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High-resolution QEU mapsfor ACIS-| and S1,2,3 chips
A. Vikhlinin

Abstract
ECS data accumulated over several years of ACIS operatimwsthe small-scale variations of the ACIS quantum
efficiency — intra-node variations in the FI CCDs and strong ewoitto-column fluctuations in the BI chips. We
report on creation of new high-resolution quantuificency non-uniformity maps (QEU) for ACIS-1 and 3 CCDs
in ACIS-S (S1, S2, and S3). This new calibration reduces B8 Qncertainties to 1%—2% from the present 5%.

1 Introduction

Between February, 2000 and the summer of 2003, ACIS has bgesed to the ECS for over 2.5 million seconds. The high
statistical accuracy of the combined dataset allows ontuttyssmall-scale spatial variations in the ACIS quantufitiency.
Indeed, strong column-to-column variations for the Bl ehipe easily revealed (FiQl 1). These structures are notiate
for by the present calibrations, and indeed, could not beaied in the data available in 2000 because of the limitdibtts.
The scope of the present work is 1) to develop the QEU mapshigtier spatial resolution, and 2) improve the model for the
energy dependence of the QEU correction. Our goal is to thiw€EU uncertainties down to a 1% level.

2 Calibration data and related analyses

We use the combined ECS dataset collected over Februai§-20dly, 2003 at the focal plane temperatul®0 C. The data in
the FI CCDs (we use all 4 of the ACIS-I chips and S2) were CTrexted. The time-dependent gain correction (***REF***)
has been applied. Finally, we applied new gain tables nagdiecaLcrmr2 ACIS response calibration (**REF***); this is
important only for S1.

The QEU analysis is based on the data for the three brighteiss®n lines in the ECS spectrum, Al-Ka at 1.487 keV,
Ti-Ka+b at 4.510 and 4.93 keV, and Mn kh at 5.898 and 6.486 keV. The chip images were extracted iRlthkannel ranges
70-118, 3000-365, and 380—-480 for the Al, Ti, and Mn linespeetively. Note the for the Ti and Mn lines, our energy bands
include both Ka and Kb lines (see the memo on the analysisedBéil data). The ECS illumination pattern which must be
taken into account in the QEU analysis was derived in the sagigo.

3 Canthe QEU signal be enhanced?

The QEU corrections are relatively small. For example, ttterisity variations shown in Fifil 1 do not exceed 35% at Mn,
and 12% at Al. It is therefore very flicult to measurements these variationfisiently accurately in order to establish the
QEU energy dependence and therefore to interpolate theatamns between 1.5 and 6 keV and to extrapolate them to lower
and higher energie§o study the QEU “signal” in detail, it must be enhancé&tle show below that this is indeed possible by
splitting the photons into the appropriate ACIS flight gradeups.

The primary reason for the quanturfiieiency variation is the event grade migration caused by lizege transfer irfé-
ciency (CTI). A fraction of the charge is transfered intaling pixels which can alter the photon grade from “good” tzatl”.
Most of the events with the “bad” grades correspond to thektraf charge particles and therefore are sorted out bothiwh o
and during the Lev2 data processing.
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Fig. 1— Image of the S3 chip in the Mn line. The image was blddkg a factor of 16 along theéHIPY direction to emphasize the column-to-column variations


http://hea-www.harvard.edu/~alexey/acis/memos/balldata.pdf
http://hea-www.harvard.edu/~alexey/acis/memos/balldata.pdf
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Fig. 2— ACIS grade patterns. The “good” grades are showneemr The events with grades 0, 8, 16, 64, 72, 80, 104, 208 asdtaed or migrate into each
other if the charge is added to the trailing pixels; this igadd good” éc) set. Events with grades 2, 10, 18, 11, and 22 migrate intthihe”’ grades because

of the CTI; this is a “bad good'sg) set. Other “good” grades (12, 17, 34, 130, 48, 136, 49, 140138, 54, 139, 65, 68, 69, 76, 81, 108, 209, and 162) contain
a negligible fraction € 0.5%) of the total flux.

