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Part I
Part 1: Mission-independent formulation

1 General Introduction

There are a lot of different coordinate systems used in the AXAF program, mostly intended for use
in constructing and aligning the hardware. This memo i3 intended to give the ASC SDS group's
current understanding of the relationships between them [mirror metrology systems are not yet
included) and to define many more systems, which are uselul for data analysis of observations both
in flight and at XRCF.

1.1 Update notes

Minor update to XRCEF [ocal plane systems FP-4.1, FP-3.1 {1997 Feb 27); General update post
XRCF, especially to HRC values (1997 Dec 21). Corrected HRC TDET system (1998 May 12).

1.2 MNotational conventions

Each of the pixel coordinate systems is identified by a label beginning with the string ASC, followed
by a string identifyving the system, and ending with a version number. For example, ASC-CHIP-1.0
(loosely, CHIP coordinates) refers to a pixel system defined by the equation immediately following
its bold-face first mention, and satislying the pixel convention discussed below.

1.2.1 Pixel convention

In all cases where we use discrete pixel numbers, the corresponding real-valued, continuous pixel
coordinates are defined to be equal to the pixel number at the center of the pixel. We further
recommend that for finite detector planes, one corner be designated as the lower left corner, LL.
Then the pixel which has LL as one of its corners (Le. the lower left pixel) shall be numbered (1,1)
so that its center has coordinates (1.0, 1.0). The cocrdinates of the LL point itself are (0.5, 0.5).
If the detector is rectangular with sides of length XMAX, YMAX the pixel coordinates then run
from (0.5, 0.3) in the lower left corner (LL) to (XMAX40.5, YMAX40.5) in the upper right corner
IZlJH.:I while the pixel numbers in each axis run from 1 to XMAX, 1 o YMAX.

1.2.2 Vector and coordinate notation

A bold face symbol eg. B denctes a point in 3D space. The notation Y,(B) denotes the Y
coordinate of point B in the J-dimensional Cartesian coordinate system A, When we reler to a
point a8 an argument in this way we usually get lazy and omit the boldface, eg. ¥4(8). The
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Figure 1: Pivel convention.

notation Py(B) denotes the triple [(X4(8), Yi(B), Z4(8)), ie. the coordinates of B in the A

coordinate system. (P i3 not in boldface since it is not a vector - it is in a specific coordinate
system. |

1.2.3 HRotation and translation of Cartesian systems

We define an Euler rotation Rot{dg, g, e of a Cartesian system XY, 2 to be the product of three
rotations

Rot{¢e, O, te) = Rot, (2, vg)Rot, (Y, 0g)Rat, (Z, ¢g) (1)

where the rotations apply to the successively rotated axes from right to left in the usual sense of
matrix multiplication,

The general transformation from a cartesian system A to a system B involves a scaling, a
translation, and a rotation. This may be described by seven numbers: the scale factor K ag {chﬁinn
of units), the position vector Pgl{A0) = [(Xg{AD), ¥Yg(AD), Z5{A0)) of the origin of A in the B
system, and the three Euler angles ¢g, g, ye of the rotation R{A,B) from A o B,

RA BY = HRollgg, e, v5) (2)
oob i cos §g 0ok ilg = sindgeinygg sindg cos B cos W g o+ cos dgsinid g RinfE cos g
= cohdE s g snig - snd g coswE sind e cosfEslnve + cos dE oo sind gz singg
oo o g Bl B e alngd g rindp oo g

Then coordinates of a general point G

PAlG) = (Xa(G), YalG). Z4(G)) (3)
may be converted to
Pa(G) = (Xa(G), Ya(G), Za(G)) (4)
using the formula
PlG) = R(A, BIK1gPA(G) + Pa(AD) (3)




If
R(A, B) = Rot(¢z, Oz, ) (6)

then
(B, A) = Rot{x — Y, 0,7 — $g). (7)

Further, if C is related to B by reflection about the X axis, Le. Yo = ~ Vo, Zc = —Zp then

R{A,C) = Rot(gg, 7+ g, 7 — ). (&)

1.2.4 Spherical polar coordinates

We also use spherical polar coordinate systems. The WS paradigm deseribes general rotations of
a spherical polar coordinate system. We define the native cartesian axes XY .Z of a spherical polar
aystem (v, 0, ) by the equation

(X V. Z) =rS(0,¢) = (reosdsind, rsin dsind, r cosd) (9)

g0 that the north pole is through the positive 4 axis and the azimuth 18 zero along the positive X
axis and 90 degrees along the positive Y axis. Any other choice of spherical coordinates (r, &, ¢')
may be defined by specifying the Euler rotation matrix which rotates the corresponding native
syetems into each other.

In the appendix 1 derive

B = cos! (cosfpcosl 4+ sinfg sinfcos(d — $g))

(10)

¢ = arg(cosfgsintcos(¢ — ¢g) — sindgcosfl, sindsin{g — dp)) — ¥e

2 Data Analysis Coordinate Systems - Imaging

2.1 General model of the system

We model an observatory consisting of several telescopes. Each telescope has an optical system
(loosely, ‘mirror’) which images the sky by converting incoming photon paths to outgoing photon
paths in a well determined way, and an instrument compartment. In the instrument compartment
ig an instrument table on which are mounted several instruoments. The ingtruments are fixed with
regpect to the instrument table, but the table may move relative to the instrument compartment.
Further, the instrument compartment itsell may move relative to the optical system (for AXAF,
this happens only at calibration). Each instrument consists of one or more fixed ‘chips’ or planar
detector surfaces of finite area (we don’t imply by this that they are chips in the semiconductor
sense]. For AXAF, these chips are all rectangular, although note that the ROSAT PSPC is circular.
Finally, each chip is subdivided into rectangular (usually square) ‘detector pixels’, ennmerating the

8



set of distinet locations that can be represented in the instrument telemetry stream. (In the case
of CCDs, these correspond to physical CCD pixels, while in microchannel plate detectors they are
arbitrarily set by the electronics).

The information available to us, the telemetry position, is two dimensional, but to infer the
final two dimensional angular incoming sky direction we must caleulate a photon position in three
dimensional space. BEvery time we want to make an image, we use a two dimensional pixel plane
(possibly losing information in a third dimension). So the three types of coordinate system we will
LLSe Are:

¢ Two dimensional pixel plane
o Two dimensional spherical angular coordinates

o Three dimensional cartesian coordinates,

2.2 Data Analysis 1: Telemeiry to Tangent Plane

Unee instrumental details are removesd, we derive the CHIP pixel coordinate system which records a
location in a 2-dimensional plane pixel surface. The FP [Focal Plane) pixel coordinate system (called
DETX,DETY in the FITS files) gives the locations in a pixelized tangent plane to the telescope
optical axis. The SKY (XY pixel coordinate system gives locations in a pixelized tangent plane to
the nominal RA and Dec of ohservation. Going from CHIP to FP involves taking cut 3-1) geometry
of the chips, position of the instrument on the optical bench, motion of the optical bench, boresights,
and plate scale. Going from FP to SKY involves applying the aspect solution. These three pixel
coordinate systems, plus the convenience TDET system which combines the CHIP systems for all
the components of one detector and systems associated with dispersive gratings, are the systems
that wsers will see in data analysig. The remaining coordinate systems are used internally to make
precise the transformations involved in going from CHIP to FP to SKY.

2.2.1 Telemetry to Chip coordinates

The telemetry coordinates of a photon are a collection [n-tuple) of integers. The formats may be
very different from instrument to instrument; for instance, the HROC telemetry coordinates consist
of two Tap values and six voltages, while the ACIS telemetry coordinates are directly given as
pixel numbers. For each instrument, we provide a rule to convert from telemetry coordinates to
our standard data analysis chip pixel coordinates which run from 1 to XMAX, 1 to YMAX.
They define a logical plane extending from coordinate 0.5 to XMAX 405, 0.5 to YMAXAH0.5. In
other words, the center of pixel mumber (1,1) is (L0, 1.0}, and its lower left corner is (0.5, 0.5).
The logical plane may be larger than the actual set of possibly active pixels. For instance, for a
circular detector such as the ROSAT PSPC, we extend this logical chip pixel coordinate plane to
be rectangular. This chip pixel coordinate system is labelled as ASC-CHIP-1.10.



The corresponding physical coordinate system is a three dimensional Cartesian system called
Chip Physical Coordinates (CPC), giving the physical location of a detected photon event on
the active area surface. They are fully defined in terms of the chip pixel coordinates when the pixel
size Ay and the array size XMAX x YMAX is given.

(Xeore: Yore. Zope) are defined to have units of mm. The CPC X and Y axes are coincident
with the chip X and Y axes, and the Z axis completes a right handed set. The CPC Z coordinate
of any point in the chip has a value of 0.0, The X and Y coordinates run from 0.0 to XLEN and
YLEN, where XLEN = XMAX » Ag and YLEN = YMAX » A

Thus if a photon lands at Chip Physical Coordinates Xepe, Yope its chip pixel coordinates
(ASC-CHIP-1.0) are

CHIPX = XepefA, +05 (11)
CHIPY = Yepo/d, +0.5

Xere = [(CHIPX - 054, (12)
Yope = (CHIPY —0.5)A,

Note that CHIPX and CHIPY are by definition linear, by which I mean that the mapping to real
physical space is linear. Now for ACIS it so happens that the true CCD pixels satisfy this condition
sufficiently accurately, but for HRC the readout values may require linearization and removal of
discontinuities.

