moreféciently filtered out of the event list. 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 ramtiat 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 snpvided 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 dosagéshecount 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 is beingleoted. The dependence of line energy on ciit1igidity is shown
A second reason is that the measured CTI (Figures 7 and 8)nid=igure 15. In general, line energy is only weakly dependen
a function not only of the accumulated radiation damage, bom cut-df rigidity, and that dependence disappears when charge
also the sacrificial charge and the focal plane temperafsees injection is active. In the absence of charge injection, lthe
Section 4.4). energy varies by about 0.2% over the entire range of COR val-

These basic distinctions in the number and morphology oés for both the Bl and FI CCDs, with slightly higher line ener
particle events can explain some of th&eliences between thegies at low COR, as is expected for sacrificial charge from the
CTI evolution of ACIS and XIS. An additional piece of the puzparticle background. With charge injection, this minimapen-
zle is the time-dependence of the particle events themselvdence disappears, as the injected charge completes ovarsvhe
Figure 9 shows a measure of the ACIS particle background o¥be charge from the particle background.
the same time period and with the same binning as the line en- The ACIS FI CCD line energy appears to have a much
ergy evolution data. In this case the rate of high energytsvestronger dependence on sacrificial charge from the pabtaad-
rejected on-board the spacecraft is used as a proxy for the gaound than the ACIS Bl CCD or XIS. Over the entire range of
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ACIS particle background rates, about a factor of two, the li 4.4. CTI and Spectral Resolution: Dependence on
energy change due to sacrificial charge is about 1.5% forthe F  Temperature

CCD and about 0.01% for the BI CCD. Without charge injec-

tion, the XIS line energy changes by only about 0.2% for bof
Bl and FI CCDs over the entire range of COR values, whi
is also about a factor of two in particle rates. As discussed
fore, the absolute level of the particle background is mughér

least some of the élierences between the evolution of CTI
ACIS and XIS can possibly be due to operating #edent
ocal plane temperatures. ACIS is kept much colderH2O°C
than XIS at-90°C, so many of the common electron traps that

for ACIS than for XIS. For example, in the typical raw image§ause CTI have been frozen out. To best measure ffezefices
shown in Figure 12, the total charge per frame from both parff! PErformance, we want to minimize théfect of the sacrificial
cles and X-rays is more than two times higher for ACIS than f&h_arg_e, both from the particle backgrounq on ACIS and ch_arge
XIS. While this does make sacrificial charge more important f NJéction onSuzaku. We can compare the line energy evolution
ACIS than XIS, the two ACIS CCD types are seeing the sanf ACIS after the sacrificial charge correction discussethin

; : e previous section (Figure 14) to XIS without charge injeatio
g;rst'llcle flux and yet have flerent sacrificial charge dependen(Figure 7. The rate of change is much higher for XIS than for

ACIS by a factor of about 18 for the BI CCDs and 7 for the FI
Both the Bl and FI CCDs on ACIS are seeing the same p&CDs. While this could be due to a higher level of damaging
ticle flux, although due to the structuralfidirences the spatial particle radiation, it could also be due to the higher CCD-tem
distribution of the deposited charge is much more compact paratures.
the BI than on the FI CCD. More important is that both types Fortunately, the ACIS team has performed a series of CTI
of ACIS CCDs start the time period covered here with signifineasurements atférent temperatures on two occasions sepa-
cantly more CTI than XIS and the source of the CTI for each igted by six years (Grant et al. 2006). We can use this data to
distinct. The FI CCDs were damaged very early in the missi@ompare the time evolution at120°C and-90°C, determine
from unprotected passages through the Earth’s radiatitia, behow large the CTI change on ACIS would be at either tempera-
while the BI CCD initial CTl is entirely due to manufacturing ture, and then compare to the actual change measured fobXIS t
The types of electron traps that are causing the charge tess see how much of the flerence is due to temperature rather than
not the same and the typical de-trapping timescales witl aés  anything else. We have reanalyzed the data used in Grant et al
different. Grant et al. (2005) demonstrates this by comparing #2006) to duplicate the data analysis techniques usedsrptp
fraction of the lost charge that is re-emitted into the failog per. The representative FI CCD in this paper ACIS-I3, was not
pixel. It is an order of magnitude higher for the BI CCD thaa thin use during the first set of temperature measurements, so it
Fl, implying the the Bl CCD traps have much shorter time coris replaced in the analysis of this paragraph by ACIS-S2 whic
stants. The time constants of the FI CCD traps are bettetheatcshould have similar characteristics. We can only compage th
to the typical frequency of sacrificial charge due to cosraier line energy and not the line width evolution, as the much éigh
and thus their performance is much more sensitive to the icosrigevel of CTl on ACIS makes measurement of the width at warm
ray rate (Grant et al. 2003). The XIS sacrificial charge depei@mperatures problematic. The change in line energy witle ti
dence is identical between the FI and Bl CCDs since both tlseapproximately a factor of four times larger-280°C than at
original CTI and the accumulated CTI are similar. Presumpabt-120°C. This can be compared to the much larger ratio between
the time constants of the XIS traps are shorter than the aypi¢he ACIS and XIS line energy change in the previous paragraph
frequency of cosmic ray sacrificial charge. Scaling the ACIS line energy evolution tB0°C yields a rate
) ) ) ) of change of 0.3%r (BI) and 0.5%yr (FI), which is still much
In contrast to the line energy evolution, the line width fogmaller than the XIS rate of change. While temperature can ex
ACIS does not appear to have any dependence on the changjagh some of the dierence between the line energy evolution

