Abstract

In order to determinethe errorsassociated with using HRC-I enclosed count
fraction (ECF) tableson ACIS data, weraytrace a grid of off-axis observations
with both HRC-I and ACI S| at the aimpoint. We use two different approachesto
determine the impact of ussng HRC-I ECFson AClISdata. First, wecomparethe
radii at which specific enclosed count fractions are reached on HRC and on ACIS.
Second, we apply the HRC ECF regionsto ACI S data and study therelative
enclosed count fractions at those radii. We find that the radii of the 50% ECFs
differ by asmuch as43% between the detectors, while theradii of the 90% ECFs
differ by a maximum of 24% . When applying the HRC ECF regionsto ACI S data,
we see a maximum error of 35% with the 50% ECFsand only 6.2% for the 90%

ECFs.

| ntroduction

The enclosed count fraction (ECF) tables which have been released to the public
wer e gener ated via SAOsac raytraces using an infinite HRC-1 asthe detector.
We examinethe errorsassociated with using these HRC-I ECFsto characterize
the PSF of ACIS observations. In particular, we concentrate on the effect of
projecting to the different detector planes. We ignor e the differ ence between the
pixel sizes by not pixelizing the data after it isprojected to the detector surface.

We raytrace observations with the HRC-1 and ACIS| at the aimpoint, at positions
that make up a polar grid on the ACIS-| aswell asa line across the middle of the
ACIS-S. In addition to comparing the HRC and ACIS ECFsdirectly, we also apply
the HRC ECF regionsto the ACIS simulations.

This study utilizes circular regions created by the CXC Opticsgroup'scircular ECF
program, enen-evts.

Setup

We choose agrid of positionsto raytrace such that thefar ACIS-S chipswould be
covered with ACIS| at theaimpoint. Figure 1 below showsthisgrid against the
ACISdetectors. The sourcesthat fall on ACIS-S are spaced 2 arcminutes apart.

We raytrace a point sour ce with a spectrum such that there will be uniform
signal-to-noise acr oss the entire spectrum. We determined that a high ray density
was necessary because the enclosed count fractions wer e sensitive to the number
of sour ce counts. Each raytrace has about 10° total counts.

Wethen project theraysto the focal plane with the CXC Optics group's detector
model, deticpt. We use non-pixelized detector coordinatesfor ECF generation, which
apart from the effects of dither and aspect reconstruction are functionally identical to
the sky coordinatesthat users see. The simulations are split into 1 keV energy bins
from 0-8 keV to exhibit the ener gy dependence of theerrors.

A number of complicating factors are handled asfollows:
e Weusean infinite detector planeto avoid chip gaps.
e Wedon't treat the impacts of pixelization or telescope dither.

e Ghost raysarefiltered out, though they may affect real observations
at off-axisangles> 15'. Their large spatial extent dramatically inflates
the outer annuli. Real observationswill typically not be affected by them
because of their low surface brightness. However, asour simulations do not
include background contamination they significantly bias our results and
must be excluded to match on-orbit performance.
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Figure 1. Positions of raytraces on ACIS, with ACIS-| at the aimpoint. These positions
were chosen to sample different parts of the | array aswell asthe far chips of the S array.

Analysis
We comparethe HRC-I and ACIS| ECFsin two manners. First, we derivetheratios
of theradii for the 50%, 90%, and 95% ECFsfor both detectors. This providesan
indication of how the differencein detector planes distortsthe shape of the PSF. In the
second comparison, which ismore useful for observers, we apply the ECF regions
derived from the HRC-I simulationsto the ACI S| simulations and measur e the actual
count fractions found in those regions. The two comparisons are shown for the 90%
ECFsasafunction of energy for the =0 ACIS-| subset in Figure 2. The plot on the
left istheratio of 90% ECF radii between ACIS and HRC, whilethe oneon theright is
theratio of enclosed count fractions at the HRC 90% ECF radii. Qualitatively the
results at the other azimuthal angles are similar to those at =0, but thereisa noticeable
azimuthal effect on theerrors.