2.2.2 Tiled Detector Coordinates

In an instrument. with multiple detector planes, the planes may be tilted with respect to each other,
or may be separated by a non-integral number of detector pixels, or both (as in ACIS-1). Projecting
onto a 2-D plane (eg. FP coords) will then lose the identity of individual pixels since one true
detector pixel will map to a variable number of square pixels on the projected plane. For recording
calibration information like bad pixel lists and inspecting the raw image, it is useful to have a single
coordinate system covering the whole instrument which retaing true detector pixel identity at the
expense of relative positional accuracy. For this purpose we introduced the tiled detector coordinate
systems (TDET).

TOETX Y A 10 08 ) gin f; CHIPX ~ 0.4 P | (13)
TDETY |~ ™\ 0 H, sinfl, cosd, CHIPY —05 | |\ Y0, 405 '
where the values of H;, A; and 6, are different for each chip. H; gives the handedness of the planar

rotation and has values +1 or —1, A gives the sub-pixel resolution factor, and 6 gives the rotation
angle of the chip axes with respect to the detector coordinate axes.

10



= TIET

Figure 2: The relationship between CHIP and Tiled Detector coordinates.

2.2.3 Loecal Science Instrument coordinates

Each instrument has an Instrument Origin which is the nominal focal point for the instrument. For
telescopes with movable instrument tables, the actual focal point for a particular observation may
be different.

To describe the motion of the instrument table, we use three aligned Cartesian coordinate
AVELeIS.

The Seience Instrument Translation Frame (STF) coordinate system s fixed in the instrument
compartment, and is used to describe the changing position of the instrument table. [ts origin
ig at the ﬂight focus and its axes have X running from the focus toward the telescope
aperture, and +Y and +Z forming a right handed set whose orientation matches that of the
cheervatory coordinates. For AXAF, the direction of instrument table motion is along Z.

The Science Instrument Translation Table (STT) cocrdinate system is fived in the moving
instrument table, and is used to describe the pesitions of the instrument origing relative to
each other. The position of its crigin is mission-dependent, but the axes are parallel to the
STF axecs.

The Local Science Instrument [LS1) coordinate system for each instrument is fixed in that
instrument, and is identical to the STT frame but with the origin shifted to the instrument

Origin.

When the instrument table i8 moved to put the instrument at its nominal foeus position, that
means that the LSI origin is eoincident with the STF origin. Since the axes are also parallel,
STE and LSI coordinates become identical. The STI system therefore measures how much the
instrument 18 offset from its nominal focus.

The STF, LSl and S5TT coordinate systems are defined to use units of mm. To convert from
the LSl system to the STT system, one needs to know the STT coordinates of each LSI origin {i.e.

11



the location of each instrument on the instrument table). To convert to the STF system, one needs
to know the instantaneous position of the instrument table, which we describe by giving the STF
coordinates of the STT origin Osrr.

To convert from a position P{LSI) in LSl coords to P{STF) in STF coords, one then performs
Lhe vector sum:

P(STF) = P(LST) 4 Orgs(STT) + Ogpp(STF) (14)
adding the STT coordinates of the LSI origin and the STF coordinates of the STT origin. When
the instrument is at it nominal focus, these two vectors are equal and opposite.

To convert, from CPC coordinates to LSI coordinates, we need to carry out a rotation and
translation. Each instrument has one LS1 coordinate system, and several chips each with its own
CPC system.  The information we need for each chip to define the transformation is the LSI
coordinates of each of the four corners of the chip plane (actually, only three of the four are required).

A peneral point on the plane is

r =po+ Aorcex + Yopoey (15)

where py is the origin of CPC coordinates, and ey and ey are the unit vectors along the CPC axes,
with ez as the unit normal to the plane.

Let us denote the position vectors of the four chip corners as LE UL UR LR. Then the unit
vectors of the CPC origin and axes in LSI coordinates are

po=LL ex=LR - LL ey =UL - LL (16)
and
er — ey N ey (1?}
4 o z
l-':-' & . ETT
AN N S
=7, N -

Figure 3: The relationship between CHIP, LSl and STT coordinates.

We can recast this in a rotational formulation,
FolLSI) = Pur(LSI) + R(CPC, LSI)\FPa(CPC) (18)

where the matrix is
(ex)x lev)x lez)x
RICPC, LSN = | (ex)y lev)y [ez)y (19}
exlz levlz lezlz
These unit axis vectors can easily be derived from the corner coordinates.

12



Soiemce jmemname st (descn bed by 18] oocrds)
Uypeical bemch ¢ desonbed by STT cocads)
|zt g e alke {de sonbed by STF coceds)
Mamor (descnbed by HNC coonds)

Tdle of HMC wady respect oo 5TF 5 exoggormed

Figure 4: The instrument compartment {dashed line) may be misaligned with the telescope mirrors.
Ar calibration, this misalignment (highly exaggerated here) may be significant and variable as the
mirror 18 tilted with mespect to the instruments, The instrument bench moves with respect to the

instrument compartment, as indicated by the arrow.

Figure 5: The relationship between ST'T and STF coordinates, AXAF example. The instrument
(SIM) table has moved so that HRC is at the focus.
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2.2.4 DMirror coordinates

We now specialize to a simple optical system which can be modelled to fisst order as a thin lens with
an optical node N from which rays appear to emerge toward a detector. This simple deseription
is fine for the AXAF HRMA, but won't apply directly to the complicated optical path of the
AXAF Aspect Camera. The origin of mirror coordinates (labelled here as MNC for Mirror Nodal
Coordinates, in previous versions of the document HNC for HRMA Nodal Coordinates) is the
nominal optical node of the mirrors. The +X axis goes from the node toward the entrance aperture,
and the Y and Z axes complete a right handed system. To first order, an incoming ray with MNC
direction cosines | — Xy, Yy, Zy) emerges from the mirror with direction cosines { - Xy, =Y, —Zy].
(We use the subseript "N for mirror nodal coordinates).

The mirror has a nominal focal length [ and a nominal focus at mirror coordinates (-f; 0, 0).
We define Foeus Coordinates (FC-1.0) as a cartesian system identical to MNC coordinates but with
its origin at the focus. Thus

P(MNC) = (—£.0,0) + P(FC) (20)
The nominal connection between FC and STF coordinates is
P(FC) = P(STF) (21)
However, we support the more general alignment
P(FC) = Ospp(FC) + R|STF, FC)P(STF). (22)

This equation allows us to handle the inversion of the HEMA with respect to the instrument
compartment that was originally planned for XROF.

Associated with the MNC system are two spherical coordinate systems. Mirror Spherical Co-
ordinates measure the off axis angle and azimuth of an incoming ray, and their pole is the MNC
Xy axis. Focal Surface Coordinates measure the off axis angle and azimuth of an emerging ray,
with pole at the — Xy axis {toward the focus). Each of these spherical coordinate systems has
an associated family of pixel plane coordinate systems [parameterized by the selected pixel size),
tangent to the pole of the sphere.

The generic Focal Plane Pixel coordinates are

FPX = FPX0+ A ¥/ Xx]) (23)
FPY = FPYD+ A7 (Zn/|Xn|)

where £, [, are sign parameters which control the orientation of the image. A, is the pixel size in
radians. The actual physical pixel size at the focus, for focal lengeh [ is

Ay = fA, (24)
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Figure 6: The Tangent Plane Coordinate system describes the incoming rays, while the Focal Plane
Coordinates system deseribes the angular position of rays emerging from the mirrors. The rays
then intersect one of several inclined detector planes, causing events whese locations are described
in tiled detector coordinates.

A focal plane pixel coordinate system is defined in terms of this physical pixel size. The nominal
focal length of the mirror is then needed to convert to actual angular size. (In practice, the angular
size may be directly encoded in a WCS CDELT header parameter).

The Tangent Plane pixel coordinates are defined in the same way, but form the pixel plane for
the Mirror Spherical Coordinates. Specifically, we define the standard ASC-FP-FSC-1.0 variant
of focal plane coordinates as (£, = 1,8, = —1)

FPX = FPX0+ A (Yw/|Xx]) (25)
FPY = FPY0 - A Zy/IXx])

Note that in the focal plane Xy is negative but we take the absolute value in the formula. The

sign on FPY 18 then chosen to take out the mirror inversion of the image caused by the optics. The
sign on FPX reflects the fact that we want celestial longitude to increase from right to left when

the roll angle 18 zero.
To repeat this in another way: (assuming zero roll angle and the default chip orientation)

e Source moves to higher RA

Source moves to left in sky image, so sky X decreases

FPX devreases

Incoming photon moves to smaller MNC Y and MNC Y /| X

Image moves to larger MNC Y, FC Y, LSL Y, CHIP X

an

13



Source moves to higher Dec

Source moves up in sky image, s0 sky Y increases

FPY increases

e Incoming photon moves to larger MNC Z
e lmage moves to smaller MNC Z, FC Z, LSL Z, CHIP Y

We define the standard ASC-TP-MSC-1.0 version of tangent plane coordinates as

TPX = FPX0+ A7 Yy/|Xx|) (26)
TPY = FPY() - AN Zx /| Xx|)

(identical to the focal plane coordinates) where here the (X, Yy, Zy) are the unit vector in MNC
coordinates of the incoming ray. Tangent plane coordinates are defined to apply to positions on the
‘sky’ side of the mirror, and do not include mirror optical distortions, while foeal plane coordinates
do. In practice we assume that tangent plane and focal plane coordinates are identical, and mirror
distortions are handled in the spatial variation of the centroid of the PSE.

