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Part I

Part 1: Mission-independent formulation

1 General Introdution

There are a lot of di�erent oordinate systems used in the AXAF program, mostly intended for use

in onstruting and aligning the hardware. This memo is intended to give the ASC SDS group's

urrent understanding of the relationships between them (mirror metrology systems are not yet

inluded) and to de�ne many more systems, whih are useful for data analysis of observations both

in ight and at XRCF.

1.1 Update notes

Minor update to XRCF foal plane systems FP-4.1, FP-3.1 (1997 Feb 27); General update post

XRCF, espeially to HRC values (1997 De 21). Correted HRC TDET system (1998 May 12).

1.2 Notational onventions

Eah of the pixel oordinate systems is identi�ed by a label beginning with the string ASC, followed

by a string identifying the system, and ending with a version number. For example, ASC-CHIP-1.0

(loosely, CHIP oordinates) refers to a pixel system de�ned by the equation immediately following

its bold-fae �rst mention, and satisfying the pixel onvention disussed below.

1.2.1 Pixel onvention

In all ases where we use disrete pixel numbers, the orresponding real-valued, ontinuous pixel

oordinates are de�ned to be equal to the pixel number at the enter of the pixel. We further

reommend that for �nite detetor planes, one orner be designated as the lower left orner, LL.

Then the pixel whih has LL as one of its orners (i.e. the lower left pixel) shall be numbered (1,1)

so that its enter has oordinates (1.0, 1.0). The oordinates of the LL point itself are (0.5, 0.5).

If the detetor is retangular with sides of length XMAX, YMAX the pixel oordinates then run

from (0.5, 0.5) in the lower left orner (LL) to (XMAX+0.5, YMAX+0.5) in the upper right orner

(UR) while the pixel numbers in eah axis run from 1 to XMAX, 1 to YMAX.

1.2.2 Vetor and oordinate notation

A bold fae symbol e.g. B denotes a point in 3D spae. The notation Y

A

(B) denotes the Y

oordinate of point B in the 3-dimensional Cartesian oordinate system A. When we refer to a

point as an argument in this way we usually get lazy and omit the boldfae, e.g. Y

A

(B). The
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LL

UR

(1.0, 1.0 )

(0.5, 0.5)

(XMAX + 0.5, YMAX+0.5)

(XMAX+0.0, YMAX+0.0)

Figure 1: Pixel onvention.

notation P

A

(B) denotes the triple (X

A

(B); Y

A

(B); Z

A

(B)), i.e. the oordinates of B in the A

oordinate system. (P is not in boldfae sine it is not a vetor - it is in a spei� oordinate

system.)

1.2.3 Rotation and translation of Cartesian systems

We de�ne an Euler rotation Rot(�

E

; �

E

;  

E

) of a Cartesian system X,Y,Z to be the produt of three

rotations

Rot(�

E

; �

E

;  

E

) = Rot

1

(Z;  

E

)Rot

1

(Y; �

E

)Rot

1

(Z; �

E

) (1)

where the rotations apply to the suessively rotated axes from right to left in the usual sense of

matrix multipliation,

The general transformation from a artesian system A to a system B involves a saling, a

translation, and a rotation. This may be desribed by seven numbers: the sale fator K

AB

(hoie

of units), the position vetor P

B

(A0) = (X

B

(A0); Y

B

(A0); Z

B

(A0)) of the origin of A in the B

system, and the three Euler angles �

E

; �

E

;  

E

of the rotation R(A,B) from A to B,

R(A;B) = Rot(�

E

; �

E

;  

E

) (2)

=

 

os�

E

os �

E

os 

E

� sin �

E

sin 

E

sin�

E

os �

E

os 

E

+ os �

E

sin 

E

� sin �

E

os 

E

� os�

E

os �

E

sin 

E

� sin�

E

os 

E

� sin �

E

os �

E

sin 

E

+ os�

E

os 

E

sin �

E

sin 

E

os�

E

sin �

E

sin�

E

sin �

E

os �

E

!

Then oordinates of a general point G

P

A

(G) = (X

A

(G); Y

A

(G); Z

A

(G)) (3)

may be onverted to

P

B

(G) = (X

B

(G); Y

B

(G); Z

B

(G)) (4)

using the formula

P

B

(G) = R(A;B)K

AB

P

A

(G) + P

B

(A0) (5)
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If

R(A;B) = Rot(�

E

; �

E

;  

E

) (6)

then

R(B;A) = Rot(� �  

E

; �

E

; � � �

E

): (7)

Further, if C is related to B by reetion about the X axis, i.e. Y

C

= �Y

B

; Z

C

= �Z

B

then

R(A;C) = Rot(�

E

; � + �

E

; � �  

E

): (8)

1.2.4 Spherial polar oordinates

We also use spherial polar oordinate systems. The WCS paradigm desribes general rotations of

a spherial polar oordinate system. We de�ne the native artesian axes X,Y,Z of a spherial polar

system (r; �; �) by the equation

(X; Y; Z) = rS(�; �) = (r os� sin �; r sin� sin �; r os �) (9)

so that the north pole is through the positive Z axis and the azimuth is zero along the positive X

axis and 90 degrees along the positive Y axis. Any other hoie of spherial oordinates (r; �

0

; �

0

)

may be de�ned by speifying the Euler rotation matrix whih rotates the orresponding native

systems into eah other.

In the appendix I derive

�

0

= os

�1

(os �

E

os � + sin �

E

sin � os(�� �

E

))

�

0

= arg (os �

E

sin � os(�� �

E

)� sin �

E

os �; sin � sin(�� �

E

))�  

E

(10)

2 Data Analysis Coordinate Systems - Imaging

2.1 General model of the system

We model an observatory onsisting of several telesopes. Eah telesope has an optial system

(loosely, `mirror') whih images the sky by onverting inoming photon paths to outgoing photon

paths in a well determined way, and an instrument ompartment. In the instrument ompartment

is an instrument table on whih are mounted several instruments. The instruments are �xed with

respet to the instrument table, but the table may move relative to the instrument ompartment.

Further, the instrument ompartment itself may move relative to the optial system (for AXAF,

this happens only at alibration). Eah instrument onsists of one or more �xed `hips' or planar

detetor surfaes of �nite area. For AXAF, these hips are all retangular, although note that the

ROSAT PSPC is irular. Finally, eah hip is subdivided into retangular (usually square) `detetor

pixels', enumerating the set of distint loations that an be represented in the instrument telemetry
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stream. (In the ase of CCDs, these orrespond to physial CCD pixels, while in mirohannel plate

detetors they are arbitrarily set by the eletronis).

The information available to us, the telemetry position, is two dimensional, but to infer the

�nal two dimensional angular inoming sky diretion we must alulate a photon position in three

dimensional spae. Every 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 oordinate system we will

use are:

� Two dimensional pixel plane

� Two dimensional spherial angular oordinates

� Three dimensional artesian oordinates.

2.2 Data Analysis 1: Telemetry to Tangent Plane

2.2.1 Telemetry to Chip oordinates

The telemetry oordinates of a photon are a olletion (n-tuple) of integers. The formats may be

very di�erent from instrument to instrument; for instane, the HRC telemetry oordinates onsist

of two Tap values and six voltages, while the ACIS telemetry oordinates are diretly given as

pixel numbers. For eah instrument, we provide a rule to onvert from telemetry oordinates to

our standard data analysis hip pixel oordinates whih run from 1 to XMAX, 1 to YMAX.

They de�ne a logial plane extending from oordinate 0.5 to XMAX+0.5, 0.5 to YMAX+0.5. In

other words, the enter of pixel number (1,1) is (1.0, 1.0), and its lower left orner is (0.5, 0.5).

The logial plane may be larger than the atual set of possibly ative pixels. For instane, for a

irular detetor suh as the ROSAT PSPC, we extend this logial hip pixel oordinate plane to

be retangular. This hip pixel oordinate system is labelled as ASC-CHIP-1.0.

The orresponding physial oordinate system is a three dimensional Cartesian system alled

Chip Physial Coordinates (CPC), giving the physial loation of a deteted photon event on

the ative area surfae. They are fully de�ned in terms of the hip pixel oordinates when the pixel

size �

p

and the array size XMAX x YMAX is given.

(X

CPC

; Y

CPC

; Z

CPC

) are de�ned to have units of mm. The CPC X and Y axes are oinident

with the hip X and Y axes, and the Z axis ompletes a right handed set. The CPC Z oordinate

of any point in the hip has a value of 0.0. The X and Y oordinates run from 0.0 to XLEN and

YLEN, where XLEN = XMAX ��

p

and Y LEN = YMAX ��

p

.

Thus if a photon lands at Chip Physial Coordinates X

CPC

; Y

CPC

its hip pixel oordinates

(ASC-CHIP-1.0) are

CHIPX = X

CPC

=�

p

+ 0:5 (11)

CHIPY = Y

CPC

=�

p

+ 0:5

9



or

X

CPC

= (CHIPX � 0:5)�

p

(12)

Y

CPC

= (CHIPY � 0:5)�

p

Note that CHIPX and CHIPY are by de�nition linear, by whih I mean that the mapping to

real physial spae is linear. Now for ACIS it so happens that the true CCD pixels satisfy this

ondition suÆiently aurately, but for HRC the readout values may require linearization. For

HRC and similar instruments, there are atually two kinds of hip pixel oordinate: the RAW hip

oordinates do not inlude a linearization orretion, while the standard CHIP oordinates do.

2.2.2 Tiled Detetor Coordinates

In an instrument with multiple detetor planes, the planes may be tilted with respet to eah other,

or may be separated by a non-integral number of detetor pixels, or both (as in ACIS-I). Projeting

onto a 2-D plane (e.g. FP oords) will then lose the identity of individual pixels sine one true

detetor pixel will map to a variable number of square pixels on the projeted plane. For reording

alibration information like bad pixel lists, it is useful to have a single oordinate system overing

the whole instrument whih retains true detetor pixel identity at the expense of relative positional

auray. For this purpose we introdued the tiled detetor oordinate systems (TDET).

 

TDETX

TDETY

!

= �

i

 

1 0

0 H

i

! 

os �

i

sin �

i

� sin �

i

os �

i

! 

CHIPX � 0:5

CHIPY � 0:5

!

+

 

X0

i

+ 0:5

Y 0

i

+ 0:5

!

(13)

where the values of H

i

, �

i

and �

i

are di�erent for eah hip. H

i

gives the handedness of the planar

rotation and has values +1 or �1, �

i

gives the sub-pixel resolution fator, and �

i

gives the rotation

angle of the hip axes with respet to the detetor oordinate axes.

YCHIP

S

X LSI

LSI

, YCPC

XCHIP, X
CPC

Z CPC

XDET

YDET

XCHIP

YCHIP

Z
LSI

Y

Figure 2: The relationship between CHIP and Tiled Detetor oordinates.
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2.2.3 Loal Siene Instrument oordinates

Eah instrument has an Instrument Origin whih is the nominal foal point for the instrument. For

telesopes with movable instrument tables, the atual foal point for a partiular observation may

be di�erent.

To desribe the motion of the instrument table, we use three aligned Cartesian oordinate

systems.

� The Siene Instrument Translation Frame (STF) oordinate system is �xed in the instrument

ompartment, and is used to desribe the hanging position of the instrument table. Its origin

is at the ight fous and its axes have +X running from the fous toward the telesope

aperture, and +Y and +Z forming a right handed set whose orientation mathes that of the

observatory oordinates. For AXAF, the diretion of instrument table motion is along Z.

� The Siene Instrument Translation Table (STT) oordinate system is �xed in the moving

instrument table, and is used to desribe the positions of the instrument origins relative to

eah other. The position of its origin is mission-dependent, but the axes are parallel to the

STF axes.

� The Loal Siene Instrument (LSI) oordinate system for eah instrument is �xed in that

instrument, and is idential to the STT frame but with the origin shifted to the instrument

origin.

When the instrument table is moved to put the instrument at its nominal fous position, that

means that the LSI origin is oinident with the STF origin. Sine the axes are also parallel,

STF and LSI oordinates beome idential. The STF system therefore measures how muh the

instrument is o�set from its nominal fous.

The STF, LSI and STT oordinate systems are de�ned to use units of mm. To onvert from

the LSI system to the STT system, one needs to know the STT oordinates of eah LSI origin (i.e.

the loation of eah instrument on the instrument table). To onvert to the STF system, one needs

to know the instantaneous position of the instrument table, whih we desribe by giving the STF

oordinates of the STT origin O

STT

.

To onvert from a position P(LSI) in LSI oords to P(STF) in STF oords, one then performs

the vetor sum:

P (STF ) = P (LSI) +O

LSI

(STT ) +O

STT

(STF ) (14)

adding the STT oordinates of the LSI origin and the STF oordinates of the STT origin. When

the instrument is at its nominal fous, these two vetors are equal and opposite.

To onvert from CPC oordinates to LSI oordinates, we need to arry out a rotation and

translation. Eah instrument has one LSI oordinate system, and several hips eah with its own

CPC system. The information we need for eah hip to de�ne the transformation is the LSI

oordinates of eah of the four orners of the hip plane (atually, only three of the four are required).