The definition of the ACIS event grades is reproduced in[Hidlt% “good” grades are shown in green. The good grades
can be split into two main groups. Events with grades 0, 864672, 80, 104, 208 are not altered or migrate into each dther
the charge is added to the trailing pixels. We call this a ‘thgood” (Gc) set. On the contrary, events with grades 2, 10, 18, 11,
and 22 easily migrate into “bad” grades because of the CTliefer to this as a “bad goodi¢) set. Other good grades (12,
17, 34, 130, 48, 136, 49, 140, 50, 138, 54, 139, 65, 68, 69, I,61@3, 209, and 162) contain less then 0.5% of the total flux
combined, and we discard them from the further analysis.

If the CTl is indeed the main reason for the quantuficency non-uniformitiesywe expect that the QEU variations are
almost absent in thec set and much enhanced in the set. The images of the S3 and S2 chips in #weandcc grade
sets dramatically confirm this expectation (FIy[1B, 4). Thiggests the the accurate QEU model can be developed with the
following approach:

1. Derive QEU (both spatial and energy dependence) fosdtset, QEW (X, Y, E).

2. Derive the fractionfgg, of the total flux in thes set as a function of energy near the CCD readout where the @Eti®

are small.
3. The final QEU model is obtained as

QEUX,Y,E) = 1+ fec(E) X (QEUgg(X, Y, E) — 1) 1)



Fig. 3— S3 images in the Al, Ti, and Mn lines in the three graels s— all,cs, andsa (top to bottom in each panel). As in FIg. 1, the images have ix 1 p
resolution in theX direction and are blocked by a factor of 16 in thelirection. A slight decrease in intensity at the bottomh&f €CD visible in the Al and
Mn GG images is caused by the ECS illumination pattern.
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Fig. 4— Same as Fifll 3 but for the S2 chip. The images are hidekea factor of 4 in theX-direction and by a factor of 32 in thé-direction. Note that the
QEU variations in the FI CCDs &t = —120 C are small and become easily detectable only iBdteet.
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Fig. 5— Projection of the S3 images in the Mn, Ti, and Al linbta¢k, blue, and red, respectively) along t#PX axis. For Mn, both thec (open circles)
andsq (filled circle) projections are shown. For Ti and Al, we shomhyothe sc data. The ECS illumination pattern has been corrected iceakts. The solid
blue and red lines show the scalings of the Mn profile to Ti ahdssuming that the flux loss is Idge E.

4 QEU for BI chips

Below, we provide a detailed report on the derivation of tigJalibration for the S3 chip. A similar analysis is usedtfos
S1 chip; the dierences are outlined §#1.

4.1 Energy dependence: QEUgs(E)

The general idea about the energy dependence a&6t@&U can be obtained from projection of theimages along th€HIPX
axis (Fig[®). The flux loss is clearly smaller towards loweemgies. The following scaling provides an adequate detsoni
of the data

log(f) « E, (2)

wheref is the observed intensity normalized to 1 near the CCD retladdne Mn projection scaled according to dq. (2) to 1.487
and 4.510 keV is shown in Fifll 5 by the red and blue lines, @a@dy. The agreement of the scaled profile is especialtydgo
for the Ti data. Note also that th& projection for the Mn lines (open circles in FIg. 5) is comstavithin +1%, within the
measurement accuracy for the illumination pattern.

Additional tests for the energy dependence of the QEU candmerasing the XRCF calibration. The S3 chip was uniformly
illuminated by several monochromatic sources with in tfe-8 keV energy range. Thie andaca profiles from these measure-
ments are shown in Fifil 6. At = 2.116 keV and above, there is an excellent agreement with tHght Mn profile scaled as
in @). Below this energy (**#roeabLy, BELow THE SIK EDGE AT 1.837kEV***), there are increasingly strong deviations from the
scaling. In factthe data are more consistent with the energy-independergatmn for se events for E< 1.837keV. However,
even if this is neglected, the error in the final QEU is smadk &ample, the deviations for tle events aE = 0.525 keV are
approximately 9%; the fraction of such events in the totad #u12%—-14% (se@Z.3); therefore the error in the final QEU is
1.1%-1.2%. At Al there are 3% residuals, while the fractibthe sc events at 1.487 keV ig 20%, therefore such residuals
result in less than 1% inaccuracies of the final QEU calibratiThis is a good example of why splitting the photons ito
andcac events helps to greatly improve the QEU calibration acgurac
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Fig. 6— Projection of the S3 images from the Phase-| califmaat the XRCF. Each plot shows projections ferand s events (filled and open circles,
respectively). The blue lines show correction for sadfluxes expected from the inflight Mn data (Fig. 5). The dotied is the Mn pofile from Fidd5 scaled
by eq. [2); the solid line is the projection of the scaled ection map (se¢Z4).
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Fig. 7— Fits to the Mmsc data in the 9 consecutive CCD columns in $8IPX = 970- 979). The Mn, Ti, and Al data are shown by black, blue, and red
histograms, respectively. The 4-th order polynomial fibithe Mn data only (black line); it is scaled using €d. (2) tafid Al (blue and red lines, respectively).