Thus in our simple mirror model where an incoming photon coming from unit vector (X, Y, Z)
with ray unit vector (—X, ¥, —Z) is imaged to a ray with the same unit vector [—X, -Y, -2,
the tangent plane coordinates of the incoming photon TPX, TPY are equal to the focal plane
coordinates of the imaged ray. For incoming rays the sign of X is always negative, so -X i3 positive.

For XRCF, we adopt a different convention. Instead of looking at the sky from the
detector, we look at the detector from the source, choosing f, =, = ~1. Then FPX is
parallel to - MNC Y or 4+ XHCF Y; FPY is parallel to - MNC Z or 4+ XROF Z. Users
should be aware of the difference between FP coordinates at XRCF and in Aight.

Table 1: Defanlt axis orientations

Flight XRCF

-BAL 4 Dee FXRCEF Y, +XRCF Z
FEPX, +FPY PN, +FPY
FMNY, -MNZL -MENY, -MNEL

+FCY, -FCZ -FCY, -FCZ

+LS1 Y,-LSIL Z -LSLY, -LSI Z

FCHIP X-CHIP Y -CHIP X, -CHIP Y

We define Mirror Spherical Coordinates (v, #g, ¢g) in terms of mirror nodal Cartesian coordi-
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Figure 7: The different pixel plane coordinate systems. Distorting effects are highly exaggerated.

nates as follows:

Xy reostly
Yu rainfycosdgy I:E?}I
E‘:_-.- T &ain Eﬁl’ &ln di'y
The angle g is the MSC off-axis angle and ¢4 is the MSC Azimuth. The inverse is
ro= XL +YE+ZE (28)
HH' = {08 ! I:I_l,,' l.'r'?']
¢n = arg(Yy, Zy)
The Focal Surface Coordinates (r, 0, ¢r) are
Ay reosflp
Yu = 7 &in ﬂ'p CO8 e I::EQ}I
EN T &in ﬁ'p &in iii'p

The angle dp is the FSC off-axis angle and the angle ¢p is the FSC azgimuth. They are related

to the MSC coordinates by

fp =7

Vg, dr=dg (30)
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The inverse is

ro= X+ VE+ZY
cos™ (~ X /r)
¢n = arg(¥Yw, Zx)

—
=}
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2.2.5 Pixel planes for intermediate systems

We may want to make pixel images for data in coordinate systems such as LS and STTF frames. To
do this we use the FP system and set the LSI or STF origin at the nominal focus by specifying a
physical pixel size. ASC-FP-STF-1.0 coordinates are like ASC-FP-FSC-1.0 coordinates but ignore
the possibility of defocus or misalignment [or dither) between the instrument compartment and the
mirrors. ASC-FP-LSI-1.0 coordinates further ignore the possibility that the the instrument is not
at its standard position in the focus (no Sl instrument table correction) while ASC-FP-8TT-1.0
coordinates artificially place the STT origin at the focus. For each of these systems,

FPX = FPX0+AL'Y
= _ . | =
FPY = FPY0-AL'Z (32)

where A is the physical pixel size and ¥.Z are the LSI, STT, ete., coordinates, while the X-
coordinate is ignored.

The ASC-FP-STF-1.0 pixel coordinate system is also called 'dithered focal plane coordinates’
gince it can be used to debug XROF dither mode.

2.3 Data Analysis 2: Tangent Plane to Sky
2.3.1 Sky Pixel Coordinates

The Sky Pixel coordinate system is a translation and rotation of the Tangent Plane pixel coordinate
system to align the image with a nominal pointing direction and spacecraft roll angle. For small
aspect corrections, sky pixel coordinates [ASC-SKY-1.0) are

X =FPX0+4 [TPX - FPX0)cosy — (TPY - FPYD)siny + Ay

Y = FPY0+ (TPX - FPX0)siny + (TPY — FPYQ)cosy + Ay (33)

The quantities Ay and Ay are the sky frame aspect offsets in pixels, determining the sky pixel
coordinates of the optical axis. (Note that the aspect offsets for Einstein and Rosat were stored as
detector frame offsets, which required applying the roll angle to; it's not clear to me why this choice
was made.)

In general when combining data over a wide range of pointing directions, [Juﬂﬂaiting iumgr_-s]l we
must reproject to the nominal sky tangent plane.

2.3.2 Physical Tangent Plane coordinates

If the Tangent Plane pixel coordinates represent a position on the tangent plane to the unit sphere
at the optical axis, the Physical ‘Tangent Plane coordinate system

Xprp AJTPX — TPX0)
Yerp | = | AJTRY —TPY0) . (34)
Zprp 1
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represents the 3D vector from the center of the unit sphere to that position on the tangent plane,
which the convention that the Xprp and Yppp axes run in the direction of increasing BA and Dee
regpectively in the on-orbit case with zero roll. The PTP system 18 closely related to HRMA Nodal
coordinates. If the direction of the incoming ray is (Xy, ¥y, Zx) then

Xprp Y/ Xuy
Yere | =| Zx/Xx (35)
Aprp 1

2.3.3 Physical Sky Plane coordinates

The Physical Sky Plane coordinate system for zero aspect offset and finite roll angle is

Apsp Xprp o8y + Yppp gin -y
Fp,ﬂ;p = Xj’.lf'p sin ¥ }"-,r.\-'rp CiOs 7y I:ﬂﬁ}l
Lpgp Lprp

where v is the spacecralt roll angle.

The PTP and PSP systems are important as you need them to caleulate the RA and Dec.
However they are only used in internal caleulations.

2.3.4  J2000 Celestial Coordinates

One can go from Tangent Plane Physical coordinates to J2000 celestial coordinates using the in-
stantaneous pointing direction (w4, 84). and roll angle 4.

Xprp
Sl d) = Rot{x /2 4 v, 7/2 = 84,7 — 4] | Yprp (3T)
£PTF
Use the nominal pointing direction oy, dy) and set the roll angle to zero if using Sky Plane Physical
Coordinates:

Xpsp
Sle,d) = Rotin/2,7/2 - 84,7 — g} | Ypsp (38)
Zpsp
Prom TP pixel eoordinates, recall that
Xprp ATPX — TPX0)
Yerp | = | AJTEY - TPYQ) (39)
Lprp 1
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Figure 9: Coordinate systems used in data analysis, 1: Imaging data analysis.

2.4 Simulation: Sky to Telemetry
2.4.1 Mirror Spherical Coordinates to Focal Surface Coordinates

Incoming photons with given mirror spherical coordinates (off axis angle and azimuth) can be
described by their tangent plane pixel coordinates. To first order, these are the same as the focal
plane pixel coordinates; determining the higher order corrections is the job of ray trace simulators
such as SAOSAC. When simulating, we often will not bother with these tangent and pixel plane
coordinates but instead will work directly with mirror nodal coordinates.

2.4.2 Foecal Surface or Mirror Nodal Coordinates to CPC coordinates

We then have the problem: how to transform from mirror nodal coordinates of a ray emerging
from the mirror to the detected photon position. This is harder than working in the data analysis
direction. We choose a Cartesian coordinate system (usually LSl coordinates) and calculate the
intersection of the ray line with each detector plane. There should be only one detector plane which
has an intersection within its finite bounds (i.e., the photon will only hit one of the chips). For
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Figure 10: Coordinate systems used in data analysis, 2: Grating data analysis.

detectors which do not include any tilted or out-of-plane chips (pre-AXAF missions), the caleulation
is much easier as you can just find the LSI coordinates of the ray when it hits the foeal plane.
In our more complicated situtation, as before a general point on one of the detector planes is

r=pg+ Aopcex + Yopoey (40)

where py is the origin of CPC coordinates, and ex and ey are the unit vectors along the CPC axes,
with ez as the unit normal to the plane.

The general ray is
where Iy is an arbitrary point on the ray (the output of ray trace or else for approximate calculations,

the mirror node), I is the ray direction, and A labels positions along the ray. The intersection with
the plane is then at

(P — lol-ez
r=Ilg+——"— 42
o I E.Bg |: }
and we find CPC X and Y by taking the dot product with the CPC unit vectors,
Aope =rex, Yopo=r.ey (43)
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2.4.3 Chip coordinates

We can then recover chip coordinates and telemetry coordinates using the equations from previous
secLions.

