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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 some small
so multi-pixel X-ray events will be more degraded than sagl differences 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 indepersufered radiation damage from exposure to soft prote@sl—
dent X-ray Telescope (XRT) and focal plane assembly. The fod.5 MeV) scatteredd Chandra’s grazing-incidence optics dur-
devices are model CCID41, comprising three FI chips (XISthg passages through the radiation belts (Prigozhin eiG@l0R
X1S2, and X1S3) and one BI (XIS1). The layout of the XIS deThe Bl CCDs were urféected due to the much deeper buried
vices is shown in Figure 2. One of the FI devices (X1S2) washannel. Since the discovery of the radiation damage, AGES h
damaged by a likely micrometorite strike in October 2006 artken protected during radiation belt passages by movingtit o
has been unused since that time. The CCDs are summarizedfithe focal plane. Radiation damage to the CCDs has cortinue
Table 1 and described in detail by Koyama et al. (2007). Tt Xkt a much slower rate, due to soft protons scattered by thesopt
devices are physically very similar to the ACIS devices witle  during observations, and strongly penetrating solar mstnd
notable exception, the addition of charge injection cafiss cosmic rays which pass through the spacecraft shielding. Th
in the XIS CCID41 (Bautz et al. 2007). This allows a contrdlleparticle background on the detector consists of a quiegmemt
amount of charge to be injected from a register at the topef thion that is anti-correlated with the solar cycle, and sofitpn
array into individual pixels, rows, or a variety of patteassthe flares (Grant et al. 2002).

CCD is clocked. The injected charge is read out along with the Suzakuis in a 96-minute, low-Earth orbit with an inclination
other charge packets in the array. of 32 degrees and gains some protection from cosmic rays by

While the CCDs are reasonably similar, there are a numhhe Earth’s geomagnetic field (Mitsuda et al. 2007). Manytsrb
of important operational tlierences. The individual frame expo-ass through the South Atlantic Anomaly (SAA), a region of
sure time for XIS is more than twice as long as for ACIS. Giveenhanced particle flux, which requires the instruments &hiog
the same particle or X-ray flux, the longer frame time of XI8ff. The particle background on the XIS detectors is produced
will yield more sacrificial charge than seen on ACIS. Anothdsy cosmic rays that penetrate the spacecraft shieldinguiuiz
important diference is the operating temperature of the detectet. al. 2004); it is generally lower for XIS than for ACIS and
ACIS is kept much colder than XIS, which reduces incidenasries throughout the orbit as a function of the geomagmetic
of warm pixels. Depending on the characteristics of thetedec off rigidity, a measure of how well the Earth’'s geomagnetic field
traps, the temperature can also change the measured Chié Inshields the spacecraft from charged particles (Tawa eDaBR
case of the ACIS BI CCDs, the initial CTl is all due to damage EM: we might need a bit more here; why is the quiescent
during manufacturing, and the performance is slightlydredt ACIS portion anti-correlated with solar cycle, does the par
warmer temperatures. The CTI of the ACIS FI CCDs is entireljcle type change with solar activity, whence come the soft
due to radiation damage, so the CCDs are highly sensitivegmton flares, is the XIS BG at all correlated with solar cy-
temperaure and have much lower CTIlt20°C (Grant et al. cle, ... the Miznuno et al 2004 paper might be interesting re:
2006). Similarly, the row-to-row transfer times are slightif- low-earth orbits. CG: the Grant 2002 reference does explain
ferent which, depending on the time constants of the electrthe solar cycle part. | don’t think anybody has a satisfactoy
traps, can change the measured CTI. explaination where the soft proton flares come from. I'm not

Finally, charge injection, while initially turnedfbfor the sure how much detail needs to be here, and we do point to
XIS detectors, has been the standard operating mode sigoed references....

November 2006 (Uchiyama et al. 2009). In this mode a full row
of charge equivalent to 6 keV for the FI chips (2 keV for the B L
chip) is injected every 54 rows, or every 1.3 ms during the ch¢-3- Calibration Sources

read out. The level of injected charge was increased to 6 &eV Both ACIS and XIS have on-board radioacti€e sources used

the Bl chip in June 2011, however we exclude those obsen&tiqor instrument monitoring and calibration. The ACIS Exiairn

from the analysis presented here. _ Calibration Source (ECS) is mounted such that it is only view
As already noted above, between the time that ACIS and Xje when ACIS is moved out of the focal plane. Observations

were built, some improvements were made in the Bl manufagrthe ECS are done twice an orbit, just before and after perig

turing process. The ACIS Bl CCDs had measurable CTI acropge ECS provides roughly uniform illumination of the enfice

the entire array, including the framestore and serial reBélD  ca| plane. Fluorescent Al'and Ti targets provide lines ake\s

ray, from defects induced in during the manufacturing pssce (p| K) and 4.5 keV (TiKe), as well as those from theFe