11



A general point on the plane is

r = p

0

+X

CPC

e

X

+ Y

CPC

e

Y

(15)

where p

0

is the origin of CPC oordinates, and e

X

and e

Y

are the unit vetors along the CPC axes,

with e

Z

as the unit normal to the plane.

Let us denote the position vetors of the four hip orners as LL,UL,UR,LR. Then the unit

vetors of the CPC origin and axes in LSI oordinates are

p

0

= LL; e

X

= LR� LL; e

Y

= UL�LL (16)

and

e

Z

= e

X

^ e

Y

: (17)

YCHIP

S

X LSI

LSI

X

Σ

, YCPC

XCHIP, X
CPC

Z CPC

Z

Y

LSI

Y

Z

STT

STT

STT

Figure 3: The relationship between CHIP, LSI and STT oordinates.

We an reast this in a rotational formulation,

P

G

(LSI) = P

LL

(LSI) +R(CPC;LSI)P

G

(CPC) (18)

where the matrix is

R(CPC;LSI) =

0

B

�

(e

X

)

X

(e

Y

)

X

(e

Z

)

X

(e

X

)

Y

(e

Y

)

Y

(e

Z

)

Y

(e

X

)

Z

(e

Y

)

Z

(e

Z

)

Z

1

C

A

(19)

These unit axis vetors an easily be derived from the orner oordinates.
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Optical bench

Instrument module

platform

SI

Science instrument (described by LSI coords)

Optical bench (described by STT coords)

Instrument module (described by STF coords)

Mirror (described by HNC coords)

Tilt of HNC with respect to STF is exaggerated

Mirror

Figure 4: The instrument ompartment (dashed line) may be misaligned with the telesope mirrors.

At alibration, this misalignment (highly exaggerated here) may be signi�ant and variable as the

mirror is tilted with respet to the instruments. The instrument benh moves with respet to the

instrument ompartment, as indiated by the arrow.

XSTF

Σ
Σ

0

HRMA

STF
Z

ACIS YSTF HRC

SIM Translation Table

STTX

Y
STT

STT
Z

Figure 5: The relationship between STT and STF oordinates, AXAF example. The instrument

(SIM) table has moved so that HRC is at the fous.
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2.2.4 Mirror oordinates

We now speialize to a simple optial system whih an be modelled to �rst order as a thin lens with

an optial node N from whih rays appear to emerge toward a detetor. This simple desription

is �ne for the AXAF HRMA, but won't apply diretly to the ompliated optial path of the

AXAF Aspet Camera. The origin of mirror oordinates (labelled here as MNC for Mirror Nodal

Coordinates, in previous versions of the doument HNC for HRMA Nodal Coordinates) is the

nominal optial node of the mirrors. The +X axis goes from the node toward the entrane aperture,

and the Y and Z axes omplete a right handed system. To �rst order, an inoming ray with MNC

diretion osines (�X

N

; Y

N

; Z

N

) emerges from the mirror with diretion osines (�X

N

;�Y

N

;�Z

N

).

(We use the subsript 'N' for mirror nodal oordinates).

The mirror has a nominal foal length f, and a nominal fous at mirror oordinates (-f, 0, 0).

We de�ne Fous Coordinates (FC-1.0) as a artesian system idential to MNC oordinates but with

its origin at the fous. Thus

P (MNC) = (�f; 0; 0) + P (FC) (20)

The nominal onnetion between FC and STF oordinates is

P (FC) = P (STF ) (21)

However, we support the more general alignment

P (FC) = O

STF

(FC) +R(STF; FC)P (STF ): (22)

This equation allows us to handle the inversion of the HRMA with respet to the instrument

ompartment that was originally planned for XRCF.

Assoiated with the MNC system are two spherial oordinate systems. Mirror Spherial Co-

ordinates measure the o� axis angle and azimuth of an inoming ray, and their pole is the MNC

+X

N

axis. Foal Surfae Coordinates measure the o� axis angle and azimuth of an emerging ray,

with pole at the �X

N

axis (toward the fous). Eah of these spherial oordinate systems has

an assoiated family of pixel plane oordinate systems (parameterized by the seleted pixel size),

tangent to the pole of the sphere.

The generi Foal Plane Pixel oordinates are

FPX = FPX0 + t

x

�

�1

s

(Y

N

=jX

N

j) (23)

FPY = FPY 0 + t

y

�

�1

s

(Z

N

=jX

N

j)

where t

x

, t

y

are sign parameters whih ontrol the orientation of the image. �

s

is the pixel size in

radians. The atual physial pixel size at the fous, for foal length f, is

�

p

= f�

s

(24)
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Tangent

Plane

Focal

Plane

Chip detector planes

Figure 6: The Tangent Plane Coordinate system desribes the inoming rays, while the Foal Plane

Coordinates system desribes the angular position of rays emerging from the mirrors. The rays

then interset one of several inlined detetor planes, ausing events whose loations are desribed

in tiled detetor oordinates.

A foal plane pixel oordinate system is de�ned in terms of this physial pixel size. The nominal

foal length of the mirror is then needed to onvert to atual angular size. (In pratie, the angular

size may be diretly enoded in a WCS CDELT header parameter).

The Tangent Plane pixel oordinates are de�ned in the same way, but form the pixel plane for

the Mirror Spherial Coordinates. Spei�ally, we de�ne the standard ASC-FP-FSC-1.0 variant

of foal plane oordinates as (t

x

= 1; t

y

= �1)

FPX = FPX0 + �

�1

s

(Y

N

=jX

N

j) (25)

FPY = FPY 0��

�1

s

(Z

N

=jX

N

j)

Note that in the foal plane X

N

is negative but we take the absolute value in the formula. The

sign on FPY is then hosen to take out the mirror inversion of the image aused by the optis. The

sign on FPX reets the fat that we want elestial longitude to inrease from right to left when

the roll angle is zero.

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

� Soure moves to higher RA

� Soure moves to left in sky image, so sky X dereases

� FPX dereases

� Inoming photon moves to smaller MNC Y and MNC Y/jXj

� Image moves to larger MNC Y, FC Y, LSI Y, CHIP X

and

15



� Soure moves to higher De

� Soure moves up in sky image, so sky Y inreases

� FPY inreases

� Inoming photon moves to larger MNC Z

� Image moves to smaller MNC Z, FC Z, LSI Z, CHIP Y

We de�ne the standard ASC-TP-MSC-1.0 version of tangent plane oordinates as

TPX = FPX0 + �

�1

s

(Y

N

=jX

N

j) (26)

TPY = FPY 0��

�1

s

(Z

N

=jX

N

j)

(idential to the foal plane oordinates) where here the (X

N

; Y

N

; Z

N

) are the unit vetor in MNC

oordinates of the inoming ray. Tangent plane oordinates are de�ned to apply to positions on the

`sky' side of the mirror, and do not inlude mirror optial distortions, while foal plane oordinates

do. In pratie we assume that tangent plane and foal plane oordinates are idential, and mirror

distortions are handled in the spatial variation of the entroid of the PSF.

Thus in our simple mirror model where an inoming photon oming from unit vetor (X; Y; Z)

with ray unit vetor (�X;�Y;�Z) is imaged to a ray with the same unit vetor (�X;�Y;�Z),

the tangent plane oordinates of the inoming photon TPX, TPY are equal to the foal plane

oordinates of the imaged ray. For inoming rays the sign of X is always negative, so -X is positive.

For XRCF, we adopt a di�erent onvention. Instead of looking at the sky from the

detetor, we look at the detetor from the soure, hoosing t

x

= t

y

= �1. Then FPX is

parallel to - MNC Y or + XRCF Y; FPY is parallel to - MNC Z or + XRCF Z. Users

should be aware of the di�erene between FP oordinates at XRCF and in ight.

Table 1: Default axis orientations

Flight XRCF

-RA, +De +XRCF Y, +XRCF Z

+FPX, +FPY +FPX, +FPY

+MNY, -MNZ -MNY, -MNZ

+FCY, -FCZ -FCY, -FCZ

+LSI Y,-LSI Z -LSI Y, -LSI Z

+CHIP X,-CHIP Y -CHIP X, -CHIP Y

We de�ne Mirror Spherial Coordinates (r; �

H

; �

H

) in terms of mirror nodal Cartesian oordi-
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Tiled Detector Plane Focal Plane (with tilted chips)

Tangent Plane (with mirror effects) Sky Plane (with aspect solution)

Figure 7: The di�erent pixel plane oordinate systems. Distorting e�ets are highly exaggerated.

nates as follows:

0

B

�

X

N

Y

N

Z

N

1

C

A

=

0

B

�

ros�

H

r sin �

H

os�

H

r sin �

H

sin�

H

1

C

A

(27)

The angle �

H

is the MSC o�-axis angle and �

H

is the MSC Azimuth. The inverse is

r =

q

X

2

N

+ Y

2

N

+ Z

2

N

(28)

�

H

= os

�1

(X

N

=r)

�

H

= arg(Y

N

; Z

N

)

The Foal Surfae Coordinates (r; �

F

; �

F

) are

0

B

�

X

N

Y

N

Z

N

1

C

A

=

0

B

�

�ros�

F

r sin �

F

os�

F

r sin �

F

sin�

F

1

C

A

(29)

The angle �

F

is the FSC o�-axis angle and the angle �

F

is the FSC azimuth. They are related

to the MSC oordinates by

�

F

= � � �

H

; �

F

= �

H

(30)
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Figure 8: Imaging the sky in LSI oordinates

The inverse is

r =

q

X

2

N

+ Y

2

N

+ Z

2

N

(31)

�

H

= os

�1

(�X

N

=r)

�

H

= arg(Y

N

; Z

N

)

18



2.2.5 Pixel planes for intermediate systems

We may want to make pixel images for data in oordinate systems suh as LSI and STF frames. To

do this we use the FP system and set the LSI or STF origin at the nominal fous by speifying a

physial pixel size. ASC-FP-STF-1.0 oordinates are like ASC-FP-FSC-1.0 oordinates but ignore

the possibility of defous or misalignment (or dither) between the instrument ompartment and the

mirrors. ASC-FP-LSI-1.0 oordinates further ignore the possibility that the the instrument is not

at its standard position in the fous (no SI instrument table orretion) while ASC-FP-STT-1.0

oordinates arti�ially plae the STT origin at the fous. For eah of these systems,

FPX = FPX0 + �

�1

sp

Y

FPY = FPY 0��

�1

sp

Z (32)

where �

sp

is the physial pixel size and Y,Z are the LSI, STT, et., oordinates, while the X-

oordinate is ignored.

The ASC-FP-STF-1.0 pixel oordinate system is also alled 'dithered foal plane oordinates'

sine it an be used to debug XRCF dither mode.

2.3 Data Analysis 2: Tangent Plane to Sky

2.3.1 Sky Pixel Coordinates

The Sky Pixel oordinate system is a translation and rotation of the Tangent Plane pixel oordinate

system to align the image with a nominal pointing diretion and spaeraft roll angle. For small

aspet orretions, sky pixel oordinates (ASC-SKY-1.0) are

X = FPX0 + (TPX � FPX0) os  � (TPY � FPY 0) sin  + A

X

Y = FPY 0 + (TPX � FPX0) sin + (TPY � FPY 0) os  + A

Y

(33)

The quantities A

X

and A

Y

are the sky frame aspet o�sets in pixels, determining the sky pixel

oordinates of the optial axis. (Note that the aspet o�sets for Einstein and Rosat were stored as

detetor frame o�sets, whih required applying the roll angle to; it's not lear to me why this hoie

was made.)

In general when ombining data over a wide range of pointing diretions, (mosaiing images) we

must reprojet to the nominal sky tangent plane.

2.3.2 Physial Tangent Plane oordinates

If the Tangent Plane pixel oordinates represent a position on the tangent plane to the unit sphere

at the optial axis, the Physial Tangent Plane oordinate system

0

B

�

X

PTP

Y

PTP

Z

PTP

1

C

A

=

0

B

�

��

s

(TPX � TPX0)

�

s

(TPY � TPY 0)

1

1

C

A

: (34)
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represents the 3D vetor from the enter of the unit sphere to that position on the tangent plane,

whih the onvention that the X

PTP

and Y

PTP

axes run in the diretion of inreasing RA and De

respetively in the on-orbit ase with zero roll. The PTP system is losely related to HRMA Nodal

oordinates. If the diretion of the inoming ray is (X

N

; Y

N

; Z

N

) then

0

B

�

X

PTP

Y

PTP

Z

PTP

1

C

A

=

0

B

�

Y

N

=X

N

Z

N

=X

N

1

1

C

A

(35)

2.3.3 Physial Sky Plane oordinates

The Physial Sky Plane oordinate system for zero aspet o�set and �nite roll angle is

0

B

�

X

PSP

Y

PSP

Z

PSP

1

C

A

=

0

B

�

X

PTP

os  + Y

PTP

sin 

X

PTP

sin  � Y

PTP

os 

Z

PTP

1

C

A

(36)

where  is the spaeraft roll angle.

The PTP and PSP systems are important as you need them to alulate the RA and De.

However they are only used in internal alulations.

2.3.4 J2000 Celestial Coordinates

One an go from Tangent Plane Physial oordinates to J2000 elestial oordinates using the in-

stantaneous pointing diretion (�

A

; Æ

A

). and roll angle 

A

.