CHIPX = XepefAp, +05 (44)
CHIPY = Yepo/Ap+ 0.5

2.5 Summary of coordinate systems

Each of the physical coordinate systems, representing either a 3-D position or a 2-D angular position,
has a corresponding 2-D pixel coordinate system used for display purposes and for practical storage
in cases where the third dimension 8 redundant.

In the following table, I give each physical system with the corresponding pixel plane systems.
‘Label' is the generic label used to identify the system; data associated with this label is deemed
to satisfy the equations in this document, and revisions to the equations will imply version number
changes in the label. To isolate a specific system, extra parameters such as the chip 1D are required.
The table also notes whether information is lost going from the physical to the pixel system.

Physical Name Pixel Params Info  Description
System System Lioss
CrC Chip Physical ASC-CHIP-1.0 Inst. I, MNo Single chip
Chip 1D
CPro Chip Physical ASC-TDET-1.0 Inst. 1L, Mo Detector coords
TDET params
LSI Local S1 ASC-FP-LSI-1.00  Imst. ID Yes  Focal plane, offset une
STT SI Translation Table ASC-FP-STT-1.0 Pixel size Yes  Focal plane, offset unec
5TF SI Translation Frame ASC-FP-STF-1.0  Pixel size Yes  Focal plane, alignment
C Focus Coordinates ASC-FP-FSC-1.0  Pixel size Yes  Focal plane
MNC Mirror Nodal ASC-FP-FSC-1.0  Pixel size Yes  Focal plane
FsC Focal Surface ASC-I'P-FSC-1.0  Pixel size No  Focal plane
MNC Mirror Nodal ASC-TP-MSC-1.0 Pixel size Yes  Tangent plane
MBC Mirror Spherical ASC-TP-MSC-1.0 Pixel size No  Tangent plane
CEL Celestial ASC-5KY-1.0 Pixel size No  Aspect applied
FTF Physical Tangent Plane ASC-TP-MSC-1.0 Pixel size Mo Tangent Plane 3D
PSP Physical Sky Plane ASC-SKY-1.0 Pixel size No  Sky Plane 3D

The TDET parameters for tiled detector coordinates are arbitrary, so there can be several
parallel TDET systems for one instrument and individual TDET labels assigned for each system
must be used.
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The pixel size used in the FP and TP systems is often equal to the detector pixel size in the
nominal focal plane, but sometimes is picked arbitrarily.

2.6 Data Analysis 3: Full treatment with misalignments

The discussion of transforming STF to MNC coordinates above is incomplete. For the Tull treatment,
we consider misalignment of the telescope and optical bench, and include a background spacecraft

(or lab) coordinate frame. For instance, at Chandra calibration the background coordinate frame
is the XRCF system.

We define the following new frames:
e 5C, the spacecralt frame (the XRCF frame plays this role in calibration)

e DFC, the frame along whose axes the STF frame (the science instrument module) is mechan-
ically displaced and rotated.

e MEC, the mirror fiducial coordinate system along whose axes the mirror s commanded to
A

Then a point in STF coordinates can be converted to spacecralt eoords by
P(DFC) = Oegrp(DFC) 4 R(DFC, STF)P(STF)

and
P(5C) = Oprc(SC) + R(SC, DFC)P[DFC)

Here Oppe(SC) is the position in spacecraft coords of the home position of the SIM assem-
bly Ogrp{DFC) is the displacement of the SIM assembly relative to this home position, and
R(DFC,STF) is the rotation of the assembly relative to its home orientation. R(SC.DFC) gives
the misalignment of the spacecralt and DFC frames. We further allow an independent motion of
the mirror relative to the spacecraft frame.

P{8C) = Oure(SC) + R(SC, MFCP{MFC)
and
PIMFC) = OyneMFC) 4 RIMFC, MNCVP(MNC)

Here Oy pe(SC) is the pesition of the center of rotation of the telescope in spacecralt coordinates,
R{SCMFC) give the misalignment of the zero of pitch and vaw relative to the SC system, and
RIMFC, MNC) gives the orientation of the mirrors. Opgpo( M FC) allows for a translation of the
mirror node relative to the center of rotation.

For the specific case of Chandra we have:

Parameter Name Flight XRCF
24



OuweMFC)  Nodal offset of center of rotn.  Zero fero?

Oysre (S0 SC coords of center of rotn. Node Node

Oore(SC SC coords of fiducial point OTA focus FOA

Oere(DFC SIM frame displacement Best focus, boresight  FAM displacement
R{MFCMNC)  Mirror pitch and vaw 200 HRMA pitch, vaw
R(SC.MFC) Mirror misalignment Zera? Mirror alignment
R(DFCSTF)  SIM frame orientation Lero FAM rotation
R(SC,.DEFC) SIM frame misaligment Boresight FAM misalignment

The FITS keyvwords STG Y. Z give the SIM frame displacement, as distinet from SIM XY . Z
which give the SIM table position relative to the SIM frame.

3 Data Analysis Coordinate Systems - Gratings

We now consider objective transmission gratings placed between the mirrors and the detectors.

3.1 Data Analysis: Grating data

When we observe with the gratings, we get a dispersed spectrum with orders +1, -1, +2, -2, ..
and a zerc-order undispersed image. The undispersed (zerc-order) photons do not interact with the
gratings and we can deal with them using the same analysis as for imaging detectors. To analyse a
dispersed photon, however, we must know the location of the zero-order image as well as that of the
dispersed photon. For instance, spacecraft roll aspect must be applied to the zero-order position,
not the dispersed position.

The location of the zero order photon must be caleulated relative to the Grating Node rather

than the Mirror Node. The Grating Node is on the optical axis at a distance B from the focus,
where R is the diameter of the Rowland Circle.

Each grating is defined by a grating node position and a grating pole vector which defines the
cross-dispersion direction.

3.1.1 Grating Zero Order Coordinates [GZ0-1.0)

Now we pick a source, with zero order position Z0. and let the vector from the grating node to
the source zero order be 8. Then define

exs, — —5/|8
evy, —dohex,,/|dohex,,| (45}
BFzn — EXgo N Cyeg

where the Grating Pole {cross-dispersion unit vector) dy is

dy = (0, — 8in g, 008 ) [46)
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in MNC coordinates, where o is the angle between the dispersion direction and the spacecraft Y

AXiS,

This defines a cartesian orthonormal set, Grating Zero Order Coordinates, whose origin we
choose to be at 0. Diffracted photons travel in the Xeggo. Yoo plane, and the intersection of this
plane with the detector surface defines the dispersion direction.

Figure 11: Grating Zero Order coordinates

The key step is caleulating the GZO to FC transformation matrix. The columns of this matrix

are simply the vectors ey, eLc.
The GZO coordinates of the photon are then

P(GZ0) = R(FC,GEO)(P{FC) — Ogz0(FC))

where (gzolLST) are the FC coordinates of the grating node.

(47)

For an approximate treatment [ which can be in error by several pixels), we can write the zero

arder coords as
ZO0(FC) = (XY, 2) = (gXe. gYe, 05)

where g is the distance from G0 to the focus. Then to first order

|5] = gll — X,)
and
EXpn — [1 T::: -gn-]
Eyvee = (L8100 + ¥, 008 g ), 008 e, 8in o)
B2gn =[ Y, 8in g 4 £y 008 kg, — S0 ey, 008 rrﬂ]

so that a point with FC coords (%, v, 2 ) will have GZ0 coords

PIGED) =z — g, [y — YVicosag + {2z — Z)sineg, (z - Z)eosag — (y — ¥Vsinag)
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3.1.2 Grating Angular Coordinates (GAC-1.0)

Grating Anpular Coordinates {GAC) are the most important system for grating analysis. The
GAC system (0,,0;) 18 a 2D angular system giving longitude and latitude with respect to GZ0
coordinates. The longitude coordinate, §,, is the dispersion angle and the latitude coordinate,
iy, is the cross-dispersion angle. They are defined as

B = tan ]{T?f} ~ —=Yzo/Xzo
22
flg = tan™' L ] ~ +Zzo/ Xzo (52)
x:ulvzu

3.1.3 Grating Diffraction Coordinates (GDC-1.0)

The Grating Diffraction Coordinate system (rrg, dng) gives the distance in mm along the dispersion
direction and in the cross-dispersion direction. This s just related to the GAC coordinates by a
simple scaling

rrg = Xgbh -
dre = Xp tan by (53)
Here Xp is the length from the grating node to the focus, which is approximately equal to the
length |S).

