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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 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 numbasrthanced 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 thetedac EM: we might need a bit more here; why is the quiescent
traps, the temperature can also change the measured Cfie INACIS portion anti-correlated with solar cycle, does the par
case of the ACIS BI CCDs, the initial CTl is all due to damaggcle type change with solar activity, whence come the soft
during manufacturing, and the performance is slightlydvedt proton flares, is the XIS BG at all correlated with solar cy-
warmer temperatures. The CTI of the ACIS FI CCDs is entirebyle, ... the Miznuno et al 2004 paper might be interesting re:
due to radiation damage, so the CCDs are highly sensitiveltov-earth orbits. CG: the Grant 2002 reference does explain
temperaure and have much lower CTIit20°C (Grant et al. the solar cycle part. | don’t think anybody has a satisfactoy
2006). Similarly, the row-to-row transfer times are sligihtif-  explaination where the soft proton flares come from. I'm not
ferent which, depending on the time constants of the electrsure how much detail needs to be here, and we do point to
traps, can change the measured CTI. good references....

Finally, charge injection, while initially turnedfbfor the
XIS detectors, has been the standard operating mode since N
November 2006 (Uchiyama et al. 2009). In this mode a full rofrS- Calibration Sources

of charge equivalent to 6 keV for the FI chips (2 keV for the Bgoth ACIS and XIS have on-board radioacti?Ee sources used
chip) is injected every 54 rows, or every 1.3 ms during th@ chior instrument monitoring and calibration. The ACIS Extairm
read out. The level of injected charge was increased to 6 &V tajibration Source (ECS) is mounted such that it is only view
the Bl chip in June 2011, however we exclude those obsen&tigple when ACIS is moved out of the focal plane. Observations
from the analysis presented here. _ of the ECS are done twice an orbit, just before and after perig
As already noted above, between the time that ACIS and X{$e ECS provides roughly uniform illumination of the enfioe
were built, some improvements were made in the Bl manufagg| plane. Fluorescent Al and Ti targets provide lines aki\
turing process. The ACIS Bl CCDs had measurable CTl acrogq K) and 4.5 keV (TiKa), as well as those from theFe
the entire array, including the framestore and serial retdo  goyrce itself at0.7 keV (MnL), 5.9 keV (Mn Ky), and 6.4 keV
ray, from defects induced in during the manufacturing pssce (mn K)
The performance of the XIS BI CCD was nearly the same as the The calibration sources on XIS illuminate the upper corners
FI CCDs pre-launch, due to an improved manufacturing pcest each CCD during all observations. The spectral linesrara f
(?). needs ref for XIS Bl process Burke et al. (1997) describes the55Fe source itself at 5.9 keV (Mndg, and 6.4 keV (Mn IB).

ACIS BI process.For the purposes of this paper, we are only exne orientation and approximate size of the regions illated
amining parallel CTI, or charge loss as a function of row nemb py, the calibration sources are shown in Figure 2.

Serial CTI, charge loss as a function of columns, is negdkgitr
both XIS and ACIS exceptin the case of the ACIS Bl CCDs, and
even then it is not evolving on orbit. 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 highly elliptical, 2.7-day orbit that transits astandard processifgs designed to remove some of thieets
wide range of partlcle enV|r0nmentS, from the Earth’s radim we are try|ng to Study here, by app|y|ng corrections for Cid a
belts at closest approach through the magnetosphere amemagme-dependent gain changes. The actual performance seen b

topause and past the bow shock into the solar wind (O'Dell et g typical user from standard pipeline processed data is much
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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improved from that seen here. The data have been minimghgnels). The correction circient was fit by eye, finding the
processed, by removing the CCD bias level and by applyingvalue the best reduced the ACIS-I3 scatter. The correctiat i
standard grade filter (ASCA G02346))(and discard all oth- ways less than 0.5% of the total pulseheight.
ers. XIS1 and ACIS-S3 are used are representative Bl CCDs andWhile the electronics of the two instruments are not identi-
XIS3 and ACIS-13 are representative FI CCDs. cal, there’s no reason to assume the relationship of thecéne
As the XIS calibration sources only illuminate the uppetroid to CTI would be any dferent for XIS than for ACIS.
corners of the CCDs, we filter the data to include only events (maybe BeyEric can add something more? XIS gain evo-
within a rectangular region encompassing the calibratiomee  Jution must be monitored by sky sources, which should indi-
events. The size of the region varies slightly between C®Ds, cate if there’s lots of non-CTI gain change going on) should
is roughly 225 pixels square. While the ACIS calibrations@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 ACI%, Discussion
data cover the time period from January 2000, when the focal ] .
plane temperature was initially lowered to its current ealto 4-1. CTI Time Evolution