It has been verified that ed] (2) also describes the scalitigedfux loss for the individual CCD columns (see . 7 below)
Therefore, we will use this relation for the QEU energy dafmte in the Bl CCDs. ***Aly PHYSICAL EXPLANATION FOR THIS
SCALING ?***

4.2 Spatial dependence: QEUgg(X,Y) for Mn

Results of§&1 suggest that the QEU calibration at Mn can be reliabljesic® other energies using efjl (2). The Mn line is
the brightest in the ECS spectrum and has the strongest @dlsiTherefore, the QEU at Mn can be easily calibrated with a
high spatial resolution — in fact, on the column-by-colunasis.

We use the following procedure:

1. Thesg intensity profile is extracted in each CCD column for the Al,and Mn lines.
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Fig. 8— The fraction of thec events in the total flux as a function of energy. The data ar&€@S and XRCF (black and blue filled circles), E0102 (red
circles), and G21.5 and A1795 (open blue and red circlesd.sbtid line shows the fit from ed(3). The dotted line is frdra@40204 version.

2. The profiles are “flat-fielded” using the ECS illuminaticattern and blocked into bins of 16 CCD pixels each.
The profiles are normalized to 1 near the readout by digitinthe average intensity in tl@IPY range 16-96.
4. Logarithm of intensity as a function GHIPY is fit to the Chebyshev polynomials of the 4-th order. The fiestricted
to reach 1 at the CCD readout by replacing the data pointad by log() = 0 with a small errorbar. Note that only the
Mn data are used in the fit. We use the Al and Ti intensity prefilely to control the energy scaling given by dq. (2).
5. Exponent of the Chebyshev fit is used asYhdependence of the QW in each CCD column.
The fits for the 9 consecutive CCD columi@d{PX = 970- 979) are shown in Fil] 7. Note that the scaling of Mn fits to Ti
and Al (blue and red solid lines, respectively) works finerefigr very diterent amplitudes of the the flux loss at Mn.

w

4.3 Energy dependence of these fraction: fgg(E)

The final ingredient of our QEU model is the energy dependendee fraction ofsc events in the total flux. We derive this
ratio directly from the data using 1) ECS data at 1.5, 4.5,%08deV, 2) XRCF measurements at 0.525, 0.705, 1.740, 2.166,
6.399, and 8.040 keV, 3) calibration observation of EO10R wiost photons &t = 0.62 and 094 keV, 4 ) observations of the
cluster A1795 and SNR G21.5 near the S3 readout (brightruauntin spectra in the 0.5-6 keV range). The results are shown in
Fig.[8. Thesc fraction in the total flux increases with energy; the dataveet-fit by the relation

fac(E) = 0.32x (1 - 0.45 (Q5/E)9) for E < 1.837 keV @)
fac(E) = 0.315x (1 - 0.0225 € - 1.837)%) for E > 1.837 keV
shown by the solid line in Fiddl 8.
4.4 Bringing all piecestogether
Using the QEU factorization from edd (1) and dd. (B)—(3), we write the QEU for the S3 chip as
QEUss(X. Y,E) = 1+ 0.34x (1 - 05 (067/E)*%) x ((QEUBG, X ¥) % - 1), @)

7



where QEWg, yn(X,Y) is the map with 1-column resolution derived§i.d.

The test of the new QEU calibration is shown in Hify. 9. Thedweai QEU uncertainties are reduced from typie&bo
variations with the current CALDB te1%.
45 QEU for Sl chip

The derivation of QEU for the S1 chip follows a similar routélwsome modifications outlined below.