"
i
- = d

P - o
i -

Figure 12: Grating Diffraction coordinates

3.1.4 Grating Diffraction Plane Pixel Coordinates (GDP-1.1)

The Grating Diffraction Plane Pixel Coordinates GDX, GDY are defined by

GDX = GDX0 - A, {Yao/Xz0) (54)
GDY = GDY0 + AL (Zz0/Xz0)

analogously to the Focal Plane Pixel Coordinates.
They are related to the physical Grating Diffraction Coordinates by

I'.?ﬂ..:'l' =Gﬂxﬂ 1 ."_I"I.imI LM{TTGIIXR:] |:--}
GDY = GDY0 + A (dra/Xr) cos(rra/ Xg) "
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3.1.5 Dispersion relation

The wavelength of the diffracted photon is
A= Psinflg/m (56)

where P is the average grating period and m is the difftaction order. So

A~ (Bfm)(GDX — GDX0)A,, (57)
Part II
Part 2: AXAF systems
4 ACIS

4.1 Instrumental details

The ACIS instrument has 10 CCD chips. In the event list data, each is identified by an integer
from 0 to 9. Four of the chips, the imaging set, are arranged in a rough square (but individually
tilted ). Six are the spectroscopic array, arranged in a line.

Chip Name CHIP ID
ACIS-10 0

ACIS-11 1
ACIS-12 2
ACIS-13 3
ACIS-50 4
ACIS-51 4
ACIS-52 6
ACIS-53 7
ACIS-54 8
ACIS-55 9

The CHIP 1D is also called CCD 1D for consistency with ASCA.

4.1.1 ACIS readout coordinates

The ACIS readout coordinate system was explained in a 1995 draflt memo from J Woo. This memo
defines two coordinate systems, the “pixel coordinate system of the readout file arcay, [{x,v)", which
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I will call the ACIS Readout Coordinates (X AEAD, YREAD) with identifier AXAP-ACIS-3.0,
and the “pixel coordinate system of the active detector image array px.v)”, which [ will call ACIS
Chip Coordinates, (XCHIP Y CHIFP) with identifier AXAF-ACIS-1.0 {these are the ones that
run from 1 to 1024).

ACIS Readout Coordinates may be seen in subassembly cal {ﬂﬂ{:] data. but in ﬂight the Chip
coordinates are calculated on board and telemetered directly. We don™t normally deal with the
readout coordinates,

The two systems are related by

YREAD 1< YREAD < 1026

YCHIP = { Overclock 1027 < YREAD < 1030 (58)
( Underclock 1 < XREAD < 4
XREAD — 4 5< XREAD < 260 (Node A)
Overclock 261 < XREAD < 337
Undefined Parallel Transfer 338 < X BEAD < 340
Underclock 341 < XREAD < 344
857 — X READ 345 < XREAD < 600 (Node B
Orverclock 601 < XREAD < 677
Undefined Parallel Transfer 678 < X READ < GR0 _
XCHIP = 4 {hderclock 681 < X READ < 584 (59)
XREAD — 172 685 < XREAD < 040  (Node C)
Orverclock 041 < XREAD < 1017
Undefined Parallel Transfer 1018 < X READ < 1020
Underclock 1021 < XREAD < 1024
M40 — X READ 1025 < X READ < 1280 (Node D)
Orverclock 1281 < X READ < 1357
| Undefined Parallel Transfer 1358 < XREAD < 1360

The inverse transformation is

YREAD = YCHIF

XCHIP + 4 1 < XCHIP < 236 (A)
BT - XCHIP 237< XCHIP <512 (B)
XCHIP 4172 513< XCHIP<TG8 (C)
MN49 - XCHIP Th9< XCHIP <1024 (D)

XREAD = (60)

Unresolved questions: Is the above correct, or even uwseful? Do the telemetry values start at
1 or 07 Under what circumstances do we get YCHIP values of 1025 and 10267 Do those values
correspond to true active area?
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Figure 13: ACIS readout nodes

4.1.2 ACIS Fast Window mode

In window maode, we get an initial set of Window Chip Coordinates [ANAFP-ACIS-4.0) WX, WY
which run from 1 to 1024 and 1 to WSIZE. WSIZE is a configurable number.

There is no way 1o uniquely know from the telemetry what the true ACIS chip coordinates of the
photon were - yvou get an uncertainty module WSIZE. However, to caleulate best guess ACIS chip
coordinates (AXAF-ACIS-1.0) we can assume that the photon is associated with a known incident
source location, resolving the uncertainties.

For non grating data, caleulate the predicted AXAF-ACIS-1.0 coordinates for the incident ra-

diation, say (CX0, CY0). At XRCF, this will invoelve the forward caleulation ineluding the STF
coordinates of the FAM. Then set

CY1 = (CYD / WSIZE ) * WSIZE

using integer arithmetic. Then
OCHIPX = WX I:ﬁl}

and
OCHIPY = WY 4+ Y1 (62}

4.2  2-D) detector coordinates: TDET parameters

The ASC-TDET-1.0 tiled detector coordinates are implemented for AXAF with the following spe-
cific systems, each of which specifies a TDET system in terms of the CHIP coordinates.
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Table 5: Tiled Detector Plane systems

System Sime X Center, ¥ Center  Use

AXAF-ACIS-2.2 8192 x 8102  (4096.5, 4096.5) Standard
ANAP-ACIS-2.3A  32768x32T68 (16384.5, 16384.5)  Obsolete

Table 6: Parameters of Tiled Detector Coordinate defi-

nitions
Tiled System Chip B Ay Xy ¥y Hy
ANAP-ACIS-22  ACIS-I0 90 1 30610 51310 1
AXAP-ACIS-22 ACISIT 270 1 51310 41070 1
AXAP-ACIS-22 ACIS-I2 90 1 30610 40850 1
AXNAP-ACIS-22  ACIS-I3 270 1 51310 30610 1
AXAP-ACIS-22  ACIS-S50 0 I 7410 17020 1
AXAP-ACIS-22  ACIS-S1 0 I 18330 17020 1
AXAP-ACIS-2.2  ACIS-52 0 1 28750 17020 1
AXAP-ACIS-22  ACIS-53 0 1 3917.0 17020 1
AXAP-ACIS-22 ACIS-534 0 I 4959.0 17020 1
AXAP-ACIS-22  ACIS-S55 0 I 6000 17020 1
AXAP-ACIS-23A  ACIS-I0 90 5 1215000 25655.0 1
ANAP-ACIS-23A  ACIS-IT 270 5 223000 20535.0 1
ANAP-ACIS-23A  ACIS-I2 90 5 121500 204250 1
AXAP-ACIS-2.3A  ACIS-I3 270 5 22500.0 15305.0 1
ANAP-ACIS-23A  ACIS-50 0 5 B00.0 Balon 1
AXAP-ACIS-23A  ACIS-S51 0 a 60100 8al0n 1
ANAP-ACIS-23A  ACIS-52 0 a 1122000 85310.0 1
ANAP-ACIS-23A  ACIS-53 0 o 16430,0 85100 1
AXAP-ACIS-23A  ACIS-54 0 o 21e40.0 85100 1
ANAP-ACIS-23A  ACIS-55 0 5 26830.0 8510.0 1

4.3 3-D chip locations: CPC to LSI transformation parameters

In the following tables we list the CPC and L3I coordinates of each corner of each chip. We give
coordinates for each of the ACIS chips in both the ACIS-I and ACIS-S LSI systems, since we may
take data from ACIS-S chips while ACIS-1 is in the focus or vice versa. The svstems are simply
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offset by 46.88mm in the Zpgp direction. The ACIS data is from ACIS-SOP-01, and the HRC data
is deduced from information provided by M. Juda.
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Table 7: ACIS Chip corner locations in ACIS-I L5T coordi-
nates

Chip Corner CPC coords ACTS-T LI coorids
I LL {041, .1, U-[P:I I::!E-:ﬂ:il: -G48, EE.HH-H}
LE (24.58, 0.0, 0.0) (1.1:30, -26.546, -1.458)
UR (24.58, 24.58, 0.0)  (-0.100, -2.001, -1.458)
UL (041, 24.58, 0.0)  (1.130, -1.939, Z3.088)
Il LL (0141, 0.0, 10.00) (1130, 23.086, -1.458)
LE (24.58, 0u0, 0.0) (2360, 23.024, 25.088)
UR (24.58, 24.58, 0.0)  (1.130, -1.521, Z3.088)
UL (041, 24.58, 0.0)  (-0.100, -1.458, -1.458)
2 LL (0141, 0.0, 0.0) (1.130, -26.546, -1.947)
LR (24.58, 0.0, 0.0)  (2.361, -26.484, -26.543)
UR (24.58, 24.58, 0.0)  (1.130, -1.939, -26.543)
UL (0.0, 2458, 0.0)  (-0.100, -2.001, -1.997)
I3 LL (0141, 0.0, 0.0)) (2361, 23024, -26.543)
LR [24.58, 0.1, 1]-[PJ I::l-l:!l: 2L, -1-':l!-i|'.'|’_]
UR (24.58, 24.58, 0.0)  (-0.100, -1.459, -1.997)
UL (041, 24.58, 0.0)  (1.130, -1.521, -26.543)
S0 LL {000, 0.0, 0.0 (0.T44, -81.051, -H9.170)
LE (24,58, (L0, 1]-[PJ {1]-353: -0bATE, —EIEI-I'F[JJ
Uk (24.58, 24.0%, l].U]I I::H-:iﬁ:.i: -0bATE, —:‘:"I..']H[JJ
UL (041, 24.58, 0.0)  (0.744, 81051, -34.500)
s1 LL {1041, 0.1, 1]-[[] {1]-3‘1H: -0hAMT, —EIEI-I'F[JJ
LR [24.58, 0.1, 1]-[FJ I::H-[:IHEI: -41.47TE, —ElEl-l'F[JJ
Uk (24.58, 2.08, l].U]I I::H-[:IHEI: 4147, —H-‘I-."j!-il[:lj
UL (0.0, 24.58, 0.0) (0348, -56.047, -34.500)
52 LL {04, Thil, 1]-[FJ I::H-[:I!-iti: -31.0042, —ElEl-l'F[JJ
LR [24.58, 0.1, 1]-[PJ I::—l].i]ll, -hi.AG6, -ﬁ':l.l'i"[!]
R {24.58, 24.58, 0.0)  (-0.011, -6.466, -34.590)
UL (0.0, 2458, 0.0) (L0896, -31.042, -34.590)
53 LL {041, .1, U-[P:I I::—l].i]ll, -hi.Ledh, -ﬁ':l.l'i"[!]
LE (24.58, 0.0, 000 (0.024, 18.541, -59.170)
UR (24.58, 24.58, 0.0)  (0.024, 18541, -34.590)
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UL (0.0, 24.68, 0.0) (<0011, -6.085, -34.500)