The performance of the XIS Bl CCD was nearly the same as t§§rce itself at0.7 keV (MnL), 5.9 keV (Mn k), and 6.4 keV

FI CCDs pre-launch, due to an improved manufacturing POCEMN KB)

(7). needs ref for XIS Bl process Burke etal. (1997) describes *  The calibration sources on XIS illuminate the upper corners

ACIS Bl process.For the purposes of this paper, we are only &xf each CCD during all observations. The spectral linesrara f

amining parallel CTI, or charge loss as a function of row nemb the55pe source itself at 5.9 keV (Mnd), and 6.4 keV (Mn 16).

Serial CTl, charge loss as a function of columns, is nedbgitr e grientation and approximate size of the regions illuated

even then it is not evolving on orbit.
added transfer time to table and to text. added text for Bl

process. 3. Methodology

3.1. Data and Analysis
2.2. Orbital Radiation Environments
) o _ The data used here have not gone through the standard gipelin
ACIS and XIS occupy quite dierent radiation environments.processing that is normally applied to data distributedsers.
Chandra is in a h|gh|y elllptlca|, 27'day orbit that transits aStandard processiﬁgs designed to remove some of thiéeets

wide range of particle environments, from the Earth’s ridia e gre trying to study here, by applying corrections for Ciid a
belts at closest approach through the magnetosphere amemag

topause and past the bow shock into the solar wind (O'Delletal see httg/cxc.harvard.ediagthreadgdata. html and
2000). Soon after launch it was discovered that the FI CC@s hiattp;/heasarc.gsfc.nasa.gdecgsuzakyanalysigabg
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time-dependent gain changes. The actual performance geen to the measured CTI for two ACIS chips. The results are shown
typical user from standard pipeline processed data is mmeh iin Figure 3. Prior to correcting for the known gain change, th
proved from that seen here. The data have been minimally pfiactional pulseheight change is well-correlated to thé @aft
cessed, by removing the CCD bias level and by applying a stgganels). After the correction, the correlation is eventiglright
dard grade filter (ASCA G02346¥) need a ref for G02346? panels). The correction cfiient was fit by eye, finding the
or is ABC/threads ref enough?and discard all others. XIS1 value the best reduced the ACIS-13 scatter. The correctiai i
and ACIS-S3 are used are representative Bl CCDs and XIS3 amalys less than 0.5% of the total pulseheight.
ACIS-I3 are representative FI CCDs. While the electronics of the two instruments are not identi-
As the XIS calibration sources only illuminate the uppetal, there’s no reason to assume the relationship of thecéne
corners of the CCDs, we filter the data to include only evernti®id to CTl would be any dferent for XIS than for ACIS.
within a rectangular region encompassing the calibratonmee (maybe BeyEric can add something more? XIS gain evo-
events. The size of the region varies slightly between C®Dss, lution must be monitored by sky sources, which should indi-
is roughly 225 pixels square. While the ACIS calibrationre@s cate if there’s lots of non-CTl gain change going on)
fully illuminate the CCDs, the data were also filtered to rolyg
match the XIS regions. ) )
The individual calibration source observations are théh Discussion
grouped together by time in bins of roughly a month. The ACI2 1 cT/ Time Evolution
data cover the time period from January 2000, when the focal
plane temperature was initially lowered to its current ealio The time evolution of CTI, as measured by the change in the
February 2011. The XIS data begin shortly after tuzaku line energy, is shown in Figures 4 and 5 for XIS and ACIS, re-
launch in July 2005 and continue through February 2011. TReectively. The change in line energy is plotted as theibraat
XIS data with and without charge injection are binned sepgbange since the first data point. Data from both front- amttha
rately, as the performance is quitdfdrent. illuminated devices are included, as well as both with artthwi
The gain of the detector, the transformation from pulseffiteigout XIS charge injection. _ _
to energy for each event, is determined by fitting a Gaussian t Increasing CTlleads to decreasing measured line energy. Al
the pulseheight histogram in the initial time bin. The tworer  cases show an overall increase in CTI due to radiation damage
regions must be fit separately, since they are ffedént readout [N some cases, the CTl increase from radiation damage is-modi
nodes and do not have the same gain. This gain is then applfi€d by sacrificial charge from the particle background, used
to all the time bins. further in Section 4.3. Charge injection also clearly meditihe
We then make an energy spectrum of the data in each tiffée of CTl increase. The rate of change of CTI varies substan
bin. Since we have already applied a gain correction, the tijg!ly between the dferent cases.
corner regions can now be combined into one spectrum and fit
tog_ether. A Gaussian pIL_Js a linear back_ground term is fitqeo th 1 1. suzaku
region around the Mn i line. The Gaussian centroid and width
are used in the subsequent sections to understand theiewolutigure 4 shows the change in line energy for XIS. Initially,
of CTI. charge injection was not used, so the early data is all wignggh
this was rewritten for clarity. Better? injection turned &. The rate of line energy change is roughly
2% per year without charge injection and the FI and BI devices
) while not identical, appear very similar. The line energglav
3.2. A Proxy for Measuring CTI tion appears to be approximately linear with time.