45.1 Illumination pattern

Using the spatial distribution of th@ events we verified that the S4—S2 illumination pattern Isratistly OK in S1 for the Al
and Mn but not Ti lines. However, to reduce the illuminatiorcertainties, we flat-fielded the data using thec images.
452 Serial CTI

The S1 chip appears to have a much stronger serial CTI thaiTBi8.leads to strong intensity variations near the readout
(Fig.[10) and therefore, we no longer can normalize the QEU4dbY = 0 in each column. Instead, we normalize the QEU to
1 in the region with the highest Mn line flugRHIPX = 258— 273,CHIPY = 16— 112.

453 fgs(E)

The fraction ofsc events in S1 was derived identically to that in $&.3). The data from ECS and E0102 shown in Eig. 11 is
well-fit by the functional form[{B):

fac(E) = 0.21x (1- 0.45 (05/E)®°) for E < 1.837 keV

5
fac(E) = 0.22x (1 - 0.045 € - 1.837}%) for E > 1.837 keV ®)

(solid line in Fig[T1).

454 Test

The tests of the new QEU model for S1 are shown in[El§y. 12. Theracy is worth compared to S3 (there are residual 3-5%
variations), but still significantly better than with theldCALDB data.

5 QEU for FI chips

5.1 Energy dependence of QEUgg

The FI chips shows a veryftierent energy dependence of the flux in thevent set. Projections of the observed intensities in
10 are shown in Fig13. Clearlthe loss of thec photons in the FI CCDs is energy-independent

QUEgg r(E) = const (6)

The observed profile is very flat for tlve events except for the highe®HIPY's. The residuals reach 2% @IPY = 1024.
One expects, in principle, an energy-independent trenfd GAIPY because of the cosmic-ray induced dead-area. The CHIP-
averaged dead area4s3.9% (REF TO YUSAF's MEMO). It is expected that it i 1.5 smaller at the readout than at large
CHIPY's because the cosmic rays also hit the frame store area. Xpeeted trend is illustrated by the dashed line in Exg. 13.
There is no obvious indication for the expected trend in @ dout the discrepancy is probably within the the accucdtiye
illumination pattern measurement.

5.2 Spatial dependence of QEUgg(X,Y)

The spatial dependence of the QEU is derived using the sancegure as that for the S3 chifg(d). The only diference is
that we use a 4-column resolution in tBBIPX direction because no obvious column-to-column variatemesobserved, and
the fit uses a 2-nd order polynomial for flux instead of the é+tter polynomial for log(flux).
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Fig. 9— Test of the new QEU model for S3. The ECS images werdidlaled using the QEU maps described here (left) and thase €ALDB (right). The
full color range from black to white is 0.9-1.1 in each pariie old QEU calibration produces’% residuals. The residuals are down to I#ag) and 3%
(maximum) with the new model.



0.5
04 -

0.3 - —

2,10,11,18,22)/Flux(total)

Flux(grade

E, keV

Fig. 11— The fraction of thec events in S1 as a function of energy. The
data are for ECS (black filled circles) and E0102 (red). THiel $ioe is the
fit from eq. [3) and the dotted line is from tA&/04 version.

Fig. 10— Image of the S1 chip in Mn (all grades). Note strortgnsity
variations near the readout likely caused by the serial CTI.

5.3 Energy dependence of fgg(E)

Since the loss ofc events is energy-independent in the FI CCI}g(E) is the only term responsible for the dependence of
QEU on energy. We derivetsg(E) using the ECS data, and also observations of E0102 at lovgieseand G21.5 at high
energies. The results are shown in [g. 14. There is a jumpeind fraction near 1.83 keV (the Si K-edge) so it is hard to
describe it by a single smooth analytic function.

Instead, we can check if this energy dependence ofdhfeaction is reproduced by the ACIS simulator. The simulator
results are shown by the dashed line in EIg. 14. The jump & Ke¥ is indeed expected, and the simulator describes tlze dat
very well below this energy. Above 1.83 keV, the simulatoderpredicts thec fraction but the general trend is very close
to that observed. In fact, the simulator results adjusted factor of 1.25 above 1.83 keV provide an excellent fit to thtad
(solid line). We use the adjusted simulator results as theetfor fzg(E) in the FI CCDs.