84 LL (0.0, 0.0, (1.0 (0026, 18.972, -59.170)
LR (24.58, 0.0, 0.0) (0208, 43.547, -69.170)
UR (24.58, 24.58, 0.0) (0208, 43.547, -34.500)
UL (0.0, 2458, 0.0)  (0.026, 18.972, -34.590)
85 LL (.00, 0.0, (1.0) (0208, 43978, -59.170)
LR (24.58, 0.0, 0.0) (L5328, 68.552, -59.170)
UR (24.58, 24.58, 0.0)  (0.528, 68352, -34.500)
UL (0.0, 2458, 0.0) (0208, 43978, -34.500)

5 HRC

5.1 Overview

The HRC instrument has two detectors, the HRC-5 and the HRC-I. The HRC-I has a single ‘chip’ or
segment/microchannel plate pair (CHIP ID = (), name HRC-I} while the HRC-5 has three (CHIP ID =

123 name HRC-51,52.583; HRC team segment designation +1, O, -1). We define an HRC-I chip plane
which is 16384 pixels square; (not all of these pixels correspond to actual readable values); the HRC-5

chips are 4096 x 16456 pixels The pixel size is 00064204 mm.

Name ID CHIP size (pix) Pixel size (p) CHIP size ({mm)
HRC-I 0 16384 = 16384 B x GaA LGRS x 106
HRC-51 1 4096 x 16456 G620 x GaA 250600 x 1062102
HRC-52 2 A6 = 16456 G250 x BaA2) 250600 x 10OL.E2
HRC-531 3 4096 x 16456 G20 x G420 250600 x 1058112

5.1.1 3-D chip locations: CPC to LSI parameters

The corners of these logical chip planes are located in the LSI coordinate system as follows: these are
calculated by placing the HRC-5 origin (default aimpoint) at 4.0mm to +LSI Y of the overall detector
center and using the chip sizes caleulated above together with the designed 51 and 53 chip tilts in the XY
plane. Note that 52 is no longer centered around the detector center, sinee its edges are determined by the

measured gap locations.

Table %: HRC chip {i.e. grid) corner locations in LSI coordi-

natos
Chip Corner TP coords HRC-1S LSI coords
HREC-I LL [ OO0 | L (TR :I { (L0, 0006, T4.482 :I
HREC-I LR [ 105534, (L00d  0.000) ]I [ (L0, TAA82 | (LO00 ]I
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HEC-I Uk [ 105.33%9 , 105339 , 0.000 ) { 0.000 , 0.000 , -T4.482 )

HRC-I UL (0000 , 105539 L 0000 ) [ 0000, -74.482 | 0.000 )
HRC-S1 LL (0000, 0000, 0,000 ) [ 2644 , 161.949 , -13.167 )
HRC-51 LR (26334, 0000 , 0000 ) ( 2644 , 161.949 , 13.167 )
HRC-51 UR ( 26334 , 106.802 , 0.000 ) { 0.000 , 56.180 , 13.167 )
HRC-S1 UL (0000 , 105802, 0.000 ) {0000, 36.180 , -15.167 )
HRC-52 LL (0000 0000, 0,000 ) ( 0LO00 , 56.180 |, -13.167 )
HRC-52 LR (26334, 0.000 , 0.000 ) { 0LODD , 56180 , 13.167 )
HRO-52 UR (26334 , W065.802 , 0.000 ) { 0.000 , 49622 | 13.167 )
HRC-52 1L (0000 , 106802 | 0.000 ) { 0,000, 49,622 | -15.167 )
HRC-53 LL (0000, 0,000 , 0,000 ) [ 0LODD , 49,622 , -13.167 )
HRC-S3 LR (26334, 0.000 , 0.000 ) { 0LODD , 49.622 | 13.167 )
HRC-S53 UR ( 26.334 , 105,802 , 0.000 ) | 2263 , 156,400 , 13.167 )
HRC-5% UL (0.000 , 105.802 , 0.000 ) { 2263, -155.400 , -13.167 )

5.1.2 2-D detector coordinates: TDET parameters

The ASC-TDET-1.0 tiled detector coordinates are implemented for AXAF with the following spe-
cific systems, each of which specifies a TDET system in terms of the CHIP coordinates.

Table 10: Tiled Detector Plane systems

System Size X Center, ¥ Center  Use

AXAF-HRC-2.31 16384 » 16384 [8192.5, 8192.5) Standard HRC-1
AXAF-HRC-2.65 49368 x 409  [24684.5, 2048.5) Revised HRC-S

AXAF-HRC-2.21 32768 x 32768 [16384.5, 16384.5)  Alternative
ANAF-HRC-2.25 49152 x 409  [24576.5, 2048.5) Incorrect, 2.55 replaces
AXAF-HRC-2.35 163384 » 24976  [8192.5, 12488.5) Obaolete
AXAF-HRC-2.55 49152 x 409  [24576.5, 2048.5) Alternative
AXAF-HRC-2.45 16384 » 16384 [B192.5, 8192.5) Old Standard HRC-S

Table 11: Parameters of Tiled Detector Coordinate defi-
nitions

Tiled System Chip b, A, X0, Yo, H,
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AXAF-HRC-2.31 HRC-I W1 00 0.0 -1

AXAF-HRC-2.65 HRC-51 270 1  49368.0 0.0 1
AXAF-HRC-2.65 HRC-52 270 1 329120 0.0 1
AXAF-HRC-2.65 HRC-53 270 1 16456.0 0.0 1

AXAF-HRC-2.45 HRC-51 270 1 16384.0 1024.0 1
AXAF-HRC-2.45 HRC-52 270 1 16128.0 6144.0 1
AXAF-HRC-2.45 HRC-53 270 1 16384.0 11264.0 1

AXAF-HRC-2.21 HRC-I 35 1 16384.0 279692375 -1

AXAF-HRC-2.535 HRC-51 270 1 48296.0 0.0 1
AXAF-HRC-2.58 HRC-52 270 1 325120 0.0 1
AXAF-HRC-2.55 HRC-53 270 1 16640.0 0.0 1
AXAF-HRC-2.35 HRC-51 270 1 16384.0 9216.0 1
AXAF-HRC-2.35 HRC-52 270 1 16384.0 14336.0 1
AXAF-HRC-2.35 HRC-53 270 1 16384.0 194560 1

5.2 Instrumental details
5.2.1 HRC physical layout and Tap Coordinates {HRC-6.0)

Each HRC sub-instrument containg a series of electrical "taps’ on each axis of the wire grid, which
define a continuous spatial system. The electrical axes are labelled w and v, and we will say there are
N, and N, taps on each axis, numbered starting at 0. In the internal HRC-5 electronics the three
MCPs have individually numbered taps but these are combined before we see it in the telemetry.
The coarse tap positions are modified by a fine position which runs from -0.5 to +0.5. Then we
can define an HRC Tap Coordinate System (AXAFP-HRC-6.0) which runs from u = —0.5 to
w=MN, = 0.5 and v = =05 to N, — (1.5,

5.2.2 Deriving linear tap coordinates from HRC telemetry

The instrument electronics records four numbers per axis for each event: the ‘center tap’ (usually
the tap with the maximum voltage), and the voltages of that tap and the one on either side. These
numbers, which are the values which get coded into Hight telemetry, we will refer to as HRC
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telemetry coordinates [ug,, vy, ). The four integer components of uy, are

1 Max tap, 0 to N, = 1 [*coarse position”)
] ADCY  Voltage of ueoarse — 1
M =1 ADC2  Voltage of ueoarse
ADC3 Voltage of veoarse + 1

(63)

and similarly for vy, ). From the telemetry coordinates we can caleulate an intermediate quantity,

the fine position
ADCI - ADCI

Uine = ADOL 4+ ADO2 - ADCS

(64)

Note that
0.5 < uge < +0.5 (63)

We now split off the sign of this fine pesition correction to obtain the tap side

. — -1 [T:ﬁn =0
v { 1 ':T‘ﬁnz < ) (66)

and the fine position magnitude

Au = |ugnel (67)
From these we caleulate the linear HRC Tap Coordinates
@ = up+ 8:0%1 [uu,ﬂ,}l.ﬂu ﬂuf:uzl:uu:nj.ﬁﬂz [53}
v = v+ 8,0 (v, 85000 — 8,Ca{ry, 8} Ay

The C factors are called the degapping parameters; for HRC they have different values for
each tap and tap side. Earlier detectors (Einstein and Rosat HRI) assumed C factors which were
independent of coarse pogition.