A standard measurement of parallel CTI, or charge loss as a "When charge injection is turned on, there are three obvi-
function of row, requires full illumination of the CCD with a ©US changes. The first is that the line energy jumps up, since
source of known energy. The ECS on ACIS is capable of iIIumﬁhe charge injection produces significant sacr[f|C|aI chavbich
nating the entire CCD array with photons at a number of sgeciffiProves the measured CTI. The second is that the rate of
energies, as described in Section 2.3. The CTI on XIS is cdfi?ange of line energy is shallower than without charge tigec
brated in a number of less direct ways, including a novel pesthFinally, the improvement due to charge injection is largerthe
of “checker flag” charge injection described further in Oaawr! CCD than for the Bl device. The rate of line energy change is
et al. (2009)added mention of checker flagSince the XIS cal- oughly 1% per year for the BI CCD and 0.4% per year for the
ibration sources are incapable of illuminating the fullghior F! CCD. The FIBI difference is due to the fact that the amount
proper comparison we must restrict our analysis to the upFRgrcharge injected is three times higher on the FI CCDs than th
corners of the ACIS chips as well. A change in CTI must changt CCDs (Bautz etal. 2007).
the accumulated charge loss and thus the pulseheight far fro
the framestore region. A change in pulseheight, howevessdoy 1 2. chandra
not necessarily have to be related to CTI; it could also betdue o
changes in the gain completely unrelated to radiation d@magigure 5 shows the change in line energy for ACIS. ACIS does
For example, ACIS has a known slow change in the gain adl@t have the capability to inject a known quantity of chaige |
function of time as measured very close to the framestorgavhé&IS, so the only sacrificial charge is from the particle back-
CTI should be negligible. For most of the CCDs it is monotonground and the X-ray photons themselves. This is clearlp see
cally decreasing at a rate of1 ADU yr ! at 5.9 ke\? in the structure of the line energy as a function of time which
To determine the feas|b|||ty of using 0n|y the upper Corne@ntalns d_lStInCt features that are also found in the dam]aCk'
as a CTI metric, we compared the change in Mnpulseheight 9ground (Figure 11). _ _
The rate of line energy change is much lower for ACIS than it
2 See http/space.mit.edtiomécgrantgain for example plots of the is for XIS. Assuming a linear decay, the change is roughly®.1
gain change. per year for the BI CCD and 0.07% per year for the FI CCD.
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The decrease is clearly not strictly linear, due to the chrang tion sources, they are nearly invisible due to their smat sind
sacrificial charge which adds both features from indiviciddr low numbers.
storms and a larger modification tied to the solar cycle. The most obvious dierence is that between the Fl and Bl
The evolution of the FI and Bl CCDs look quitefifirent as CCDs due to their structural fiérences. The FI CCDs display
well. The FI CCDs appear to be much more sensitive to sacrifirge streaks and blobs while the Bl CCDs have much smaller
cial charge from the particle background than the BI CCDss THeatures. The FI CCDs have an active, depleted region and a
cannot be due to ffierences in the number and type of particlesiuch thicker field-free region. The X-ray events generailtgi-
impinging on the CCDs, but in how the particles interact withct in the depleted region so the charge is collected in alsmal
the CCD structure. Sacrificial charge from the changingglart area. Charge particles can traverse the entire thicknetiseof
background and the /Bl difference will be discussed further inCCD, depositing charge along their path. The charge in the fie
Section 4.3. free region can disperse more freely and produces the léobe b
seen in the image. The Bl CCDs are fully depleted, so they do
not have the additional field-free region. The charge from pa
ticles stays more concentrated into smaller blobs andlstrea
The time evolution of spectral resolution is shown in Figuge Comparing the Fl and Bl images from a single instrument, such
and 7 for XIS and ACIS, respectively. The spectral resotutid®S ACIS, shows that the total number of particle events is-com
is measured as the FWHM of the MKine. Data from both Parable even though their morphology is stiefient.
front- and back-illuminated devices are included, as webath ~ The number of particle events is alsdfdrent between XIS
with and without XIS charge injection. and ACIS. ACIS clearly shows more particle events than XIS,