February 2011. The XIS data begin shortly after 8&aku 16 time evolution of CTI, as measured by the change in the

launch in July 2005 and continue through February 2011. Thge anergy, is shown in Figures 4 and 5 for XIS and ACIS, re-
XISIdata ‘a"th ar;d without cha_rgfgd_mjectlon are binned sepgse tively. The change in line energy is plotted as theitaat
rately, as the periormance Is quitdigrent. change since the first data point. Data from both front- arét-ba

X ; -~ €1G|luminated devices are included, as well as both with artthwi

to energy for each event, is determined by fitting a Gaussiang,;; x|s charge injection.

the_pulsehaggt f}l_tstogramtlnl the_ |n|t|at1rl1t|me b'gggﬁ twmgmt Increasing CTl leads to decreasing measured line enerfy. Al
regollons mdug et'hsep"t"r:a ely, since _?%/_are recsn reta ou tcases show an overall increase in CTI due to radiation damage
no Igsdatrl ”Otﬂo " aveb. € Same gain. This gain correctioans rﬂn some cases, the CTl increase from radiation damage is-modi
applied to all the ime bins. fied by sacrificial charge from the particle background,uésed

_ We then make an energy spectrum of the data in each tigigy ey i Section 4.3. Charge injection also clearly mesithe
bin. Since we have already applied a gain correction, the t

. . _ W&e of CTl increase. The rate of change of CTl varies substan
corner regions can now be combined into one spectrum and; qu between the dierent cases.
together. A Gaussian plus a linear background term is fiteo t
region around the Mn K line. The Gaussian centroid and width
are used in the subsequent sections to understand theiexolut.1.1. Suzaku

of CTI.
Figure 4 shows the change in line energy for XIS. Initially,

charge injection was not used, so the early data is all wignggh
3.2. A Proxy for Measuring CTI injection turned &. The rate of line energy change is roughly
2% per year without charge injection and the FI and BI devices

A standard measurement of parallel CTI, or charge loss 3vfile not identical, appear very similar. The line energglav

function of row, requires full illumination of the CCD with a_; : : e
source of known energy. The ECS on ACIS is capable of ﬁ'—on appears to be approximately linear with time.

luminating the entire CCD array with photons at a humber of When charge Injection s turneq on, there are three Obv"
us changes. The first is that the line energy jumps up, since

specific energies, as described in Section 2.3. The CTl on o S o) ) !
is calibrated in a number of less direct ways, including aemoi/{Le charge injection produces significant sacrificial caavgich

method of “checker flag” charge injection described furtiner improves the measured CTIl. The second is that the rate of

: o hange of line energy is shallower than without charge tigac
Ozawa et al. (2009). Since the XIS calibration sources are . . L
capable of illuminating the full chip, for proper comparisae inally, the improvement due to charge injection is largetiie

: . FI CCD than for the Bl device. The rate of line energy change is
must restrict our analysis to the upper corners of the ACISsch éjghly 1% per year for the BI CCD and 0.4% per year for the

as well. A change in CTI must change the accumulated chaﬁ CCD. The FJBI difference is due to the fact that the amount

loss and thus the pulseheight far from the framestore redion . ; : .
. X : of charge injected is three times higher on the FI CCDs than th
change in pulseheight, however, does not necessarily bdwe tl%l_ CCDs (Bautz et al. 2007).

related to CTI; it could also be due to changes in the gain co
pletely unrelated to radiation damage. For example, ACESaha
known slow change in the gain as a function of time as measured.2. Chandra
very close to the framestore where CTl should be neglighde. o
most of the CCDs it is monotonically decreasing at a rate df Figure 5 shows the change in line energy for ACIS. ACIS does
ADU yr~! at 5.9 ke\2 not have the capability to inject a known quantity of chaike |

To determine the feasibility of using only the upper corner§!S, so the only sacrificial charge is from the particle back-
as a CTI metric, we compared the change in Mnplseheight 9round and the X-ray photons themselves. This is clearly see
to the measured CTI for two ACIS chips. The results are shodhthe structure of the line energy as a function of time which
in Figure 3. Prior to correcting for the known gain change, tieontains distinct features that are also found in the deriack-
fractional pulseheight change is well-correlated to the @t 9round (Figure 11).

panels). After the correction, the correlation is eventégkright ~ Therate of line energy change is much lower for ACIS than it
is for XIS. Assuming a linear decay, the change is rough!9®.1

2 See http/space.mit.edtiomécgrantgain for example plots of the per year for the BI CCD and 0.07% per year for the FI CCD.
gain change. The decrease is clearly not strictly linear, due to the chrang
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sacrificial charge which adds both features from indivicuddr tion sources, they are nearly invisible due to their smat sind
storms and a larger modification tied to the solar cycle. low numbers.