S(�; Æ) = Rot(�=2 + 

A

; �=2� Æ

A

; � � �

A

)

0

B

�

X

PTP

Y

PTP

Z

PTP

1

C

A

(37)

Use the nominal pointing diretion (�

0

; Æ

0

) and set the roll angle to zero if using Sky Plane Physial

Coordinates:

S(�; Æ) = Rot(�=2; �=2� Æ

0

; � � �

0

)

0

B

�

X

PSP

Y

PSP

Z

PSP

1

C

A

(38)

From TP pixel oordinates, reall that

0

B

�

X

PTP

Y

PTP

Z

PTP

1

C

A

=

0

B

�

��

s

(TPX � TPX0)

�

s

(TPY � TPY 0)

1

1

C

A

(39)
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Place detector on instrument table
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MSCPTPTP

Account for distorting effects of mirrors
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FC

Orient instrument compartment relative to
mirrors

FP
Include telescope focal length

Figure 9: Coordinate systems used in data analysis, 1: Imaging data analysis.

2.4 Simulation: Sky to Telemetry

2.4.1 Mirror Spherial Coordinates to Foal Surfae Coordinates

Inoming photons with given mirror spherial oordinates (o� axis angle and azimuth) an be

desribed by their tangent plane pixel oordinates. To �rst order, these are the same as the foal

plane pixel oordinates; determining the higher order orretions is the job of ray trae simulators

suh as SAOSAC. When simulating, we often will not bother with these tangent and pixel plane

oordinates but instead will work diretly with mirror nodal oordinates.

2.4.2 Foal Surfae or Mirror Nodal Coordinates to CPC oordinates

We then have the problem: how to transform from mirror nodal oordinates of a ray emerging

from the mirror to the deteted photon position. This is harder than working in the data analysis

diretion. We hoose a Cartesian oordinate system (usually LSI oordinates) and alulate the

intersetion of the ray line with eah detetor plane. There should be only one detetor plane whih

has an intersetion within its �nite bounds (i.e., the photon will only hit one of the hips). For
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Figure 10: Coordinate systems used in data analysis, 2: Grating data analysis.

detetors whih do not inlude any tilted or out-of-plane hips (pre-AXAF missions), the alulation

is muh easier as you an just �nd the LSI oordinates of the ray when it hits the foal plane.

In our more ompliated situtation, as before a general point on one of the detetor planes is

r = p

0

+X

CPC

e

X

+ Y

CPC

e

Y

(40)

where p

0

is the origin of CPC oordinates, and e

X

and e

Y

are the unit vetors along the CPC axes,

with e

Z

as the unit normal to the plane.

The general ray is

r = l

0

+ �l (41)

where l

0

is an arbitrary point on the ray (the output of ray trae or else for approximate alulations,

the mirror node), l is the ray diretion, and � labels positions along the ray. The intersetion with

the plane is then at

r = l

0

+

(p

0

� l

0

):e

Z

l:e

Z

l (42)

and we �nd CPC X and Y by taking the dot produt with the CPC unit vetors,

X

CPC

= r:e

X

; Y

CPC

= r:e

Y

(43)
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2.4.3 Chip oordinates

We an then reover hip oordinates and telemetry oordinates using the equations from previous

setions.

CHIPX = X

CPC

=�

p

+ 0:5 (44)

CHIPY = Y

CPC

=�

p

+ 0:5

2.5 Summary of oordinate systems

Eah of the physial oordinate systems, representing either a 3-D position or a 2-D angular position,

has a orresponding 2-D pixel oordinate system used for display purposes and for pratial storage

in ases where the third dimension is redundant.

In the following table, I give eah physial system with the orresponding pixel plane systems.

`Label' is the generi label used to identify the system; data assoiated with this label is deemed

to satisfy the equations in this doument, and revisions to the equations will imply version number

hanges in the label. To isolate a spei� system, extra parameters suh as the hip ID are required.

The table also notes whether information is lost going from the physial to the pixel system.

Physial Name Pixel Params Info Desription

System System Loss

CPC Chip Physial ASC-CHIP-1.0 Inst. ID, No Single hip

Chip ID

CPC Chip Physial ASC-TDET-1.0 Inst. ID, No Detetor oords

TDET params

LSI Loal SI ASC-FP-LSI-1.0 Inst. ID Yes Foal plane, o�set unorreted

STT SI Translation Table ASC-FP-STT-1.0 Pixel size Yes Foal plane, o�set unorreted

STF SI Translation Frame ASC-FP-STF-1.0 Pixel size Yes Foal plane, alignment unorreted

FC Fous Coordinates ASC-FP-FSC-1.0 Pixel size Yes Foal plane

MNC Mirror Nodal ASC-FP-FSC-1.0 Pixel size Yes Foal plane

FSC Foal Surfae ASC-FP-FSC-1.0 Pixel size No Foal plane

MNC Mirror Nodal ASC-TP-MSC-1.0 Pixel size Yes Tangent plane

MSC Mirror Spherial ASC-TP-MSC-1.0 Pixel size No Tangent plane

CEL Celestial ASC-SKY-1.0 Pixel size No Aspet applied

PTP Physial Tangent Plane ASC-TP-MSC-1.0 Pixel size No Tangent Plane 3D

PSP Physial Sky Plane ASC-SKY-1.0 Pixel size No Sky Plane 3D

The TDET parameters for tiled detetor oordinates are arbitrary, so there an be several

parallel TDET systems for one instrument and individual TDET labels assigned for eah system

must be used.
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The pixel size used in the FP and TP systems is often equal to the detetor pixel size in the

nominal foal plane, but sometimes is piked arbitrarily.

3 Data Analysis Coordinate Systems - Gratings

We now onsider objetive transmission gratings plaed between the mirrors and the detetors.

3.1 Data Analysis: Grating data

When we observe with the gratings, we get a dispersed spetrum with orders +1, -1, +2, -2, ...

and a zero-order undispersed image. The undispersed (zero-order) photons do not interat with the

gratings and we an deal with them using the same analysis as for imaging detetors. To analyse a

dispersed photon, however, we must know the loation of the zero-order image as well as that of the

dispersed photon. For instane, spaeraft roll aspet must be applied to the zero-order position,

not the dispersed position.

The loation of the zero order photon must be alulated relative to the Grating Node rather

than the Mirror Node. The Grating Node is on the optial axis at a distane R from the fous,

where R is the diameter of the Rowland Cirle.

Eah grating is de�ned by a grating node position and a grating pole vetor whih de�nes the

ross-dispersion diretion.

3.1.1 Grating Zero Order Coordinates (GZO-1.0)

Now we pik a soure, with zero order position ZO. and let the vetor from the grating node to

the soure zero order be S. Then de�ne

e

X

ZO

= �S=jSj

e

Y

ZO

= d

0

^ e

X

ZO

=jd

0

^ e

X

ZO

j

e

Z

ZO

= e

X

ZO

^ e

Y

ZO

(45)

where the Grating Pole (ross-dispersion unit vetor) d

0

is

d

0

= (0;� sin�

G

; os�

G

) (46)

in MNC oordinates, where �

G

is the angle between the dispersion diretion and the spaeraft Y

axis.

This de�nes a artesian orthonormal set, Grating Zero Order Coordinates, whose origin we

hoose to be at G0. Di�rated photons travel in the X

ZO

; Y

ZO

plane, and the intersetion of this

plane with the detetor surfae de�nes the dispersion diretion.

The key step is alulating the GZO to FC transformation matrix. The olumns of this matrix

are simply the vetors e

X

Z0

et.
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Figure 11: Grating Zero Order oordinates

The GZO oordinates of the photon are then

P (GZO) = R(FC;GZO)(P (FC)�O

GZO

(FC)) (47)

where O

GZO

(LSI) are the FC oordinates of the grating node.

For an approximate treatment ( whih an be in error by several pixels), we an write the zero

order oords as

ZO(FC) = (X; Y; Z) = (gX

o

; gY

o

; gZ

o

) (48)

where g is the distane from G0 to the fous. Then to �rst order

jSj = g(1�X

o

) (49)

and

e

X

ZO

= (1;�Y

o

;�Z

o

)

e

Y

ZO

= ((Z

o

sin�

G

+ Y

o

os�

G

); os�

G

; sin�

G

)

e

Z

ZO

= (�Y

o

sin�

G

+ Z

o

os�

G

;� sin�

G

; os�

G

)

(50)

so that a point with FC oords (x, y, z ) will have GZO oords

P (GZO) = (x� g; (y � Y ) os�

G

+ (z � Z) sin�

G

; (z � Z) os�

G

� (y � Y ) sin�

G

) (51)

3.1.2 Grating Angular Coordinates (GAC-1.0)

Grating Angular Coordinates (GAC) are the most important system for grating analysis. The

GAC system (�

r

; �

d

) is a 2D angular system giving longitude and latitude with respet to GZO

oordinates. The longitude oordinate, �

r

, is the dispersion angle and the latitude oordinate,

�

d

, is the ross-dispersion angle. They are de�ned as

�

r

= tan

�1

�

�Y

ZO

X

ZO

�

� �Y

ZO

=X

ZO

�

d

= tan

�1

�

+Z

ZO

p

X

2

ZO

+Y

2

ZO

�

� +Z

ZO

=X

ZO

(52)
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3.1.3 Grating Di�ration Coordinates (GDC-1.0)

The Grating Di�ration Coordinate system (r

TG

; d

TG

) gives the distane in mm along the dispersion

diretion and in the ross-dispersion diretion. This is just related to the GAC oordinates by a

simple saling

r

TG

= X

R

�

r

d

TG

= X

R

tan �

d

(53)

Here X

R

is the length from the grating node to the fous, whih is approximately equal to the

length jSj.

G
ZO

P

d

r

Figure 12: Grating Di�ration oordinates

3.1.4 Grating Di�ration Plane Pixel Coordinates (GDP-1.1)

The Grating Di�ration Plane Pixel Coordinates GDX, GDY are de�ned by

GDX = GDX0��

�1

gs

(Y

ZO

=X

ZO

)

GDY = GDY 0 + �

�1

gs

(Z

ZO

=X

ZO

)

(54)

analogously to the Foal Plane Pixel Coordinates.

They are related to the physial Grating Di�ration Coordinates by

GDX = GDX0 + �

�1

gs

tan(r

TG

=X

R

)

GDY = GDY 0 + �

�1

gs

(d

TG

=X

R

) os(r

TG

=X

R

)

(55)

3.1.5 Dispersion relation

The wavelength of the di�rated photon is

� = P sin �

R

=m (56)

where P is the average grating period and m is the di�ration order. So

� � (P=m)(GDX �GDX0)�

gs

(57)
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Part II

Part 2: AXAF systems

4 ACIS

4.1 Instrumental details

The ACIS instrument has 10 CCD hips. In the event list data, eah is identi�ed by an integer

from 0 to 9. Four of the hips, the imaging set, are arranged in a rough square (but individually

tilted). Six are the spetrosopi array, arranged in a line.

Chip Name CHIP ID

ACIS-I0 0

ACIS-I1 1

ACIS-I2 2

ACIS-I3 3

ACIS-S0 4

ACIS-S1 5

ACIS-S2 6

ACIS-S3 7

ACIS-S4 8

ACIS-S5 9

The CHIP ID is also alled CCD ID for onsisteny with ASCA.

4.1.1 ACIS readout oordinates

The ACIS readout oordinate system was explained in a 1995 draft memo from J Woo. This memo

de�nes two oordinate systems, the \pixel oordinate system of the readout �le array, f(x,y)", whih

I will all the ACIS Readout Coordinates (XREAD; Y READ) with identi�er AXAF-ACIS-3.0,

and the \pixel oordinate system of the ative detetor image array p(x,y)", whih I will all ACIS

Chip Coordinates, (XCHIP; Y CHIP ) with identi�er AXAF-ACIS-1.0 (these are the ones that

run from 1 to 1024).

ACIS Readout Coordinates may be seen in subassembly al (SAC) data, but in ight the Chip

oordinates are alulated on board and telemetered diretly. We don't normally deal with the

readout oordinates.

The two systems are related by

Y CHIP =

(

Y READ 1 � Y READ � 1026

Overlok 1027 � Y READ � 1030

(58)
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XCHIP =
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:

Underlok 1 � XREAD � 4

XREAD � 4 5 � XREAD � 260 (Node A)

Overlok 261 � XREAD � 337

Unde�ned Parallel Transfer 338 � XREAD � 340

Underlok 341 � XREAD � 344

857�XREAD 345 � XREAD � 600 (Node B

Overlok 601 � XREAD � 677

Unde�ned Parallel Transfer 678 � XREAD � 680

Underlok 681 � XREAD � 684

XREAD � 172 685 � XREAD � 940 (Node C)

Overlok 941 � XREAD � 1017

Unde�ned Parallel Transfer 1018 � XREAD � 1020

Underlok 1021 � XREAD � 1024

2049�XREAD 1025 � XREAD � 1280 (Node D)

Overlok 1281 � XREAD � 1357

Unde�ned Parallel Transfer 1358 � XREAD � 1360

(59)

The inverse transformation is

Y READ = Y CHIP

XREAD =

8

>

>

>

<

>

>

>

:

XCHIP + 4 1 � XCHIP � 256 (A)

857�XCHIP 257 � XCHIP � 512 (B)

XCHIP + 172 513 � XCHIP � 768 (C)

2049�XCHIP 769 � XCHIP � 1024 (D)

(60)

Unresolved questions: Is the above orret, or even useful? Do the telemetry values start at

1 or 0? Under what irumstanes do we get YCHIP values of 1025 and 1026? Do those values

orrespond to true ative area?