sacrificial charge. None of the strong features seen in tiee liof ACIS and XIS, it cannot account for all of thefitirence.
energy and particle background (Figure 9) are seen in Fijlire

This does not imply that the presence or absence of sadrificia

charge has noftect on the spectral resolution, just not on th&. Conclusions

timescales dealt with in this work. Grant et al. (2003) devel ) )

oped an event-level pulseheight correction for the FI CCa the have compared the on-orbit performance evolution of the
used additional information on the distance and amountof s&handraACIS andSuzaku XIS CCDs, which share similar hard-
rificial charge along the readout path which did provide sonf¥are to bett_er understanq tHé&Et_of the radiation environment
improvement of the line width. Because the time constants i§fl0w-and high-Earth orbit. Both instruments havéfeted per-
the FI CCD traps are well matched to the typical frequency rmance degradation due to radiation damage, but opaedtio
cosmic ray sacrificial charge, the random distribution efths-  différences make this comparison more complicated. Most im-
mic rays produces additional noise in the spectral resmiufihe Portantare the presence of charge injection and the wawouaf f
overall level of cosmic rays, as mapped in this work, doesipet Plane temperature on XIS. o

pear to be as important. The ACIS BI CCDs, as discussed above, The change in line energy with time was used as a proxy for
have trap time constants that are shorter, so both the pitggh Measuring changing charge transferfiioéency. To reduce con-

and the line width are reasonably independent of the saatificfusion with changes in the electronic gain and CTl in the feam
charge. store array, we have removed our best estimates of this ehang

The XIS CCDs show strong, linear time evolution with very
The XIS line width, however, does show a weak dependeneeak dependence on the particle background. Applying eharg
on cut-df-rigidity in the absence of charge injection and varieimjection slows the rate of CTl increase and removes thegbart
by about 15 eV over the entire range of COR values (Figure 18ackground dependence entirely. Both Bl and FI devices have
As it was for the XIS line energy, this dependence disappeaimilar rates of change. The ACIS CCDs exhibit much slower
with the use of charge injection, which overwhelms the chargime evolution than XIS, with strong particle backgroungeie-
from the particle background. dence in the FI devices and much weaker dependence in the BI
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devices. The ACIS FI and BI 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 ti&izaku XIS CCDs pro-
tion to ACIS after removing the sacrificial charge from thetpa vides substantial performance improvement. While theeghof
cle background. The rate of line energy decrease is yA@®Il) orbit for future missions is obviously dependent on manydies
and 1.3%yr (FI) for XIS with no charge injection, and 0.0896 beyond the radiation environment, we hope this study will be
(BI) 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 tiiemdint pgonied < The authors thank biah biah and blah biah f b and

O\ igements. e authors than al an an al an for such an
e o T vt s sipr b \Aeh Crvas N 55711 ¢
; : - 52, and NNX-09AE58G, and by funding from the InstituteSgface and
—-120°C, to our best estimate of what it would be-880°C, the  astronautical Science, Japan Aerospace Exploration Agemeed to check the
focal plane temperature for the XIS devices. This increéses Suzaku funding stuff, stolen from old Bev paper. Not sure if the ACIS con-
ACIS rate of change to 0.38r (Bl) and 0.5%yr (F1), which is tractsareall the same either.
still much smaller than the rate of change seen by XIS.

Even after compensating for theffidirences due to temper-
ature and due to sacrificial charge from the particle baakagglo
and charge injection, the rate of line energy decrease and @autz, M. W., Kissel, S. E., Prigozhin, G. Y., et al. 2004, inckty of
increase is much higher for XIS than for ACIS, which implies Photo-Optical nsirumentation Engineers (SPIE) .Conme‘se”efs' val.
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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
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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. Example spectra of the XIS and ACIS calibration sourcesgusie Bl CCDs taken early in each of the missions when perfocmavas
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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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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
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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 at 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 Tinte 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.