The simplest choice of the degapping parameters is to take

1:d--'\'.nel e 1
(69)
Cor =C0 =10,

giving us HRC raw tap coordinates,

Yraw = I:“E-D.FIIEE I uﬁm‘_‘}l l::?n}
traw = [(Yeoarse + Ug,.)

These coordinates do not provide a continuous system over the detector, and an HRC image
plotted in raw coordinates containg ‘gaps’. With some choice of the degapping parameters, we obtain
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a continuous (but not linear) system giving an image with no gaps. HRC degapped coordinates
(Ugy: Vag). Example values from Murray and Chappell (1989) of C used to give degapped coordinates

AT
Eu] =gy = lfH".-'.l

(71)
Cuz = Ce = 0110,
S0
tdy = (weparse + L080ug, . = 0.1 ug,olugnel) (72)
g = (vpoarse L.04%g,, 0 n'u“ﬁnnluﬁnﬂl}
The coeficients 1o be wed for the HRC have not vet been determined.
5.2.3 HRC Chip Coordinates (HRC-1.1)
The HRC Telemetry Pixel Number System scales the taps by a pixel size A, = 256 to give
TELL = [u+03)+4A (73)

TELV = (v+0.5) %A,

integer pixel numbers which start with pixel 0 (for a tap value of -0.5). This definition is corvected
from the one in editions 4 and earlier of this memo.

Far compatibility with other data archives, we add one to these engineering coordinates and
then divide them up into individual chips to get HRC Chip Coordinates [AXAF-HRC-1.1)

CHIPX = (u—1wy)sM +05=TELU — A, # [y + 0.5) + 0.5 (74)
CHIPY = (v—w) %A +0.5=TELV — A % (rg + 0.5) + 0.5 (75)
(76)

Note that uy = 0.5 always. v = -0.5 for HRC-I; +0.5 for HRC-51; 64.5 for HRC-52; 126.5 for
HRC-53. This corresponds to HRC-S tap boundaries at 64.5 and 126.5. It returns us o a system
in which the taps are numbered separately for each chip.

Table 12: HRC-51 TELV, v and CHIPY

TELY Coarse v, Fine v CHIPY
0 0, -0.5 -235
16640 64, +0.5 16384

In this system, 1 pixel = 0.006429%4 mm = 0.13 arcsec. The size of one tap is 1.646mm. Now this
coordinate system actually covers a larger area than the true possible coordinates. For instance,
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v taps 0 and 1 for HRC-S1 are missing, so the lowest possible v coordinate in the telemetry for
HRC-S is 1.5 {corresponding to tap 2 with fine pesition -0.5) but even this does not correspond to
a valid detected event position. Nevertheless, we will define our logical coordinate system to cover
the range of v coordinates starting at CHIPX, CHIPY = 0.5 (lower left corner of first pixel} which
corresponds to HRC-5 u, v = (-0.5, +0.5). Version 3.0 of this document defined chip coordinate
system AXAF-HRC-1.0 which did not cover this full logical range and had a slightly different origin;
the current system is denoted AXAF-HRC-1.1.

The center of HRC-52 is then at (w,v) = (7.5,95.5) and the gaps between the MCPs are at v
values of 62.96 to 64.12 and 124.88 to 126.04. In earlier work | arbitrarily set the chip boundaries
at 63.0 and 126.0 so that each chip has a length of 63.0 taps, but on recommendation from M. Juda
I have adjusted the chip sizes so that the true chip gaps fall on the logical chip boundaries.

Table 13: HRC electronically meaningful coordinate
ranges

Chip 1y U v CHIPX CHIPY TELL  TELV

HRC-1  -0.5 0.0 to 63.0 0.0 to 63.0 0.5 to 161285 0.5 to 16128.5
HRC-51 0.5 0.0 to 150 1.5 to 64.5 128.5 to 3D68.5  256.5 to 16384.5
HRC-52 645 0.0 to 15.0 645 to 126.5 1285 to 3968.5 0.5 to 15872.5
HRC-53 126.5 0.0 to 15.0 126.5 to 190.5 1285 to 3968.5 0.5 to 16384.5

Now let’s look at the boundaries on HRC-S and HRC-I more closely. We keep extra fgures for
sell-consistency only assuming a tap scale of 1.6460 exactly, and measure positions starting at the
physical position corresponding to chip pixel position (.5 [bearing in mind this may be outside of
the wire grid).
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I used the following information on the HRC-S:

Tap size is 1.646 mm (M. Juda)

16384 pixels = 105.344 mm: logical chip size = tap size 1.646 mm x 64 taps
MCF physical size 100.000 mm x 2V.000 mm from °*TOP MCP COORDINATES® drawing
Total logical length is 3 x 105.344 mm

Total physical lemgth is 3 x 100.000 mm + 2 x gap size = 1.905 mm.

52 Center is center of both total logical and total physical length.
Coating extends 54.5mm on outer MCPs and 16mm wide (M. Juda)

Post XRCF revision 1: (M Juda Oct 97)

51 TELU range from 600 to 3486, TELY from 1150 to 16250 with
CsI limit at 1613

82 TELU frem 600 to 3488, TELV from 16990 to 32261

53 TELU from 600 to 3504, TELV from 32925 to 48110 with CsIl
limit at 47650.

The coating strip is at TELU = 2660 (51), 2670 (82), 2670 (53)
with the 'T* strip at TELV from 22780 to 27&70.

More accurate pest XRCF data: MCP edges at TELV = 16428, 17012, 32244, 32932

This information leads to the following MCP layout :

A el @8 Py Pl al Benibariag
Pt kel d s o WCT

Ao a0 MCP

o oo

L

IEEd bk S s

14 fadk

Figure 14: Relationship of HRC-S pixels to the physical instrument.

Takle 14: HRC-S boundaries {ﬂﬂvlﬂml Jamn EIQII
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Boundary TELY  Tapyvy Pos, mm Seg No. Yepe, mm  CHIPY, pix

51 Logical Left Edge  -12 0000 1 0000 0.3

51 TELV =10 ] -0.50 0077 1 0077 12.5

81 Electronic L Edge 512 1.540 3.369 1 3.369 224.5
51 MCP Left Edge 1196 417 T.7T6T 1 T.767 1208.5
51 Active Left Edge 1664 G.(W) 10.776 1 L.T76 1676.5
51 Active Right Edge 16404 63.58  104.545 1 105.545 16416.5
81 MCP Right Edge 16444 63.73  105.802 1 105802 16456.5
51 Logical Right Edge 16444 63.73 105.802 1 105802 16456.5
Gap left edge 16444 63.73  105.802 1 105802 16456.5
Gap right edge 16459.9 63.80 105802 1 1005802 16456.5
52 Logical Left Edge 16460 63.80  105.802 2 0000 0.5

52 MCP Left Edge 16900 65.51  108.631 2 2.829 440.5
52 Active Left Edge 17060 66.14  109.660 2 3.858 600.5
52 Center 24576 95.500  157.983 2 22,181 8116.5
52 Aimpoint 25198 9793 161.982 2 a6.180 B738.5
52 Active Right Edge 32165 125.14 206.776 2 1000074 15705.5
52 MCP Right Edge 32250 12548 207.322 2 10115240 15790.5
82 Logical Right Edge 32016.0 128.08 211.604 2 105802 16456.5
53 Logical Left Edge  32916.0 128.08 211.604 3 0000 0.3
Gap left edge 32016.4 128.08 211.604 3 0000 0.5
Gap right edge 32030.0 125813 211.604 3 0.000 0.5

83 MCP Left Edge 32930 125813 211.604 3 0000 0.5

53 Active Left Edge 32940 1258.17 211.668 3 0064 10.5

53 Active Right Edge 47605 18546 305.955 3 04 351 14675.5
53 MCP Right Edge 48117 187.46 309.247 3 07.643 15187.5
53 Electronic R Edge 483640 189.50 312604 3 ML 15710.5
83 Logical Right Edge 49386 192.41 317.406 3 105802 16456.5
Boundary TELU Tapu Xepe, mm CHIPX, pix

MCP Edge -L.620  -0.700 -286.2

TELU =10 ] -0.300 0,000 0.5

Logical Edge -0.500 0,000 0.5

Active edge 560 3.500 560.5

Coating Edge 1843 3.748 G0
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Center 2048 .00 12800 2(M8.5

Strip Edge 9.930  16.688 2670.0
Coating Edge 13.172 21.875 350010
Active edge da36 2210 3536.5

Logical Edge 15.500 25600 6.5
MCP Edge 15937 26300 4208.5

Figure 15: HRC-T pixel axes.