4.1.2 ACIS Fast Window mode

In window mode, we get an initial set of Window Chip Coordinates (AXAF-ACIS-4.0) WX, WY

whih run from 1 to 1024 and 1 to WSIZE. WSIZE is a on�gurable number.

There is no way to uniquely know from the telemetry what the true ACIS hip oordinates of the

photon were - you get an unertainty module WSIZE. However, to alulate best guess ACIS hip

oordinates (AXAF-ACIS-1.0) we an assume that the photon is assoiated with a known inident

soure loation, resolving the unertainties.

For non grating data, alulate the predited AXAF-ACIS-1.0 oordinates for the inident ra-

diation, say (CX0, CY0). At XRCF, this will involve the forward alulation inluding the STF

oordinates of the FAM. Then set
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Figure 13: ACIS readout nodes

CY1 = (CY0 / WSIZE ) * WSIZE

using integer arithmeti. Then

CHIPX = WX (61)

and

CHIPY = WY + CY 1 (62)

4.2 2-D detetor oordinates: TDET parameters

The ASC-TDET-1.0 tiled detetor oordinates are implemented for AXAF with the following spe-

i� systems, eah of whih spei�es a TDET system in terms of the CHIP oordinates.

Table 4: Tiled Detetor Plane systems

System Size X Center, Y Center Use

AXAF-ACIS-2.2 8192 x 8192 (4096.5, 4096.5) Standard

AXAF-ACIS-2.3A 32768x32768 (16384.5, 16384.5) Obsolete

Table 5: Parameters of Tiled Detetor Coordinate de�-

nitions

Tiled System Chip �

i

�

i

X0

i

Y 0

i

H

i

AXAF-ACIS-2.2 ACIS-I0 90 1 3061.0 5131.0 1

AXAF-ACIS-2.2 ACIS-I1 270 1 5131.0 4107.0 1

AXAF-ACIS-2.2 ACIS-I2 90 1 3061.0 4085.0 1

AXAF-ACIS-2.2 ACIS-I3 270 1 5131.0 3061.0 1

AXAF-ACIS-2.2 ACIS-S0 0 1 791.0 1702.0 1

AXAF-ACIS-2.2 ACIS-S1 0 1 1833.0 1702.0 1

AXAF-ACIS-2.2 ACIS-S2 0 1 2875.0 1702.0 1

AXAF-ACIS-2.2 ACIS-S3 0 1 3917.0 1702.0 1

AXAF-ACIS-2.2 ACIS-S4 0 1 4959.0 1702.0 1

AXAF-ACIS-2.2 ACIS-S5 0 1 6001.0 1702.0 1

AXAF-ACIS-2.3A ACIS-I0 90 5 12150.0 25655.0 1

AXAF-ACIS-2.3A ACIS-I1 270 5 22500.0 20535.0 1

AXAF-ACIS-2.3A ACIS-I2 90 5 12150.0 20425.0 1

AXAF-ACIS-2.3A ACIS-I3 270 5 22500.0 15305.0 1

AXAF-ACIS-2.3A ACIS-S0 0 5 800.0 8510.0 1

AXAF-ACIS-2.3A ACIS-S1 0 5 6010.0 8510.0 1
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AXAF-ACIS-2.3A ACIS-S2 0 5 11220.0 8510.0 1

AXAF-ACIS-2.3A ACIS-S3 0 5 16430.0 8510.0 1

AXAF-ACIS-2.3A ACIS-S4 0 5 21640.0 8510.0 1

AXAF-ACIS-2.3A ACIS-S5 0 5 26850.0 8510.0 1

4.3 3-D hip loations: CPC to LSI transformation parameters

In the following tables we list the CPC and LSI oordinates of eah orner of eah hip. We give

oordinates for eah of the ACIS hips in both the ACIS-I and ACIS-S LSI systems, sine we may

take data from ACIS-S hips while ACIS-I is in the fous or vie versa. The systems are simply

o�set by 46.88mm in the Z

LSI

diretion. The ACIS data is from ACIS-SOP-01, and the HRC data

is dedued from information provided by M. Juda.
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Table 6: ACIS Chip orner loations in ACIS-I LSI oordi-

nates

Chip Corner CPC oords ACIS-I LSI oords

I0 LL (0.0, 0.0, 0.0) (2.361, -26.484, 23.088)

LR (24.58, 0.0, 0.0) (1.130, -26.546, -1.458)

UR (24.58, 24.58, 0.0) (-0.100, -2.001, -1.458)

UL (0.0, 24.58, 0.0) (1.130, -1.939, 23.088)

I1 LL (0.0, 0.0, 0.0) (1.130, 23.086, -1.458)

LR (24.58, 0.0, 0.0) (2.360, 23.024, 23.088)

UR (24.58, 24.58, 0.0) (1.130, -1.521, 23.088)

UL (0.0, 24.58, 0.0) (-0.100, -1.459, -1.458)

I2 LL (0.0, 0.0, 0.0) (1.130, -26.546, -1.997)

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, 24.58, 0.0) (-0.100, -2.001, -1.997)

I3 LL (0.0, 0.0, 0.0) (2.361, 23.024, -26.543)

LR (24.58, 0.0, 0.0) (1.131, 23.086, -1.997)

UR (24.58, 24.58, 0.0) (-0.100, -1.459, -1.997)

UL (0.0, 24.58, 0.0) (1.130, -1.521, -26.543)

S0 LL (0.0, 0.0, 0.0) (0.744, -81.051, -59.170)

LR (24.58, 0.0, 0.0) (0.353, -56.478, -59.170)

UR (24.58, 24.58, 0.0) (0.353, -56.478, -34.590)

UL (0.0, 24.58, 0.0) (0.744, -81.051, -34.590)

S1 LL (0.0, 0.0, 0.0) (0.348, -56.047, -59.170)

LR (24.58, 0.0, 0.0) (0.099, -31.473, -59.170)

UR (24.58, 24.58, 0.0) (0.099, -31.473, -34.590)

UL (0.0, 24.58, 0.0) (0.348, -56.047, -34.590)

S2 LL (0.0, 0.0, 0.0) (0.096, -31.042, -59.170)

LR (24.58, 0.0, 0.0) (-0.011, -6.466, -59.170)

UR (24.58, 24.58, 0.0) (-0.011, -6.466, -34.590)

UL (0.0, 24.58, 0.0) (0.096, -31.042, -34.590)

S3 LL (0.0, 0.0, 0.0) (-0.011, -6.035, -59.170)

LR (24.58, 0.0, 0.0) (0.024, 18.541, -59.170)

UR (24.58, 24.58, 0.0) (0.024, 18.541, -34.590)
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UL (0.0, 24.58, 0.0) (-0.011, -6.035, -34.590)

S4 LL (0.0, 0.0, 0.0) (0.026, 18.972, -59.170)

LR (24.58, 0.0, 0.0) (0.208, 43.547, -59.170)

UR (24.58, 24.58, 0.0) (0.208, 43.547, -34.590)

UL (0.0, 24.58, 0.0) (0.026, 18.972, -34.590)

S5 LL (0.0, 0.0, 0.0) (0.208, 43.978, -59.170)

LR (24.58, 0.0, 0.0) (0.528, 68.552, -59.170)

UR (24.58, 24.58, 0.0) (0.528, 68.552, -34.590)

UL (0.0, 24.58, 0.0) (0.208, 43.978, -34.590)

5 HRC

5.1 Overview

The HRC instrument has two detetors, the HRC-S and the HRC-I. The HRC-I has a single `hip' or

mirohannel plate pair (CHIP ID = 0, name HRC-I) while the HRC-S has three (CHIP ID = 1,2,3; name

HRC-S1,S2,S3; HRC team

designation +1, 0, -1). We de�ne an HRC-I hip plane whih is 16384 pixels square; (not all of these

pixels orrespond to atual readable values); the HRC-S hips are 4096 x 16384, 4096 x 15872, and 4096 x

16384 pixels respetively. The HRC-I pixel size is 0.006429 mm; however, the HRC-S pixels are atually

retangular, with the U axis size 0.006250 mm and the V axis size 0.006429 mm.

Name ID CHIP size (pix) Pixel size (�) CHIP size (mm)

HRC-I 0 16384 x 16384 6.429 x 6.429 105.333 x 105.333

HRC-S1 1 4096 x 16384 6.250 x 6.429 25.600 x 105.333

HRC-S2 2 4096 x 15872 6.250 x 6.429 25.600 x 102.041

HRC-S3 3 4096 x 16384 6.250 x 6.429 25.600 x 105.333

5.1.1 3-D hip loations: CPC to LSI parameters

The orners of these logial hip planes are loated in the LSI oordinate system as follows; these are

alulated by plaing the HRC-S origin (default aimpoint) at 4.0mm to +LSI Y of the detetor enter and

using the hip sizes alulated above together with the designed S1 and S3 hip tilts in the X,Y plane.

Table 8: HRC hip (i.e. grid) orner loations in LSI oordi-

nates

Chip Corner CPC oords HRC-I,S LSI oords

HRC-I LL ( 0.000 , 0.000 , 0.000 ) ( 0.000 , 0.000 , 74.482 )

HRC-I LR ( 105.333 , 0.000 , 0.000 ) ( 0.000 , 74.482 , 0.000 )
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HRC-I UR ( 105.333 , 105.333 , 0.000 ) ( 0.000 , 0.000 , -74.482 )

HRC-I UL ( 0.000 , 105.333 , 0.000 ) ( 0.000 , -74.482 , 0.000 )

HRC-S1 LL ( 0.000 , 0.000 , 0.000 ) ( 2.622 , 160.320 , -12.800 )

HRC-S1 LR ( 25.600 , 0.000 , 0.000 ) ( 2.622 , 160.320 , 12.800 )

HRC-S1 UR ( 25.600 , 105.333 , 0.000 ) ( 0.000 , 55.020 , 12.800 )

HRC-S1 UL ( 0.000 , 105.333 , 0.000 ) ( 0.000 , 55.020 , -12.800 )

HRC-S2 LL ( 0.000 , 0.000 , 0.000 ) ( 0.000 , 55.020 , -12.800 )

HRC-S2 LR ( 25.600 , 0.000 , 0.000 ) ( 0.000 , 55.020 , 12.800 )

HRC-S2 UR ( 25.600 , 102.041 , 0.000 ) ( 0.000 , -47.020 , 12.800 )

HRC-S2 UL ( 0.000 , 102.041 , 0.000 ) ( 0.000 , -47.020 , -12.800 )

HRC-S3 LL ( 0.000 , 0.000 , 0.000 ) ( 0.000 , -47.020 , -12.800 )

HRC-S3 LR ( 25.600 , 0.000 , 0.000 ) ( 0.000 , -47.020 , 12.800 )

HRC-S3 UR ( 25.600 , 105.333 , 0.000 ) ( 2.248 , -152.320 , 12.800 )

HRC-S3 UL ( 0.000 , 105.333 , 0.000 ) ( 2.248 , -152.320 , -12.800 )

5.1.2 2-D detetor oordinates: TDET parameters

The ASC-TDET-1.0 tiled detetor oordinates are implemented for AXAF with the following spe-

i� systems, eah of whih spei�es a TDET system in terms of the CHIP oordinates.

Table 9: Tiled Detetor Plane systems

System Size X Center, Y Center Use

AXAF-HRC-2.3I 16384 x 16384 (8192.5, 8192.5) Standard HRC-I

AXAF-HRC-2.4S 16384 x 16384 (8192.5, 8192.5) Standard HRC-S

AXAF-HRC-2.2I 32768 x 32768 (16384.5, 16384.5) Alternative

AXAF-HRC-2.2S 49152 x 4096 (24576.5, 2048.5) Inorret, 2.5S replaes

AXAF-HRC-2.3S 16384 x 24976 (8192.5, 12488.5) Obsolete

AXAF-HRC-2.5S 49152 x 4096 (24576.5, 2048.5) Alternative

Table 10: Parameters of Tiled Detetor Coordinate de�-

nitions

Tiled System Chip �

i

�

i

X0

i

Y 0

i

H

i
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AXAF-HRC-2.3I HRC-I 90 1 0.0 0.0 -1

AXAF-HRC-2.4S HRC-S1 270 1 16384.0 1024.0 1

AXAF-HRC-2.4S HRC-S2 270 1 16128.0 6144.0 1

AXAF-HRC-2.4S HRC-S3 270 1 16384.0 11264.0 1

AXAF-HRC-2.2I HRC-I 315 1 16384.0 27969.2375 -1

AXAF-HRC-2.5S HRC-S1 270 1 48896.0 0.0 1

AXAF-HRC-2.5S HRC-S2 270 1 32512.0 0.0 1

AXAF-HRC-2.5S HRC-S3 270 1 16640.0 0.0 1

AXAF-HRC-2.3S HRC-S1 270 1 16384.0 9216.0 1

AXAF-HRC-2.3S HRC-S2 270 1 16384.0 14336.0 1

AXAF-HRC-2.3S HRC-S3 270 1 16384.0 19456.0 1

5.2 Instrumental details

5.2.1 HRC physial layout and Tap Coordinates (HRC-6.0)

Eah HRC sub-instrument ontains a series of eletrial 'taps' on eah axis of the wire grid, whih

de�ne a ontinuous spatial system. The eletrial axes are labelled u and v, and we will say there are

N

u

and N

v

taps on eah axis, numbered starting at 0. In the internal HRC-S eletronis the three

MCPs have individually numbered taps but these are ombined before we see it in the telemetry.