Ratios of 90% EE radii Rotios of ECF at given radii for HRC—| 90% EE

EC FHRC—I/ECFACIS—I
.98

0.98

T 80%
1 BO%
. DO%

7 Pl Bheaetd
=%

oOocoooo

S+ +

e

L
<
5%

1 90%
90% 1 @
0; 90%

.o Cione
jeul
S
N

L T | | T
D D D D> D DD

=}

R=N
I

=
@
a
5]

oD oo D

=}

1

ol

=~

o

o it b
IR

\J_E”%-ews.-aﬂ.

w

0.94

o

1

ol

o~

o

ot b

-

o

Energy [kev] Energy [kev]

Figure 2. Left: Ratio of the 90% ECF radii on ACIS and HRC, which is a direct comparison of the ECF regions.
Right: Ratio of the enclosed count fractions between ACIS and HRC at the 90% HRC ECF radii, which indicates
the errors associated with applying the HRC ECF tablesto ACIS data and is more useful for observers.
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For further off-axisresultswe focus on the 90% ECFs. Since the underlying model of the
optics does not perform aswell off-axisasit does on-axis, especially in the core of the PSF,
the 50% ECFsarenot reliable off-axis. Figure 3 below showsresultsfor the 50% and 95%
ECFsat ¢=0 as an example. Comparing to the 90% ECFsin Figure 2, it isclear that the
errorsfor the50% ECFsarelarger and those for the 95% ECFsare smaller.
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Figure 3. Left: Ratios of the 50% and 95% ECF radii on ACIS and HRC. The 50% radii differ by as much as 34%.
Right: Ratios of enclosed count fractions at the 50% and 95% HRC ECF radii. The maximum error is about 30%.

Figure 4, below, showstheresultsfor theraytracesthat fall on the ACIS-Sarray, using
only the 90% ECFs. Again, the plotson the left aretheratio of the 90% ECF radii, and
those on theright aretheratio of the enclosed count fractions at the HRC 90% radii.
Figure5, at the bottom of this panel, showsthe results where we find the maximum errors.
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Figure 4. Ratios of 90% ECF radii (left) and ECF at 90% HRC radii (right) for 14 <0 < 30. These ratios, for which
the ACIS simulations fall on the S-array, are closer to 1 than those in Figure 2, despite being further off-axis.
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Figure 5. The 50% and 90% ratios of ECF radii (left) with the largest errors. The maximum errorsin radii are 43% for the
50% ECFs and 24% for the 90% ECFs. On the right are the ratios of enclosed count fractions at the 50% and 90% HRC ECF
radii. These are the applied errors, and we see maximum errors of 35% for the 50% radii and 6.2% for the 90% radii.

From Figure5, wefind that errorsin the ECF radii of up to 43% are possible when
looking at the 50% enclosed count fractions. Actually applying the HRC-I regionsto
the ACISdata could lead to errorsof up to 35%. Thelargest errorsare seen in the
0-1 keV rangefor off-axisanglesof 4-6'. L ooking at the 90% ECF regions, the radii
disagree by a maximum of 24%, and applying them to ACIS data would result in a
maximum error of 6.2%.

| nterestingly, the largest errors are seen at relatively small off-axis angles (4-6').
On-axis, of course, both the HRC and ACIS PSFs agr ee perfectly. But as we move
further off-axis, and eventually onto the S-array, the ratios begin to approach unity.