The evolution of the FI and Bl CCDs look quitefidirent as The most obvious dlierence is that between the FI and BI
well. The FI CCDs appear to be much more sensitive to sacriiCDs due to their structural fiérences. The FI CCDs display
cial charge from the particle background than the BI CCDss THarge streaks and blobs while the BI CCDs have much smaller
cannot be due to fierences in the number and type of particlefatures. The FI CCDs have an active, depleted region and a
impinging on the CCDs, but in how the particles interact witmuch thicker field-free region. The X-ray events generaitg-
the CCD structure. Sacrificial charge from the changinggart act in the depleted region so the charge is collected in alsmal
background and the MBI difference will be discussed further inarea. Charge particles can traverse the entire thicknesiseof
Section 4.3. CCD, depositing charge along their path. The charge in the fie

free region can disperse more freely and produces the léwgs b

seen in the image. The Bl CCDs are fully depleted, so they do
4.2. Spectral Resolution Time Evolution not have the additional field-free region. The charge from pa
ticles stays more concentrated into smaller blobs andlstrea
Comparing the Fl and Bl images from a single instrument, such
%s ACIS, shows that the total number of particle events is-com
parable even though their morphology is sfiefient.

The time evolution of spectral resolution is shown in Figuge
and 7 for XIS and ACIS, respectively. The spectral resotuti
is measured as the FWHM of the MraKine. Data from both
front- and back-illuminated devices are included, as webath The number of particle events is alsdteient between XIS

with and without XIS charge injection. and ACIS. ACIS clearly shows more particle events than XIS,
_The relationship between increasing CTl and spectral res&en though the ACIS frame exposure time is less than half tha

lution is not as simple as that for line energy. If an X-raymve of x|S. This is due to the particle environment in the two or-

occupies a single pixel, the charge loss due to CTI esshntiglits. X|S receives substantial shielding from the Earthisgm

adds an additional noise term to the spectral resolutiothén petic field which ACIS does not.

case of both ACIS and XIS, many events are split over multiple gn comment from section 4.1.2 (the features from solar

pixels. In that case, charge loss adds additional noisesteom  storms are very interesting—can they be tied to actual his-

all of the split pixels. In addition, some of the lost chargaym (qyical storms? | think that would be worthwhile, maybe in

be re-emitted into a trailing pixel which may also be incldde 5 |5ter section with the ACIS BG vs. time, with some discus-

the event depending on the size of the trailing charge. sion about particle type vs. solar activity and how that &fects
the BG)
4.2.1. Suzaku Figures 9 and 10, XIS peak and fwhm vs COR. Figure 11 is

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@th on, P
the rate of increase of spectral resolution for Fl and BI CCD4s'4' (T:eTr;and Spectral Resolution: Dependence on
o T perature

was very similar, about 70 eV per year. Once charge injection
was turned on, the performance improved and FWHM dropp#d least some of the dierences between the evolution of CTI on
to nearly the initial value. The rate of increase is much slowACIS and XIS can possibly be due to operating dtedtent focal
with charge injection than without, although again, the FIIC plane temperatures. ACIS is much coldea20°C than XIS
shows more improvement than the Bl CCD due to the smaller—90°C, so many of the common electron traps that cause CTI
amount of injected charge. The FWHM increase is about 12 déMve 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 Bhuch higher on XIS than ACIS. While this could be due to a
CCD. higher level of damaging particle radiation, it could alsodue
to the higher CCD temperatures.

The ACIS team has performed a series of CTI measure-
ments at dierent temperatures at twofkdirent times (Grant

Figure 7 shows the change in spectral resolution as a fumctfe - 2006). By comparing the time evolution 8120°C and

of time for ACIS. The initial FWHM for both ACIS devices is 20 & We can determine how large the CTI change on ACIS
much higher than that for XIS. This is due to the pre-launéﬁomd be at either temperature.

manufacturing defects on the Bl CCD and the initial radiatio
damage to the FI CCDs in 1999, before the time period shO\gn
here. The rate of increase, however, is vanishingly smedl | ~
than 1 eV per year for the Bl CCD and consistent with no changeknowledgements. The authors thank blah blah and blah blah for such and
for the FI CCD. Unlike the line energy, the FWHM evolutiorptch- This work was supported by NASA grant so and so.

shows no obvious dependence on the particle background.

4.2.2. Chandra

Conclusions
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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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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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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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Fig. 11. Particle background over the course of @andra mission, measured as the rate of high energy events on AGIBI$ The structure
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