The oarse tap positions are modi�ed by a �ne position whih runs from -0.5 to +0.5. Then we

an de�ne an HRC Tap Coordinate System (AXAF-HRC-6.0) whih runs from u = �0:5 to

u = N

u

� 0:5, and v = �0:5 to N

v

� 0:5.

5.2.2 Deriving linear tap oordinates from HRC telemetry

The instrument eletronis reords four numbers per axis for eah event: the `enter tap' (usually

the tap with the maximum voltage), and the voltages of that tap and the one on either side. These

numbers, whih are the values whih get oded into ight telemetry, we will refer to as HRC
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telemetry oordinates (u

ht

;v

ht

). The four integer omponents of u

ht

are

u

ht

=

8

>

>

>

<

>

>

>

:

u

0

Max tap, 0 to N

u

� 1 (`oarse position')

ADC1 Voltage of u

oarse

� 1

ADC2 Voltage of u

oarse

ADC3 Voltage of u

oarse

+ 1

(63)

and similarly for v

ht

): From the telemetry oordinates we an alulate an intermediate quantity,

the �ne position

u

�ne

=

ADC3� ADC1

ADC1 + ADC2 + ADC3

(64)

Note that

�0:5 � u

�ne

� +0:5 (65)

We now split o� the sign of this �ne position orretion to obtain the tap side

s

u

=

(

+1 (u

�ne

� 0)

�1 (u

�ne

< 0)

(66)

and the �ne position magnitude

�u = ju

�ne

j (67)

From these we alulate the linear HRC Tap Coordinates

u = u

0

+ s

u

C

u1

(u

0

; s

v

)�u� s

u

C

u2

(u

0

; s)�u

2

(68)

v = v

0

+ s

v

C

v1

(v

0

; s

v

)�v � s

v

C

v2

(v

0

; s)�v

2

The C fators are alled the degapping parameters; for HRC they have di�erent values for

eah tap and tap side. Earlier detetors (Einstein and Rosat HRI) assumed C fators whih were

independent of oarse position.

The simplest hoie of the degapping parameters is to take

C

u1

= C

v1

= 1

C

u2

= C

v2

= 0;

(69)

giving us HRC raw tap oordinates,

u

raw

= (u

oarse

+ u

�ne

) (70)

v

raw

= (v

oarse

+ v

�ne

)

These oordinates do not provide a ontinuous system over the detetor, and an HRC image

plotted in raw oordinates ontains `gaps'. With some hoie of the degapping parameters, we obtain
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a ontinuous (but not linear) system giving an image with no gaps. HRC degapped oordinates

(u

dg

; v

dg

). Example values from Murray and Chappell (1989) of C used to give degapped oordinates

are

C

u1

= C

v1

= 1:049

C

u2

= C

v2

= 0:110;

(71)

so

u

dg

= (u

oarse

+ 1:049u

�ne

� 0:11u

�ne

ju

�ne

j) (72)

v

dg

= (v

oarse

+ 1:049v

�ne

� 0:11u

�ne

ju

�ne

j)

The oeÆients to be used for the HRC have not yet been determined.

5.2.3 HRC Chip Coordinates (HRC-1.1)

The HRC Telemetry Pixel Number System sales the taps by a pixel size �

t

= 256 to give

TELU = (u+ 0:5) ��

t

(73)

TELV = (v + 0:5) ��

t

;

integer pixel numbers whih start with pixel 0 (for a tap value of -0.5). This de�nition is orreted

from the one in editions 4 and earlier of this memo.

For ompatibility with other data arhives, we add one to these engineering oordinates and

then divide them up into individual hips to get HRC Chip Coordinates (AXAF-HRC-1.1)

CHIPX = (u� u

0

) ��

t

+ 0:5 = TELU ��

t

� (u

0

+ 0:5) + 0:5 (74)

CHIPY = (v � v

0

) ��

t

+ 0:5 = TELV ��

t

� (v

0

+ 0:5) + 0:5 (75)

(76)

Note that u

0

= �0:5 always. v

0

= -0.5 for HRC-I; +0.5 for HRC-S1; 64.5 for HRC-S2; 126.5 for

HRC-S3. This orresponds to HRC-S tap boundaries at 64.5 and 126.5. It returns us to a system

in whih the taps are numbered separately for eah hip.

Table 11: HRC-S1 TELV, v and CHIPY

TELV Coarse v, Fine v CHIPY

0 0, -0.5 -255

16640 64, +0.5 16384

In this system, 1 pixel = 0.00643 mm = 0.13 arse. The size of one tap is 1.646mm. Now this

oordinate system atually overs a larger area than the true possible oordinates. For instane,
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v taps 0 and 1 for HRC-S1 are missing, so the lowest possible v oordinate in the telemetry for

HRC-S is 1.5 (orresponding to tap 2 with �ne position -0.5) but even this does not orrespond to

a valid deteted event position. Nevertheless, we will de�ne our logial oordinate system to over

the range of v oordinates starting at CHIPX, CHIPY = 0.5 (lower left orner of �rst pixel) whih

orresponds to HRC-S u, v = (-0.5, +0.5). Version 3.0 of this doument de�ned hip oordinate

system AXAF-HRC-1.0 whih did not over this full logial range and had a slightly di�erent origin;

the urrent system is denoted AXAF-HRC-1.1.

The enter of HRC-S2 is then at (u; 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 I arbitrarily set the hip boundaries

at 63.0 and 126.0 so that eah hip has a length of 63.0 taps, but on reommendation from M. Juda

I have adjusted the hip sizes so that the true hip gaps fall on the logial hip boundaries.

Table 12: HRC eletronially meaningful oordinate

ranges

Chip v

0

u v CHIPX CHIPY TELU TELV

HRC-I -0.5 0.0 to 63.0 0.0 to 63.0 0.5 to 16128.5 0.5 to 16128.5

HRC-S1 0.5 0.0 to 15.0 1.5 to 64.5 128.5 to 3968.5 256.5 to 16384.5

HRC-S2 64.5 0.0 to 15.0 64.5 to 126.5 128.5 to 3968.5 0.5 to 15872.5

HRC-S3 126.5 0.0 to 15.0 126.5 to 190.5 128.5 to 3968.5 0.5 to 16384.5

Now let's look at the boundaries on HRC-S and HRC-I more losely. We keep extra �gures for

self-onsisteny only assuming a tap sale of 1.6460 exatly, and measure positions starting at the

physial position orresponding to hip pixel position 0.5 (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: logial hip size = tap size 1.646 mm x 64 taps

MCP physial size 100.000 mm x 27.000 mm from 'TOP MCP COORDINATES' drawing

Total logial length is 3 x 105.344 mm

Total physial length is 3 x 100.000 mm + 2 x gap size = 1.905 mm.

S2 Center is enter of both total logial and total physial length.

Coating extends 94.5mm on outer MCPs and 16mm wide (M. Juda)

Post XRCF revision 1: (M Juda Ot 97)

S1 TELU range from 600 to 3496, TELV from 1190 to 16250 with

CsI limit at 1613.

S2 TELU from 600 to 3488, TELV from 16990 to 32261

S3 TELU from 600 to 3504, TELV from 32925 to 48110 with CsI

limit at 47650.

The oating strip is at TELU = 2660 (S1), 2670 (S2), 2670 (S3)

with the 'T' strip at TELV from 22780 to 27670.

More aurate post XRCF data: MCP edges at TELV = 16428, 17012, 32244, 32932.

This information leads to the following MCP layout :

Area covered by pixel numbering

Physical size of MCP

Active area of MCP

Coated area of MCP

16384 pixels 16384 pixels 16384 pixels

40
96

pi
xe

ls

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

Table 13: HRC-S boundaries (Revised May 98)
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Boundary TELV Tap v Pos, mm Seg No. Y

CPC

, mm CHIPY, pix

S1 TELV = 0 0 -0.50 -1.646 1 -1.646 -255.5

S1 Logial Left Edge 256 0.50 0.000 1 0.000 0.5

S1 Eletroni L Edge 512 1.50 3.292 1 3.292 256.5

S1 MCP Left Edge 873 2.91 3.970 1 3.970 617.5

S1 Ative Left Edge 1190 4.15 6.005 1 6.005 934.5

S1 Coating edge 1613 5.80 8.724 1 8.724 1357.5

S1 Ative Right Edge 16250 62.98 102.825 1 102.825 15994.5

S1 MCP Right Edge 16428 63.68 103.970 1 103.970 16172.5

S1 Logial Right Edge 16640 64.50 105.333 1 105.333 16384.5

S2 Logial Left Edge 16640 64.50 105.333 2 0.000 0.5

S2 Ative Left Edge 16990 65.87 107.583 2 2.250 350.5

S2 MCP Left Edge 17012 65.95 107.724 2 2.390 372.5

S2 Center 24576 95.50 156.353 2 51.020 7936.5

S2 Measured enter 24628 95.70 156.688 2 51.355 7988.5

S2 MCP Right Edge 32244 125.45 205.651 2 100.318 15604.5

S2 Ative Right Edge 32261 125.52 205.760 2 100.427 15621.5

S2 Logial Right Edge 32512 126.50 207.374 2 102.041 15872.5

S3 Logial Left Edge 32512 126.50 207.374 3 0.000 0.5

S3 Ative Left Edge 32925 128.11 210.029 3 2.655 413.5

S3 MCP Left Edge 32932 128.14 210.074 3 2.700 420.5

S3 Coating Edge 47650 185.63 304.696 3 97.322 15138.5

S3 Ative Right Edge 48110 187.43 307.653 3 100.279 15598.5

S3 MCP Right Edge 48487 188.90 310.074 3 102.700 15975.5

S3 Eletroni R Edge 48640 189.50 311.060 3 103.686 16128.5

S3 Logial Right Edge 48896 190.50 312.707 3 105.333 16384.5

Boundary TELU Tap u X

CPC

, mm CHIPX, pix

MCP Edge -1.620 -0.700 -286.2

TELU = 0 0 -0.500 0.000 0.5

Logial Edge -0.500 0.000 0.5

Coating Edge 1.843 3.748 600.0

Center 7.500 12.800 2048.5

Strip Edge 9.930 16.688 2670.0

Coating Edge 13.172 21.875 3500.0
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Logial Edge 15.500 25.600 4096.5

MCP Edge 15.937 26.300 4208.5

UV

Z
STT

Y
STT

Figure 15: HRC-I pixel axes.

Table 14: HRC-I boundaries

Boundary Tap u or v X

CPC

or Y

CPC

, mm CHIPX or CHIPY, pix

Logial Edge -0.500 0.000 0.5

MCP Edge 1.123 2.672 416.1

Ative Area 3.250 6.172 960.4

Coating Edge 4.161 7.672 1193.7

Center 31.500 52.672 8192.5

Coating Edge 58.839 97.672 15191.3

Ative Area 59.750 99.172 15424.6

MCP Edge 61.877 102.672 15968.9

Logial Edge 63.500 105.344 16384.5

The CPC oordinates run from 0.0 to 26.33 (X

CPC

for HRC-S) and from 0.0 to 105.3 (Y

CPC

for

HRC-S and both axes for HRC-I).

The ative area of eah mirohannel plane is smaller, and the area oated with photoathode

is smaller still. For HRC-I, the hip is 100 x 100 mm, with a 93 x 93 mm ative area and a 90 x

90 mm oated area. For HRC-S, eah hip is 100 x 27 mm, the ative area is 100 x 20 mm, and

the oated area is 94.5 x 16.0 mm. exept for HRC-S2 where the oated area is 100 x 16 mm.

Using these numbers, we derive the loations of the various areas in CPC (mm) and Chip (pixel)
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oordinates listed above.
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6 The SIM

6.1 Chip orientation summary tables

The following table gives the Euler rotation angles for the hips. The LSI to CPC transformation

is more intuitive; the �rst angle � indiates the tilt with respet to the LSI plane (with HRC-I

having � = 180 to indiate being ompletely ipped over, another way of expressing the di�erent

handedness of its axes); and the third angle  indiates the rotation of the hip in the LSI Y,Z

plane relative to hip I0.