Table 15: HRC-I boundaries

Boundary Tapuorv Xppe of Yeope, mm  CHIFX or CHIPY, pix
Logical Edge  -0.500 0.000 0.5

MCP Edge 1.123 2.672 416.1

Active Area  3.250 6.172 960.4

Coating Edge 4.161 T.672 1193.7

Center 31.500) 22672 21925

Coating Edge 58.839 97672 153191.3

Active Area 59.750) 099172 153424.6

MCP Edge 61877 102672 15068.9

Logical Edge  63.500 105,344 16384.5

The CPC coordinates run fram 0.0 to 26.33 (Xqpe for HRC-S) and from 0.0 to 105.3 (Yeope for
HRC-S and both axes for HRC-T).
The active area of each microchannel plane is smaller, and the area coated with photocathode
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is smaller still. For HRC-I, the chip i8 100 x 100 mm, with a 93 x 93 mm active area and a 90 x
00 mm coated area. For HRC-8, each chip is 100 x 27 mm, the active area is 100 % 20 mm, and
the coated area i3 94.5 % 16.0 mm. except for HRC-52 where the coated area is 100 x 16 mm.

Using these numbers, we derive the locations of the various areas in CPC (mm) and Chip (pixel)
coordinates listed abowve.
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6 The SIM

6.1 Chip orientation summary tables

The following table gives the Euler rotation angles for the chips. The LSI to CPC transformation
is more intuitive; the frst angle ¢ indicates the tilt with respect to the LSI plane [with HRC-I
having ¢ = 180 to indicate being completely Hipped over, another way of expressing the different
handedness of its axes); and the third angle 4 indicates the rotation of the chip in the LSI Y.Z
plane relative to chip L.

Table 16: Euler angles in degrees for CPC to LSI coor-

dinates
Chip CPC o LSI1 LSI to CPC
1 Rot(180, 92.875, 177.129 ) Rot| 2.871, 92.875, 0.0 )
11 Rot( 0, 92.872, 182.869 ) Rot -2.869, 92.872, 180.0)
12 Rot(180, 87.125, 177.131 ) Rot 2.869, 87.125, 0.0)
13 Rot{ 0, 87.128, 182.871) Rot(-2.871, 87.128, 180.0)
S0 Rot( 90.0, 90.0, 179.088) Rot{ 0.912, 90.0, 90.0 )
51 Rot{ 90.0, 90.0, 179.419) Rot{ 0.581, 90.0, 90.0
52 Rot{ 90.0, 90.0, 179.751) Rot{ 0.249, 90.0, 90.0 )
53 Rot{ 90.0, 90.0, 180.082) Rot(-0.082, 90.0, 90.0
ot | Rot{ 90.0, 90.0, 180.424) Rot(-0.424, 90.0, 90.0
hati Rot( 90.0, 90.0, 180.746) Rot(-0.746, 90.0, 90.0
HRC-1 Rot(-135.0, 90.0, 0.0) Rot{ 180.0, 90.0, -45.0)
HRC-51 Rot(0.0, 90.0, 181.426) Rot(-1.426, 90.0, 180.0)
HRC-52  Rot(0.0, 90.0, 180.0) Rot{ 0.0, 90.0, 1280.0)
HRC-53  Rot(0.0, 90.0, 175.778) Rot( 1.222, 90.0, 180.0)

6.2 Relative positions of instruments

The location of the origins of the LSI system for each instrument are given in STT coordinates in
the table below.

Table 17: Location of instrument origin on Translation
Table

Values of Pepp(5), Le. offsets § - ¥
ACIS origin (0.0, 0.0, 237.4)
HRC-I origin -~ (0.15, 0.0, -126.6)
HRC-S origin  (0.10, 0.0, -250.1)
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6.3 Aimpoints

Several named default aimpoints are defined for the various AXAF instruments. The table below
gives the STF coordinates of the instrument table origin for each of these aimpoints. Most obser-
vations will use one of these default aimpoints, but in general the SIM can be moved in X and Z to
any aimpoint.

Table 18: SIM position offsets for nominal focus positions

Values of Pepp(X)
AlL ACIS-1 offset. (0.0, 0.0, -237.4)
Al2 ACIS-I offset 0.0, 0.0, -233.9)
AS1 ACIS-S offser (0.0, 0.0, -190.5)
HI1 HRC-1 offset -0.15, 0.0, 126.6)
HS51 HRC-S offser  (-0.10, 0.0, 250.1)

o A, A, S,

7 The HRMA (flight)
7.1 HRMA nodal coordinates

The conversion from STE (instrument compartment) to MNC (HRMA nodal) coordinates requires
knowledge of the focal length, which is 10061.0 mm.

AsTF f AN
Yerp |+ | 0 | =] ¥ (77)
A8TF 0 £N

In flight, the orientation of the SIM with respect to the HRMA is fixed. In the Hight nominal
configuration, one of the Sls has its nominal focal point at the telescope focus. However, the SIM
can be moved so that the nominal focal point and the telescope focus do not coincide (general fight
configuration).

7.2 Focal and Tangent plane systems

We define the following focal plane pixel systems, together with their usual purpose [although one
may still use eg. FP-2.0 with XRCF ACIS data, ete.). The coordinate systems are defined in terms

of their physical pixel size at the nominal Hight foeal length [ = 10061.0 mm. The corresponding
angular sizes are also given, but the actual angular size will be different for XRCF/HRMA and

XRCF/TMA data.
We define systems for the nicely rounded pixel sizes and for the accurate actual pixel sizes.

We've decided to use the mean actual pixel sizes for the Hight system. Thus, the size of an HRC-1
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pixel ot the nominel focal dstanca of 10061.0 mm i (.132 arcaeconds, ao 0.132 arcaeconds i8 defined
a8 tha FF-2.1 phral wizs (even if the detactor is moved well off foens). The HRC-3 detactor has a
mpdmym linaar actant of owar 48500 plrels. When making sy coordinetes for such a detactor, wa
must defing & square pixel plane (to allew for the roll angle). We chooss & 65556 prel Aided plane,
dfinad ea FP-2.3. This plane hes o total of 4.3 gigaptxela, slightly mory then can ft in & 4-byta
dgned intogar. We therefore recommand not malking full resplution full frama imege files in thia

coardingha aystamn.
Hern ara tha currant flight piwal systema:
System Ao , I
(mm]  [Arceec)
AXAFFP-1.1 0.0240 0.482 +1 -1
AXAFFP-11 0006429 0132 +1 -1
AXAFFP-2.3 0006429 0132 +=1 -1

Here ara tha historically uasd pieal syatems:

System Ay

(mm)

AXAF FP-1.0 0.0244
AXAF FP-1.1 (0240
AXAF-FP-2.0 0.006]
AXAF FP-2.1 0.0051294
AMAF FP-2.2 0.006429
AXAF FP-2.5 0.005129
AXAF-FP-3.0 00244
AXAF-FP-3.1 00244
AXAF FP-3.2 0.0240
AXAF FP-4.0 0.006]
AXAF FP4.1 0.006]
AMAF FP4.2 0.0064204
AXAFFP4.3 00054294
AXAF-FF-5.1 0.00240
AXAF-FP-5.2 0.0024
ANAF-FFG.1 000647
AXAF FP-G6.2 0.0064]

Ag

(nrcan:)

0.5

0.490
0.125
0.132
0.132
0.132
0.5

0.5

0.453
0.125
0.125
0.12%
0.128
0.490
0.4583
0.132
0.12%

te

=+1
=+1
=+1
=+1
=+1
=+1
=+1
-1

-1

-+1
-1

-1

-1

=+1
-+1
=+1
=+1

by

-1
-1
-1
-1
-]
-1
=+1
-1
-1
=+1
-1
-]
-1
=+1
=+1
=+1
=+1

FPX0, FPYQ

40496.6
163845
3276R.G

FFX0, FFYD

A096.5
AQ9G.5
15384.5
15384.56
250005
25000.5
AQ9G.5
A09%6.5
A096.5
153845
15384.56
153845
J27GB.6 4196.5
AMB.L
2HE.L
A096.5
40966

{The totel image size should be 2*¥(FPXD-0.6)).
Howewer, aoftwars should alse support genaric ASC-FP/TP coordinates with arbitrary phool sa
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Purposs

Fhight ACIS, actusl pixel
Fhight HRC-I, actusl pixel
Fhght HRC-8

Parpasa

Flight ACTS
Flight ACTS, actual pixel
Flight HRC

Flight HRC-I, actusl piel
Flight HRC-3, test for long int conatr
Flight HRC-8

XRCF ACTIS, obaalets
XRCF ACTIS

XRCF ACTS, actual plxcl siza
XRCF HRGC, obaoleta
XRCF HRC

XRCF HRC, actuel pixcl sima
XRCF HRC, now

ACTS-2C

ACTS-2C

HST

HET alternabe