To understand this, we examine the geometries of the detectors and the focal surfaces
for different energies and off-axis angles. Figure 6 showsthe focal surfacefor 3
different energies (1,4,8 keV) asa function of 0 (at an azimuthal angle of ¢$=0). The
HRC-1 and ACIS-| detector planesareincluded for comparison. The most significant
indicator of the PSF differences turnsout to be the distance between the focal surface
and the detector plane for each raytrace. We compar e these distances for the HRC and
AClSdatain Figure 7, by taking their ratio. We also plot the distances between the
HRC and ACIS detectorsin Figure 7. Notethat these are functions of azimuth, so that,
for instance, at $p=45’ the distance between the planesislarger.
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Figure 6. Comparisons of the focal surfaces and the detector planes of HRC-I and ACISH,
at energies of 1,4, and 8 keV, asafunction of off-axis angle 8.
Ratio of Detector Plane—Faocal Surface Distances Distance Between Detector Planes
o T T B SR+ 1 T * T T T T T T~ T a__T T T T T T T T T 7T
—— O
—2- 1
1 L 3 _
@ 4 i
e B Sk s
< B— B =
o> -o- 10 &
(0 i
T —E- 148092 |7 o
7 g 149436 || F
<] i
w —z-. 15.3399 ‘
o —— 159785 || 2 - | 1
& [ ~e- 168319 |] * !
& —m- 17.8693
= 19.0607 ||
- 20,3792 ||
—— 21.8016 || —8— acis—i
o L -E- 23.309 |J - [ sws  gels—a
=t i
o | 2 I 4 | B I 8 | 9 5 10 15 20 25
Energy [kev] 8 [arcmin]

Figure 7. Left: ACIS/HRC Ratio of detector plane —focal surface distances.
Right: Distance between HRC and ACI S detector planes, as afunction of off-axis angle 6.
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There are only a few instances wher e the PSF on the HRC istighter than that on ACI S,

resulting in aratio of the ACISHRC 90% ECF radii to be greater than 1. Thisismainly
at low energies and an off-axis angle of 6=1 L ooking at the e=1 keV focal surfacein
Figure6, it isevident that it is closer to the HRC detector at 6=1. Thisalso showsup in
theratio of the focal surface - detector plane distancesin Figure 7, whereit is greater
than 1 for 0=1 at low energies. The other ratio greater than 1in that plot istheratio of
very small numbersfor 6=1.

At lar ge off-axis angles, the distance between the two detector planesis so much smaller
than the distance between the detector plane and the focal surface, so theresultsin
Figure 4 (6>14) are closer to unity than those in Figure 2 (0<10). The other effect isthat
the latter smulationsfall on ACIS-|, whilethe far off-axissimulationsare on ACIS-S.
Figure 7 showsthat the ACI S| chips are more steeply tilted, and so the distance between
ACI S| and HRC-I can be greater than that between the ACIS-Sand HRC-I.

The energy dependence of the errors, as seen in Figures 2-5, can be explained by the
change in the shape of the focal surface with energy, asin Figure 6. The focal surface gets
much steeper at higher energies, and this hasthe same effect as going to larger off-axis
angles-- the HRC and ACI Sresultsare more similar because the distance between

their detector planesis so much smaller than their distance from the focal surface.
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Figure 8. Plot of HRC and ACI'S enclosed count fraction vs. radius for @ =4', e=0-1 keV. This
demonstrates how the errorsin the radii are more significant than the errorsin the enclosed counts.
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Conclusion

This study comparesthe PSF projected to the HRC and ACISfocal planesin order to

deter mine the errorsassociated with using HRC ECF regionsto characterizethe ACIS
PSF. It isdone without pixels, detector edges, ghost rays, or dither. Wefind that the

50% HRC ECF regionsare not very suitable for applying to off-axis ACI S data,

resulting in errorsof up to 35%. The 50% radii themselves differ by as much as 43%.

We recommend using the 90% HRC ECF regions, whoseradii differ from the ACIS
regions by as much as 24%, but result in a maximum error of 6.2% between 4-6' off-axis.
These quoted errors, it should be noted, are not representative but rather worst-case errors.

Theerrorsin theradii are much larger than those in the enclosed fractions, which
may seem inconsistent. In fact they are not, asisindicated by Figure 8, which shows
the ECF versusradiusfor both the HRC and ACIS data. Moving from the HRC data
tothe ACISdata, and starting at the 90% HRC ECF radius, the changein radiusisfar
bigger than the change in the enclosed count fraction.

At lar ge off-axis angles, the differ ences between the HRC and ACI S detectors are negligible.