Table 15: Euler angles in degrees for CPC to LSI oor-

dinates

Chip CPC to LSI LSI to CPC

I0 Rot(180, 92.875, 177.129 ) Rot( 2.871, 92.875, 0.0 )

I1 Rot( 0, 92.872, 182.869 ) Rot( -2.869, 92.872, 180.0)

I2 Rot(180, 87.125, 177.131 ) Rot( 2.869, 87.125, 0.0)

I3 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 )

S1 Rot( 90.0, 90.0, 179.419) Rot( 0.581, 90.0, 90.0 )

S2 Rot( 90.0, 90.0, 179.751) Rot( 0.249, 90.0, 90.0 )

S3 Rot( 90.0, 90.0, 180.082) Rot(-0.082, 90.0, 90.0 )

S4 Rot( 90.0, 90.0, 180.424) Rot(-0.424, 90.0, 90.0 )

S5 Rot( 90.0, 90.0, 180.746) Rot(-0.746, 90.0, 90.0 )

HRC-I Rot(-135.0, 90.0, 0.0) Rot( 180.0, 90.0, -45.0)

HRC-S1 Rot(0.0, 90.0, 181.426) Rot(-1.426, 90.0, 180.0)

HRC-S2 Rot(0.0, 90.0, 180.0) Rot( 0.0, 90.0, 180.0)

HRC-S3 Rot(0.0, 90.0, 178.778) Rot( 1.222, 90.0, 180.0)

6.2 Relative positions of instruments

The loation of the origins of the LSI system for eah instrument are given in STT oordinates in

the table below.

Table 16: Loation of instrument origin on Translation

Table

Values of P

STT

(S), i.e. o�sets S � �

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 de�ned for the various AXAF instruments. The table below

gives the STF oordinates of the instrument table origin for eah of these aimpoints. Most obser-

vations will use one of these default aimpoints, but in general the SIM an be moved in X and Z to

any aimpoint.

Table 17: SIM position o�sets for nominal fous positions

Values of P

STF

(�)

AI1 ACIS-I o�set (0.0, 0.0, -237.4)

AI2 ACIS-I o�set (0.0, 0.0, -233.9)

AS1 ACIS-S o�set (0.0, 0.0, -190.5)

HI1 HRC-I o�set (-0.15, 0.0, 126.6)

HS1 HRC-S o�set (-0.10, 0.0, 250.1)

7 The HRMA (ight)

7.1 HRMA nodal oordinates

The onversion from STF (instrument ompartment) to MNC (HRMA nodal) oordinates requires

knowledge of the foal length, whih is 10065.0 mm.

0

B

�

X

STF

Y

STF

Z

STF

1

C

A

+

0

B

�

f

0

0

1

C

A

=

0

B

�

X

N

Y

N

Z

N

1

C

A

(77)

In ight, the orientation of the SIM with respet to the HRMA is �xed. In the ight nominal

on�guration, one of the SIs has its nominal foal point at the telesope fous. However, the SIM

an be moved so that the nominal foal point and the telesope fous do not oinide (general ight

on�guration).

7.2 Foal and Tangent plane systems

We de�ne the following foal plane pixel systems, together with their usual purpose (although one

may still use e.g. FP-2.0 with XRCF ACIS data, et.). The oordinate systems are de�ned in terms

of their physial pixel size at the nominal ight foal length f = 10065.0 mm. The orresponding

angular sizes are also given, but the atual angular size will be di�erent for XRCF/HRMA and

XRCF/TMA data.

We de�ne systems for the niely rounded pixel sizes and for the aurate atual pixel sizes.

We've deided to use the mean atual pixel sizes for the ight system. Thus, the size of an HRC-I
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pixel at the nominal foal distane of 10065.0 mm is 0.132 arseonds, so 0.132 arseonds is de�ned

as the FP-2.1 pixel size (even if the detetor is moved well o� fous). The HRC-S detetor has a

maximum linear extent of over 48500 pixels. When making sky oordinates for suh a detetor, we

must de�ne a square pixel plane (to allow for the roll angle). We hoose a 65536 pixel sided plane,

de�ned as FP-2.3. This plane has a total of 4.3 gigapixels, slightly more than an �t in a 4-byte

signed integer. We therefore reommend not making full resolution full frame image �les in this

oordinate system.

Here are the urrent ight pixel systems:

System �

sp

�

s0

t

x

t

y

FPX0, FPY0 Purpose

(mm) (arse)

AXAF-FP-1.1 0.0240 0.492 +1 -1 4096.5 Flight ACIS, atual pixel

AXAF-FP-2.1 0.006429 0.132 +1 -1 16384.5 Flight HRC-I, atual pixel

AXAF-FP-2.3 0.006429 0.132 +1 -1 32768.5 Flight HRC-S

Here are the historially used pixel systems:

System �

sp

�

s0

t

x

t

y

FPX0, FPY0 Purpose

(mm) (arse)

AXAF-FP-1.0 0.0244 0.5 +1 -1 4096.5 Flight ACIS

AXAF-FP-1.1 0.0240 0.490 +1 -1 4096.5 Flight ACIS, atual pixel

AXAF-FP-2.0 0.0061 0.125 +1 -1 16384.5 Flight HRC

AXAF-FP-2.1 0.0064294 0.132 +1 -1 16384.5 Flight HRC-I, atual pixel

AXAF-FP-2.2 0.006429 0.132 +1 -1 23000.5 Flight HRC-S, test for long int onstraint

AXAF-FP-2.3 0.006429 0.132 +1 -1 25000.5 Flight HRC-S

AXAF-FP-3.0 0.0244 0.5 +1 +1 4096.5 XRCF ACIS, obsolete

AXAF-FP-3.1 0.0244 0.5 -1 -1 4096.5 XRCF ACIS

AXAF-FP-3.2 0.0240 0.483 -1 -1 4096.5 XRCF ACIS, atual pixel size

AXAF-FP-4.0 0.0061 0.125 +1 +1 16384.5 XRCF HRC, obsolete

AXAF-FP-4.1 0.0061 0.125 -1 -1 16384.5 XRCF HRC

AXAF-FP-4.2 0.0064294 0.129 -1 -1 16384.5 XRCF HRC, atual pixel size

AXAF-FP-4.3 0.0064294 0.129 -1 -1 32768.5 4196.5 XRCF HRC, new

AXAF-FP-5.1 0.00240 0.490 +1 +1 2048.5 ACIS-2C

AXAF-FP-5.2 0.0024 0.483 +1 +1 2048.5 ACIS-2C

AXAF-FP-6.1 0.00643 0.132 +1 +1 4096.5 HSI

AXAF-FP-6.2 0.00643 0.129 +1 +1 4096.5 HSI alternate

(The total image size should be 2*(FPX0-0.5)).

However, software should also support generi ASC-FP/TP oordinates with arbitrary pixel size
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and sign hoies.

7.2.1 Mosaiing XRCF images

We want to make mosaied images whih show the point spread funtion at di�erent o� axis angles

over the whole �eld of view. The AXAF-FP-2.0 or -2.1 systems are therefore of interest. However,

a single XRCF ACIS-2C image overs only a small part of the �eld. We don't want to make a

32768 square image when only a 4096 square part is used. As long as we stay in event list format,

there is no storage problem, but in an image we should make only the minimal subset and store

the loation within the larger image as a WCS. The AXAF-FP-5.1,6.1 systems an be used for this

purpose.

7.3 Angular systems

7.3.1 HRMA Left Handed Spherial Coordinates (AXAF-HSC-1.1)

This system is used to express o�-axis angles. We de�ne HRMA Spherial Coordinates (r; �

H

; �

H

)

in terms of HRMA nodal Cartesian oordinates as follows:
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The inverse is

r =

q

X

2

N

+ Y

2

N

+ Z

2

N

(79)

�

H

= os

�1

(X

N

=r)

�

H

= arg(�Y

N

; Z

N

)

This oordinate system is also used for input to the XRCF Test Database; it is a LEFT HANDED

oordinate system. The XRCF test database immediately onverts these to pith and yaw. The

north pole of this system is the enter of the forward aperture of the HRMA A0; �

H

measures the

o�-axis angle of the inoming ray and �

H

measures its azimuth in the Y

N

, Z

N

plane suh that for an

observer at XRCF standing by the SI and looking at the XSS, �

H

= 0 is to the left and �

H

= �=2

is vertially downwards.

Then the forward aperture of the HRMA, A0, has HRMA nodal oordinates (a; 0; 0) and HSC

oordinates (a; 0; 0). The foal point F of the HRMA has HRMA nodal oordinates (�f; 0; 0) and

HSC oordinates (f; �; 0).

The HSC-1.1 system atually makes most sense when looking in the sky plane. Consider a soure

in the sky when roll angle is zero:

� The FPX, FPY and X,Y axes are aligned.
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� RA, De are parallel to -X, +Y. (sine RA inreases toward the left looking at the sky).

� The +X, +Y axes are parallel to -SCY, +SCZ. A photon from larger De and smaller RA

than the �eld enter omes from the +X, +Y diretion. It enters the telesope from -SCY,

+SCZ, and therefore has HSC oordinate azimuth between +0 and +90 deg. Thus, the HSC

azimuth is just the onventional plane polar oordinate angle in the +FPX, +FPY tangent

plane oordinate system.

� After passing through the (ideal) mirror origin, the photon leaves from +SCY, -SCZ and lands

at +LSI Y, -LSI Z. (The HSC oordinates of the outgoing photon have azimuth between 180

and 270, and o� axis angle between 90 and 270, but this is not normally of interest.)

7.3.2 HRMA Right Handed Spherial Coordinates (AXAF-HSC-1.2)

To satisfy my desire for using left handed systems as little as possible, I de�ned HSC-1.2 to be the

same as HSC-1.1 exept that the azimuth inreases in the opposite diretion: �

HR

= 0 is to the left

and �

HR

= �=2 is vertially upwards. This system has not been used and is now depreated.
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HR

sin�

HR

1

C

A

(80)

The inverse is

r =

q

X

2

N

+ Y

2

N

+ Z

2

N

(81)

�

HR

= os

�1

(X

N

=r) = �

H

�

HR

= arg(�Y

N

;�Z

N

) = ��

H

7.3.3 HRMA rotation oordinates (Pith and Yaw) (AXAF-HSC-3.0)

A third hoie of pole is the +Y

N

axis, whose latitude-like oordinates �

z

is alled yaw, and whose

azimuthal oordinate �

y

is alled pith. The mapping between pith and yaw oordinates and

HRMA oordinates is

0

B

�

X

N

Y

N
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N
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=
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+r os�
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os�
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+r sin�
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�r os�

z
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y

1
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A

(82)

or

�

z

= sin

�1

(Y

N

=r) (83)

�

y

= arg(X

N

;�Z

N

)
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The rotation matrix from HSC-1.2 right-handed spherial oords is

R(HSC-1.2,HSC-3.0) = Rot(�; �=2; �): (84)

The motivation for this oordinate system is its relationship to the ommanded pith and yaw

of the HRMA at XRCF. We all the pith and yaw oordinates of the XSS �

y

(XSS) = �

y0

and

�

z

(XSS) = �

z0

. To put the XSS at these oordinates, the HRMA must be yawed �

z0

to the left

and its aperture pithed �

y0

downward.

7.3.4 HRMA Soure oordinates (AXAF-HSC-2.1)

The HRMA Soure Coordinate system (r, az, el) is a pseudo RA, De system that gives the `sky'

position of the soure as seen by the HRMA. Unlike HRMA spherial oordinates, they have a

pole at �Z

N

rather than X

N

. The relationship between Soure oordinates and HRMA nodal

oordinates is:

0

B

�

X

N

Y

N

Z

N

1

C

A

=

0

B

�

+r os el os az

�r os el sin az

�r sin el

1

C

A
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Coordinates az =0, el = 0 refer to a soure on the HRMA axis (enter of the �eld of view);

positive el gives a soure above the HRMA axis (top of the �eld of view), while positive az gives a

soure to the left of the enter of the �eld of view. (HSC-2.0 had az going the other way, reating

a left-hand system). The inverse funtion is

el = sin

�1

(�Z

N

=r) (86)

az = arg(X

N

;�Y

N

)

The rotation matries from the other HRMA angular systems are

R(HSC-1.2,HSC-2.1) = Rot(�=2; �=2; �); R(HSC-3.0,HSC-2.1) = Rot(�=2; �=2; 3�=2): (87)

8 HETG and LETG

The Grating Node is on the optial axis at a distane R from the fous, where R is the diameter of

the Rowland Cirle. The nominal Rowland Cirle diameter is quoted as 8650.0 mm [1℄, Appendix

A, p. 11; 8633.69 mm [1℄, Drawing 301331, Sheet 3; and 8636.00 mm [3℄. I will adopt the value

from the drawing, i.e. 8633.69mm. (However View F on the same drawing shows the Rowland

irle interepting the X axis at X

A

= 372:116 orresponding to R = 8643.11 mm. This is an error

aused by onfusing H0 and H1 when measuring the loation of the OTG origin.)

The MNC oordinates of the Grating Node G0 in ight are
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The exat value is di�erent at XRCF. We use the same physial pixel size as for the detetor

systems, whih orrespond to somewhat di�erent angular sizes than the imaging ase beause we

are measuring angles from G rather than H0. However, in the ase of ACIS, we hope to get extra

resolution by using the sub-pixel dither of the detetor relative to the sky oordinate zero order

position. So, in the GDP-1.1 system we have hosen the GDP pixel size for ACIS and HRC to be

the same 6 miron value. (In an earlier version of this memo, the GDP-1.0 system was desribed

with 24 miron ACIS GDP pixel sizes. That system was never implemented.)