The relationship between increasing CTI and spectral re&Y€n though the ACIS frame exposure time is less than haif tha
lution is not as simple as that for line energy. If an X-rayreve O XIS. This is due to the particle environment in the two or-
occupies a single pixel, the charge loss due to CTI essntidl!tS: XIS receives substantial shielding from the Earthagm
adds an additional noise term to the spectral resolutiothén Netic field which ACIS does not.
case of both ACIS and XIS, many events are split over multiple EM comment from section 4.1.2 (the features from solar
pixels. In that case, charge loss adds additional noisesteom  SIOTMS are very interesting—can they be tied to actual his-

all of the split pixels. In addition, some of the lost chargaym torical storms? | think that would be worthwhile, maybe in
be re-emitted into a trailing pixel which may also be incldie & later section with the ACIS BG vs. time, with some discus-

4.2. Spectral Resolution Time Evolution

the event depending on the size of the trailing charge. sri]onB%J)out particle type vs. solar activity and how that dfects
the
Figures 9 and 10, XIS peak and fwhm vs COR. Figure 11 is
4.2.1. Suzaku ACIS background versus time.

Figure 6 shows the change in spectral resolution as a functio

of time for XIS. Initially, before charge injection was t@thon, 4.4. CTI and Spectral Resolution: Dependence on
the rate of increase of spectral resolution for Fl and BI CCDs Temperature

was very similar, about 70 eV per year. Once charge injectign .
was turned on, the performance improved and FWHM dropp%%leaSt some of the ﬁer_ences between the ?VOIUUO.” of CTl on
to nearly the initial value. The rate of increase is much siow”\C!S and XIS can possibly be due to operating #dent focal
with charge injection than without, although again, the |aoc  Plane temperatures. ACIS is much colder-dR0°C than XIS
shows more improvement than the Bl CCD due to the smalf@r—90°C, so many of the common electron traps that cause cTl
amount of injected charge. The FWHM increase is about 12 f@ave been frozen out. In particular, the rate of change ofi€TI

per year for the FI CCD and about 28 eV per year for the EEI'.'”Ch higher on XIS than ACIS. While this could be due to a
CCD. igher level of damaging patrticle radiation, it could alsodue

to the higher CCD temperatures.
The ACIS team has performed a series of CTI measure-
4.2.2. Chandra ments at dierent temperatures at twofkdirent times (Grant

Figure 7 shows the change in spectral resolution as a functi%t al. 2006). By comp_aring the time evolution aL20°C and
of time for ACIS. The initial FWHM for both ACIS devices is 90°C we can determine how large the CTI change on ACIS

: e ould be at either temperature.
much higher than that for XIS. This is due to the pre-launc\ﬁ P
manufacturing defects on the Bl CCD and the initial radiatio
damage to the FI CCDs in 1999, before the time period shown Conclusions
here. The rate of increase, however, is vanishingly smedls |
than 1 eV per year for the Bl CCD and consistent with no chan gmowle_dgements The authors thank blah blah and blah blah for such and
for the FI CCD. Unlike the line energy, the FWHM evolution tch. This work was supported by NASA grant so and so.
shows no obvious dependence on the particle background.
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Chandra/ACIS
schematic 10 n

¢ aimpoint

® (CHIPX,CHIPY)=(1,1)
. analysis region 2 3 8.3’ +DETX

. +DETY
°
S0 S1 S2 % S3 S4 S5
BI . BI

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)=(1,1) — charge injection row

+DETY
schematic . analysis (calibration source) region DETX
X1S0 XIS XI$2 XIS3 17.8'
B
@ I.:

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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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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Fig. 5. Fractional change in ACIS line central energy over the a@ufsthe Chandra mission, as measured at MaKThe dfects of varying
particle background and sacrifical charge are seen in th&AE(FI) data.
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4. A trend toward lower line energy (increased CTI) with ligiEOR (decreased background) is seen in the FI, chargeian€Cl) off data. This
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Fig. 11. Particle background over the course of @andra mission, measured as the rate of high energy events on AGIBI$ The structure
from the varying particle background can been seen in theSAi@E energy data.
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