The loss of flux in thess events in the FI CCDs is only 10% or less (Higl 13). Therefargnall uncertainty irfgg(E) —
say, 3%, — results in only a 0.3% uncertainty in the final QEUbcation. The+0.025% band around the adapted model is
shown by the dotted lines in FigLI13. Clearly, the model aaeyis similar or better at most energies.

54 Test
Collecting all pieces together, the QEU in the FI chips cawlten as

QEUn (X, Y.E) = 1+ fac(E) x (QEUsg, wn(X. Y) ~ 1) )
where fzg(E) is from the adjusted ACIS simulator resul@b(d). The test of the new QEU in ACIS-I and the S2 chip is
presented in Fid15.

6 Calibration data

The maps of the QEU correction fes events is the basic ingredient of the new calibration. Theetbeen stored in the file
/data/alexey3/chandra3/CAL/qeu_Mn_bg.fits

with a spatial resolution of 1 CCD column along CHIPX (thel resolution is 4 CCD columns for the FI chips) and 16 rows
along CHIPY. NOTE: the calibration in this file is fake for t86, S4, and S5 chips (QEY1).

10
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Fig. 12— Test of the new QEU model for S1. The new QEU model itherleft and the CALDB results are on the right. The coloresdsi0.85-1.15 in each
panel. The residuals agel 0% with the old calibration and(3 — 5)% with the new model.
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Fig. 13— Projections of the observed ECS intensity in theldd@theCHIPX axis. The solid histograms show the dataderevents in Al, Ti, and Mn (red,
blue, and black, respectively). Projections for tlieevents are shown by the dotted histograms. The decrease &f flux at low CHIPY is consistent with
the higher OBF contamination in this region. The dasheddhmaws the trend expected from the dead area induced by thecmsy events. The dashed line
shows the trend expected from the dead-aftece
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Fig. 14— Observed energy dependence ofsth&Faction in the FI CCDs. The data date for the ECS lines (filedles), G21.5 (open blue circles), and E0102
(open red circles). The dashed line is the prediction froeABIS simulator. The solid line is the same function butedddy a factor of 1.25 above 1.83 keV
(Si-K absorption edge). The dashed lines show variations2¥% around the solid line.
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Fig. 15— Tests of the new QEU model in the ACIS-I and S2 CCD< ditientation is as in thestss ruiGaT FocaL pLane” figure (10 is top-left, S2 is bottom-left,
and 13 is middle-right) and the color scale is from 0.9 to T'lhere is an improvement at Mn where the variations are dowil 8 (rms) or 2% (max) with
the new model. The CALDB calibration produce®%, —3% residuals in S2, andd%, —-2% in ACIS-1. The diference between the old and new models at Ti
and Al are small, primarily because the corrections themesehre small. The structures visible at Al are caused byaatination on the OBF.
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The final QEU can be computed using these maps and equitidor @3, with a slight modification (eqJ(5) for S1, and
equation[(l7) for the FI CCDs. Thigg(E) function for the FI CCDs is obtained by interpolation of fodowing table

E,keV f_BG_FI
0.25 0.003686

0.30 0.004381
0.40 0.007937
0.50 0.011565
0.70 0.018357
0.90 0.027143
1.20 0.044343
1.50 0.064109
1.80 0.090248
2.00 0.043669
2.60 0.059637
4.00 0.111774
4.93 0.155908
6.00 0.201254
8.00 0.252394
10.00 0.276859
12.00 0.292806

CALCAREF users can immediately access the new model by getimfollowing flags:

correct_geu=yes
new_geu=yes
geuMn=$CH/CAL/qgeu_Mn_bg. fits

For the benefit of CALDB managers, | have computed the final @&td on a grid of energies and locations; the results can be
found in the text file
/data/alexey/ecs/QEU/CAL/geu.txt.dat

7 QEU for CTl-corrected BI chips

The calibration follows the same procedure. The columoeioimn dependence is still present but the overall aantaitf
the dfect is significantly smaller (the chips become more unifofterahe CTI correction).

8 Changelog
o 4/17/04:

1. Test of energy dependence of tieQEU using XRCF data
2. New energy dependence fQg(E) in the BI chips.
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