What is the extent of the GDP oordinate system? In the ase of HRC-S, our worst ase is

a zero order at an extreme end of the 3-hip array. In that ase, you ould be as many as 49152

pixels down the dispersion oordinate. This is suh a pathologial ase that we have deided not to

build our de�nitions around it. A normal ase would be a zero order in the enter, with dispersion

oordinates up to plus or minus 25000 pixels or so. As a ompromise to support most o� axis ases,

we adopt pixels running from 1 to 65536 in the dispersion diretion, giving 32768 pixels on either

side of zero order. In the ross dispersion diretion, with HRC-I as the detetor, we might have

photons up to 16384 pixels from the zero order in priniple, and 8192 even if the soure is entered in

the detetor. For ACIS, the extreme range is 32678 super-resolved pixels in the dispersion diretion

and 24800 pixels in the ross dispersion diretion. For both ACIS and HRC, the GDP-1.1 system is

sized to be 65536 pixels in the dispersion diretion and 32678 pixels in the ross dispersion diretion,

with the zero order position at (32768.5, 16384.5). However, we reommend that in normal use the

32768 x 4096 subarray extending from (16384,14336) to (49152,18432) be used. This subarray is

de�ned as AXAF-GDP-1.2; it has the same pixel size as GDP-1.1.

Table 20: GDC pixel image enters

Instrument System GDX0, GDY0 Image size

ACIS,HRC GDP-1.1 32768.5, 16384.5 65536 x 32768

ACIS,HRC GDP-1.2 16384.5, 2048.5 32768 x 4096

Table 21: GDP Pixel Sizes (assuming ight Rowland ra-

dius)

Instrument System Size at Foal Plane Angular Size

�

p

;�

gp

(mm) �

g

s (arse)

ACIS GDP 0.006430 0.154

48



HRC GDP 0.006430 0.154

The average grating periods for the three gratings are given in the table below.

Table 22: Grating properties

Instrument P �

G

(deg)

HETG 2000.0

�

A 5.0

METG 4000.0

�

A -5.0

LETG 9921.0

�

A +0.0

9 XRCF

9.1 XRCF oordinates

For muh of XRCF, the HRMA sits aligned with the Faility Optial Axis in its 'rest' position, but

it an be tilted in two axes. We therefore need to distinguish between faility (XRCF) oordinates

and mirror (MNC) oordinates.

In the XRCF, we have the HRMA mounted on two axes - it an hange its yaw (azimuth)

and pith (elevation), or equivalently the polar angle and polar azimuth. The instrument (SI) is

mounted on either the FAM (Five Axis Mount) or the HXDS (HRMA X-ray Detetion System).

In the default on�guration C0, the HRMA axis and the SI are aligned with the FOA (Faility

Optial Axis) and the SI nominal fous S is loated at the atual fous F. The X-ray Soure System

(XSS) is �xed in the XRCF frame and lies on the positive X

XRCF

axis (see below).

The origin of XRCF oordinates is at the HRMA CAP (H1).

10 ACIS-2C

The ACIS-2C instrument is used for ground alibration at XRCF. The two hips are similar to the

ight ACIS hips, and will frequently be used in Fast Window mode.

Table 23: Tiled Detetor Plane systems - ACIS-2C

System Size X Center, Y Center Use

AXAF-ACIS-2.4 4096 x 2048 ( 2048.5, 1024.5 ) XRCF ACIS-2C
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Table 24: Parameters of Tiled Detetor Coordinate de�-

nitions

Tiled System Chip �

i

�

i

X0

i

Y 0

i

H

i

AXAF-ACIS-2.4 ACIS-C0 0 1 304.0 512.0 1

AXAF-ACIS-2.4 ACIS-C1 0 1 1536.0 512.0 1

The ACIS-2C hip enters are separated by approximately 63.0 mm.
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Table 25: ACIS-2C hip orner loations in ACIS-2C LSI

oordinates

Chip Corner CPC oords ACIS-2C LSI oords

C0 LL (0.0, 0.0, 0.0) (0.000, 47.57, 11.10)

LR (24.58, 0.0, 0.0) (0.000, 22.99, 11.10)

UR (24.58, 24.58, 0.0) (0.000, 22.99, -13.48)

UL (0.0, 24.58, 0.0) (0.000, 47.57, -13.48)

C1 LL (0.0, 0.0, 0.0) (-0.342, -15.18, 10.45)

LR (24.58, 0.0, 0.0) (-0.342, -39.76, 10.45)

UR (24.58, 24.58, 0.0) (-0.342, -39.76, -14.13)

UL (0.0, 24.58, 0.0) (-0.342, -15.18, -14.13)

11 HSI

Just as ACIS-2C is like a small ACIS, HSI is like a small HRC.

HSI has 16 taps on its side and an area of 18 mm.

Table 26: HSI boundaries

Boundary Tap u or v X

CPC

or Y

CPC

, mm CHIPX or CHIPY, pix

Logial Edge -0.500 0.000 0.5

MCP Edge 2.032 4.168 648.7

Ative Area ?

Coating Edge ?

Center 7.500 13.168 2048.5

Coating Edge ?

Ative Area ?

MCP Edge 13.970 22.168 3448.3

Logial Edge 15.500 26.336 4096.5

Table 27: Parameters of Tiled Detetor Coordinate de�-

nitions

Tiled System Chip �

i

�

i

X0

i

Y 0

i

H

i

AXAF-HSI-2.3 HSI 0 1 0.0 0.0 1
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Table 28: HSI hip orner loations in HSI LSI oordi-

nates

Chip Corner CPC oords HSI LSI oords

HSI LL (0.0, 0.0, 0.0) (0.000, -13.17, -13.17)

LR (26.34, 0.0, 0.0) (0.000, 13.17, -13.17)

UR (26.34, 26.34, 0.0) (0.000, 13.17, 13.17)

UL (0.0, 26.34, 0.0) (0.000, -13.17, 13.17)

11.1 Instrument origins

Table 29: Loation of instrument origin on Translation

Table, XRCF

Values of P

STT

(S), i.e. o�sets S � �

ACIS origin (0.0, -5.35, 67.20)

HRC-I origin (0.0, 0.0, 517.988)

HRC-S origin (0.0, 0.0, 637.480)

HSI origin (0.0, 0.0, 0.0)

ACIS-2C origin (0.0, 0.0, 65.002) (Phase F)

ACIS-2C origin (0.0, -4.33 133.310) (Phase G)

In addition, the raw FAM values must be adjusted by (87.92, 12.94, 7.55) to get FAM oordinates

relative to the DFC origin.

11.2 HRMA motion

In the nominal on�guration CN, the HRMA is tilted but the SI is moved so that its normalX

LSI

axis remains oinident with the HRMA optial axis X

XRCF

. In the most general on�guration the

HRMA and SI are both moved relative to the XRCF but the X

LSI

axis is not made to oinide

with the X

XRCF

axis.

WARNING: The terms `on-axis' and `o�-axis angle' are orretly used to refer to an angle

relative to the optial axis of the HRMA. However, at XRCF they are sometimes used to mean

an angle relative to the Faility Optial Axis, whih ould lead to onfusion. I will always use the

onept of on and o� axis to refer to the HRMA optial axis.
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The Y

LSI

; Z

LSI

plane ontains the siene instrument, whih returns oordinate values of events

measured in detetor pixels CHIPX, CHIPY from eah of several disrete planar `hips' (or MCPs

in the ase of HRC). In data analysis we onsider two omplementary problems:

� The forward ase: Given an XRCF on�guration, at whih hip CHIP ID and hip pixel

CHIPX, CHIPY will the XSS photons fall? In other words, where do we expet the image to

be?

� The inverse ase: Given a photon landing on hip CHIP ID and hip pixel CHIPX, CHIPY,

from whih diretion (o�-axis angle and azimuth) did the inoming photon approah the

HRMA?

11.2.1 XRCF to MNC transformation

We assume that the roation is around the point O

MNC

= (0, 0, 0) in MNC oordinates, or (XH, 0,

0) in XRCF oordinates, where XH = 9:42:

In terms of the pith and yaw, the transformation between XRCF and MNC oordinates is given

by the translation vetor (X

N

(H1); 0; 0) = (XH; 0; 0); and the Euler rotation matrix

R(XRCF;MNC) = Rot(�

z

; � + �

y

; �) (89)

or expliitly

X

N

= (X

XRCF

�XH) os�

z

os�

y

+ Y

XRCF

sin�

z

os�

y

� Z

XRCF

sin�

y

(90)

Y

N

= (X
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�XH) sin�

z

� Y

XRCF

os�

z
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N

= �(X

XRCF

�XH) os�

z

sin�

y

� Y

XRCF

sin�

z

sin�

y

� Z

XRCF

os�

y

and the inverse

X

XRCF

= XH +X

N

os�

z

os�

y

+ Y

N

sin�

z

� Z

N

os�

z

sin�

y

(91)

Y

XRCF

= X

N

sin�

z

os�

y

� Y

N

os�

z

� Z

N

sin�

z

sin�

y

Z

XRCF

= �X

N

sin�

y

� Z

N

os�

y

Note that for zero pith and yaw,

X

N

= (X

XRCF

�XH) (92)

Y

N

= �Y

XRCF

Z

N

= �Z

XRCF

reeting the fat that the mirror is installed upside down at the XRCF.

So in partiular if the foal point P

N

(F ) = (�f; 0; 0) then

P

XRCF

(F ) = (XH � f os�

z

os�

y

;�f sin�

z

os�

y

; f sin�

y

) (93)
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For some reason the Ball SER approximates this as

P

X

(F ) � (�f os

q

(�

2

z

+ �

2

y

);�f sin�

z

; f sin�

y

) (94)

whih is OK for small �

y

,�

z

.

The XSS is at HRMA nodal oordinates
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11.3 HXDS Motion

The HXDS stage moves in XRCF X, Y and Z. For a tilted mirror, one must onvert from XRCF

X, Y and Z to MNC X, Y and Z to obtain the STF to MNC translation-rotation matrix.

11.4 FAM Motion

Treatment of the FAM is ompliated by the fat that the FAM axes are inverted with respet to

the mirror axes.

The FAM rotates and translates the origin of STF oords, O

STF

, relative to the faility optial

axis, O

XRCF

. The three translational axes of the FAM de�ne a (moving) FAM oordinate system

with origin at O

STF

. Move the FAM to the FOA so that the STF and FC origins oinide; then the

FAM oordinate system is oinident with a (�xed) DFC (Default FAM Coordinate) system whih

is almost aligned with the XRCF axes. We reord the transformation from DFC to XRCF axes as:

P (XRCF ) = R(DFC;XRCF )P (DFC)

where the matrix is a misalignment matrix lose to unity. Let the FAM position readouts at

O

XRCF

be F0. Now move the FAM to an arbitrary position with FAM readouts F. Then the DFC

oordinates of the STF origin are

O

STF

(DFC) = F � F0

and the DFC oordinates of a position with FAM oords P(FAM) are

P (DFC) = O

STF

(DFC) +R(DFC; FAM)P (FAM):

Now the instrument is mounted on the LASSZ (a simulator for the SIM translation table). Let

the LASSZ reading be L, and the LASSZ reading when O

STT

= O

STF

be L0. The sign of LASSZ is

suh that L inreases with XRCF +Z, FAM +Z, or SC -Z, STF -Z. A point with LSI oordinates

P(LSI) has FAM oordinates

P (FAM) = �P (LSI)�O

LSI

(STT ) + L� L0
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So from this we an go from P(LSI) to P(FAM) and hene P(XRCF).

Let's onsider a FAM move with the HRMA held onstant. At the start, the beam is at

hip oords CX0, CY0, and the foal plane oordinates of CX0, CY0 are the entral values FX0,

FY0. Move the FAM to larger Y,Z FAM readouts. The FAM moves to larger +Y, +Z in XRCF

oordinates; the beam will then move to smaller hip oords CX, CY (the detetor moved up and

to the right, so the beam, whih stays put, lands nearer to the lower left of the detetor). of ourse

the beam's FP oords remain the same. The FP oords of the old hip position CX0, CY0 have

moved to larger values of FX0, FY0 (in the default XRCF foal plane system with signs -1,-1).

The pixlib routine pix setup mirror gets its arguments in FAM oordinates. The mirror angles

are also hosen wrt XRCF signs. Spei�ally, FAM angles of all zero result in an STF to DFC

transformation whih inverts STF relative to DFC.

The HXDS stage axis misalignment is from a 1996 De 27 memo of Ian Evans.

Table 30: Assumed Misalignments

Stage Angles (armin)

HXDS ( 0.0, 1.6, -16.4 )

FAM ( 0.0, 0.0, 0.0 )

11.5 FAM Motion, old opy

The FAM data �le returns relative XRCF oordinates whih we will designate as P

FAM

(XRCF ) =

X

FAM

; Y

FAM

; Z

FAM

and absolute XRCF orientations �

x

; �

y

; �

z

. We need to onvert this to an STF-

MNC translation-rotation matrix. Let us assume we have onverted the FAM variables to units of

mm and radians. Then from Part 1 of this memo, we need to �nd the parameters of

P (MNC) = O

STF

(MNC) +R(STF;MNC)P (STF ): (96)

These are

O

STF

(MNC) = R(XRCF;MNC)(O

STF

(XRCF )� O

MNC

(XRCF )) (97)

and

R(STF;MNC) = R(XRCF;MNC)R(FAM;XRCF )R(STF; SIC) (98)

(The earlier versions of this memo used a misalignment matrix to allow for FAM axis misalignment

with the XRCF. In the present version it is assumed that this misalignment has been taken out by

Ball in the data oming from the FAM).

Now

O

STF

(XRCF ) = O

FAM

(XRCF ) + dO

FAM

(XRCF ) + P

FAM

(XRCF ) (99)

where O

FAM

is the XRCF fous at XRCF oordinates (XH-f,0,0) and dO is the o�set of the FAM

oordinate origin relative to that point. The trouble is that we don't reliably know dO

FAM

and it
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an hange every time the FAM is swithed o� and on. It must be derived from measurements of

the beam entroid. The FAM rotation matrix is

R(FAM;XRCF ) = Rot(3�=2; �

x

; �=2)Rot(�

y

; �

z

; 0) (100)

12 AXAF Spaeraft

In this setion I desribe the geometry of the AXAF spaeraft and other oordinate systems used

in the projet.

� The primary positional referene is the HRMA Central Aperture Plate (CAP) referene point,

whih I will designate H1. This is the origin of AXAF Projet HRMA oordinates. It is

o�set from our data analysis referene point, the nominal optial node H0. H1 is a physial

datum whih an be surveyed, while H0 is a theoretial point whih must be modelled.

It is the nominal `thin lens' position from whih we measure o�-axis angles at the foal

plane - it's where the photons `appear to ome from'. If this were exatly true, we'd have a

onstant plate sale, but atually the e�etive nodal point depends both on energy and o�-axis

angle. Nevertheless, we an adopt a onventional nodal point and make astrometri position

orretions as a funtion of position and energy, relative to the positions derived using that

onventional nodal point.

� Another referene point is G1, the origin of projet OTG oordinates. The analogous data

analysis referene point is G0, the nominal grating node.

� Referene pointX1 marks the origin of Spaeraft Coordinates, a �titious point out in spae

beyond the SIM.

� Referene point F is the ight foal position.

� A0, the enter of the aperture in the spaeraft-to-IUS interfae plane.

� A1, the enter of the aperture at the front edge of the paraboloids (whih is the origin of the

ray trae system).

12.1 Projet oordinate systems

12.1.1 Spaeraft oordinates (SC-1.0)

The Spaeraft (Observatory) oordinate system X

A

; Y

A

; Z

A

(SC/TS ICD 4 Nov 1992, 3.2.1.1.1) is

as follows: [1℄,[2℄ The X axis is parallel to the HRMA enterline; the aperture is toward positive

X, while the SIM is at lower values of X. The Y and Z axes are in the plane of the SIM, suh that
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the ACIS radiator is toward positive Z and the Y axes ompletes an X, Y, Z right handed set. The

oordinates are also alled SCX, SCY, SCZ when we want to refer to a spaeraft oordinate system

in general rather than AXAF in partiular. (X

A

; Y

A

; Z

A

) are measured in `inhes', whih is a unit

of length de�ned to be exatly 0.02540m. The enter of the aperture in the AXAF/IUS interfae

plane is de�ned to have oordinates (500, 0, 0). The spaeraft trunnion plane has SCZ=14. The

oordinates of the HRMA nodal pointH0 in SC oordinates are (X

A

(H0); 0; 0) where the value of

X

A

(H0) is 428.116. The fous is at (31:836; 0:0; 0:0).

12.1.2 HRMA oordinates (HRMA-2.0)

The projet has de�ned Cartesian oordinates (X

H

; Y

H

; Z

H

) �xed in the HRMA ap midplane,

whih are alled HRMA oordinates. The origin of HRMA oordinates H1 is at the HRMA

CAP referene point. The HRMA X

H

axis is along the HRMA optial axis, and positive X is

toward the entrane aperture. Units of HRMA oordinates shall be mm.

The Spaeraft and HRMA oordinate systems are the fundamental ones for hardware alignment,

but for data analysis of observations it's easier to use the HRMA nodal point H0 as origin. This

point is alulated to be o�set by 17.577 mm from the HRMA CAP midplane (the value may

hange). The HRMA mirror nodal oordinate (MNC) system is (X

N

; Y

N

; Z

N

), where

0

B

�

X

N

Y

N

Z

N

1

C

A

=
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B

�
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H

�X

H
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Y

H

Z

H

1

C

A
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The �nite onjugate fous is at HRMA nodal oordinates (-10258.3, 0.0, 0.0). (IF1-20 Obs/SI ICD).

Note that

0
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�
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N
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N
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N

1

C

A

=

0

B

�

(SCX � SCX(H0)) � 25:4

SCY � 25:4

SCZ � 25:4

1

C

A

(102)

where SCX(H0) (or X

A

(H0)) is +428.116.

In the following table are listed referene points for various parts of the spaeraft. For XRCF,

I give XRCF oordinates in inhes for easy omparison with the drawings, although elsewhere in

this doument XRCF oordinates are measured in mm.

Table 31: Interesting points in spaeraft and HRMA

nodal oordinates

Flight

Point Desription (X

A

; Y

A

; Z

A

) (X

N

; Y

N

; Z

N

) Ref

X1 SC oordinate origin (0.0, 0.0, 0.0) (-10874.146, 0.0, 0.0)

F Flight Fous (31.836, 0.0, 0.0) (-10065.500, 0.0, 0.0) [1℄,p.9
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Translation Table surfae (55.836, 0.0, 0.0) (-9455.91, 0.0, 0.0) [1℄,p.17

ISIM to OBA interfae (60.336, 0.0, 0.0) (-9341.6, 0.0, 0.0) [1℄,p.9

G1 OTG Origin (369.245, 0.0, 0.0) (-1495.3, 0.0, 0.0) [1℄,dr. 301331/3

OTG Datum (370.915, 0.0, 0.0) (-1452.9, 0.0, 0.0) [1℄,dr. 301331/3

G0 OTG Node (371.745, 0.0, 0.0) (-1431.810, 0.0, 0.0) [1℄, dr.301331/3

H1 HRMA CAP referene point (427.745, 0.0, 0.0) (-9.42, 0.0, 0.0) [1℄, dr.301331/3

H0 HRMA nodal point (428.116, 0.0, 0.0) (0.0, 0.0, 0.0) [1℄, dr.30133/31

A1 Front end of paraboloids (462.474, 0.0, 0.0) (872.692, 0.0, 0.0)

A0 Aperture enter in IUS I/F

plane

(500.0, 0.0, 0.0) (1825.85, 0.0, 0.0) [2℄,[1℄,p.9

XRCF

Point Desription X

XRCF

(in) (X

N

; Y

N

; Z

N

) Ref

F0 XRCF Default Fous -403.5 (-10258.3, 0.0, 0.0) [1℄, dr. 301331/5

G1 OTG Origin at XRCF -60.613 (-1549.0, 0.0, 0.0) [1℄

OTG Datum at XRCF -58.943 (-1506.57, 0.0, 0.0) [1℄

G0 OTG Node at XRCF -58.113 (-1485.49, 0.0, 0.0) [1℄

H1 HRMA CAP referene point 0.0 (-9.42, 0.0, 0.0)

H0 HRMA nodal point -0.37 (0.0, 0.0, 0.0 )

Table 32: Geometrial layout of mirrors and detetors:

Value of MNC X Coord X

N

Point Desription TMA/TOGA HRMA (XRCF) HRMA (Flight)

F On Axis Fous -6068.61 -10258.3 -10065.50

G0 On Axis Rowland Cirle -702.06 -1485.49 -1431.81

Shutter Plane -546.06 Unknown None

Hyperbola bak -400.88 Unknown Unknown

Hyperbola front -40.43 Unknown Unknown

H0 Mirror Node 0.0 0.0 0.0

Parabola bak 40.42 Unknown Unknown

A1 Front end of mirror 400.94 872.692 872.692

Table 33: Mirror radii, mm

Desription TMA/TOGA Shell 1 Shell 3 Shell 4 Shell 6

Gratings 187.7?
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Hyperbola bak 199.87773

Hyperbola front 209.07069

Midplane 210.00000

Parabola bak 210.30940

Parabola front 213.33744 1200 960 850 620

12.2 Projet Coordinate Systems

There are a plethora of existing oordinate systems in use desribing positions relative to the HRMA

mirror. They are used in the assembly and alignment of the hardware but they will not be used in

the kind of data analysis I am onentrating on in this memo. They are presented for referene.

12.2.1 Orbiter oordinate system

The Spae Shuttle Orbiter oordinate system [1℄ is used to loate the spaeraft within the Orbiter

payload bay during the launh phase. It is measured in inhes with the +X

O

axis downwards at

launh (i.e. toward orbiter aft end), the +Y

O

axis to starboard, and the +Z

O

axis toward the top

side (tail side) of the orbiter (i.e. upwards at landing). During launh, the origin of spaeraft

oordinates is at orbiter oordinates
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The relation between Orbiter and Spaeraft oordinates is
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12.2.2 Payload oordinate system

The Spae Shuttle payload oordinate system [1℄ is �xed with respet to the payload, probably. It

is measured in inhes. In the stowed position, payload and Orbiter oordinates are parallel, and

related by

0

B

�

X

P

Y

P

Z

P

1

C

A

=

0

B

�

X

O

� 596:0

Y

O

Z

O

� 200:0

1

C

A

=

0

B

�

X

A

Y

A

Z

A

+ 200:0

1

C

A

(105)

(referene [1℄.)
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12.2.3 The Telesope Ensemble Coordinate System

The doument EQ7-002 Rev D, [4℄ desribing the HRMA, de�nes the Telesope Ensemble Coor-

dinate System (X

T

; Y

T

; Z

T

) with somewhat di�erent axis hoie (+Z is the optial axis) and with

origin at the fous. Presumably this is the on-orbit, zero-g fous f0, but the doument doesn't say.

The doument IF1-20 OBS/SI ICD [1℄ de�nes the Telesope Coordinate System (X

T

; Y

T

; Z

T

) to be

idential with spaeraft oordinates.

12.2.4 Optial Benh Assembly system

The OBA system [2℄ is
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(TRW AXAF I system alignment plan). I won't disuss it further.

12.2.5 OTG Coordinates (OTG-2.0)

The OTG oordinates system (X

G

; Y

G

; Z

G

) has X

G

parallel to X

H

and Y

G

; Z

G

parallel to Y

A

; Z

A

X

G

= 0 is the side of the OTG losest to the foal plane. This system (AXAF-OTG-2.0) is o�set

by 2.50 in (63.5mm) relative to the Grating Nodal system (AXAF-OTG-1.0) of interest for data

analysis.

The HETG dispersion diretion is rotated 5 deg ounterlokwise from Y

A

viewed from X

A

= 0.

METG is rotated the same amount lokwise. The inner and outer radii of the OTG are 234.95

and 558.80 mm.

12.2.6 Projet FPSI Coordinate System

The Foal Plane Siene Instruments oordinate system (X

F

; Y

F

; Z

F

) is essentially idential to the

LSI system de�ned in this doument. However, the SE30 [2℄ de�nition spei�es the origin as the

`desired aim point', while my LSI de�nition spei�ally selets a single nominal aim point for eah

instrument.

12.2.7 SIM and ISIM oordinates

ISIM oordinates are de�ned in the OBS/SI ICD [1℄ with their origin at spaeraft oordinates

(31.836, 0.0, 0.0) near the fous (and thus de�ned only while the spaeraft is assembled); SIM

oordinates are de�ned in the System Alignment Plan D17388, with their origin at the SIM/OBA

interfae. Both are usually measured in inhes. I reommend use of the more generally de�ned data
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analysis oordinate systems FP (�xed wrt the HRMA) and STF (�xed wrt the SIM) de�ned below.

SIM and OBA oordinates are idential after assembly.
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12.2.8 SAOSAC oordinates (HRMA-3.0)

The SAOSAC oordinate system (X

OSAC

; Y

OSAC

; Z

OSAC

) is slightly di�erent again. In the SAOSAC

system, at XRCF, the Z-axis inreases towards the SI along the FOA, while the X and Y axes are

in the aperture plane with the +Y axis vertial. The origin of SAOSAC oordinates is at the CAP

datum A plane, whih has nodal X-oordinate X

N

(SAOSAC) = 7:378.
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12.2.9 Summary of useful HRMA Cartesian systems
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(SCX � SCX(H0)) � 25:4
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Figure 16: The AXAF SIM Translation Table, showing the ight foal plane instruments to sale.

Distanes are in mm. Coordinate system is AXAF-STT-1.0.
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STT
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N

Figure 17: HRMA Nodal and STF Coordinates showing the on-orbit on�guration. The SIM

Transfer Table (STT) arrying the instruments moves along the Z

STF

axis to selet an instrument

and along the X

STF

axis to adjust fous.
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Figure 18: HRMA spherial oordinates
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HRMA equator

HRMA meridian

az=0
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Figure 19: HRMA soure oordinates
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Default Configuration C0:
HRMA, SI along FOA

HRMA SI FAM

H0X

Z

Y
XRCF

XRCF

XRCF

S

Figure 20: XRCF Coordinates showing the general on�guration with HRMA, DFC and LSI oor-

dinate systems
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Y DFC

Z
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Z LSI

LSI
X

Y LSI

SIM

FAM

Figure 21: XRCF Coordinates showing the general on�guration with HRMA and LSI oordinate

systems
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Figure 22: Shemati of interesting points in the spaeraft
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