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ABSTRA CT

Prior to launc h, the High Resolution Mirror Assem bly (HRMA) of the Chandr a X-r ay Observatory underw en t

extensiv e ground testing at the X-ra y Calibration F acilit y (XR CF) at the Marshall Space Fligh t Cen ter in Hun tsville,

Alabama. The resulting data w ere used to v alidate a high �delit y ra ytrace mo del for the HRMA p erformance. F urther

observ ations made during the p ost-launc h Orbital Activ ation and Calibration p erio d allo w the on-orbit condition of

the X-ra y optics to b e assessed.

Based on these ground-based and on-orbit data, w e examine the alignmen t of the X-ra y optics based on the o�-axis

p oin t spread function. W e discuss ho w single-re
ection ghost data obtained at XR CF can b e used to b etter constrain

the HRMA optical axis data. W e examine the vignetting and the single-re
ection ghost suppression prop erties of

the telescop e. Sligh t imp erfections in alignmen t lead to a small azim uthal dep endence of the o�-axis e�ectiv e area;

the morphology of o�-axis images also sho ws an additional small azim uthal dep endence v arying as 1/2 the p osition

angle.

Keyw ords: X-ra y optics, alignmen t, vignetting, Chandr a , CX O

1. INTR ODUCTION

The imaging p erformance of the Chandr a X-R ay Observatory ( CX O ) dep ends critically up on the alignmen t of the

mirrors in its High Resolution Mirror Assem bly (HRMA). The HRMA consists of four nested W olter T yp e-I mirror

pairs; eac h mirror pair consists of a parab oloid (P) mirror and a matc hing h yp erb oloid (H) mirror; for historical

reasons the mirror pairs (or shells) are n um b ered (largest to smallest) 1, 3, 4, and 6.

HRMA alignmen t measuremen ts w ere p erformed during HRMA construction at Eastman Ko dak Compan y

(EK C), Ro c hester, New Y ork. Ground calibration of the completed HRMA w as p erformed at the X-ra y Calibration

F acilit y (XR CF) at the Marshall Space Fligh t Cen ter, Hun tsville, Alabama; see Ref. 1 for an o v erview. Finally ,

calibration measuremen ts w ere obtained during the Chandr a Orbital Activ ation and Calibration during the �rst t w o

mon ths of op eration.

Ground calibration at the XR CF allo w ed assessmen t of the individual mirror pairs using mono c hromatic X-ra y

sources, but ground testing artifacts suc h as �nite source distance and gra vit y-induced distortions had to b e bac k ed

out using a mo del. On-orbit calibration did not ha v e the latter problems, but pro vides information primarily on

the HRMA as a whole, with limited access to individual mirror prop erties. In addition, limited kno wledge of the

absolute spatial and sp ectral prop erties of cosmic sources limits the t yp es of calibration exp erimen ts whic h can b e
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p erformed. Because of the limited ground calibration time a v ailable and limitations of on-orbit calibration, the goal

of the HRMA calibration is the v alidation of a high �delit y ra ytrace mo del of the HRMA p erformance; the ra ytrace

mo del can then b e used to in terp olate (or extrap olate) the p erformance based on the a v ailable calibration data.

The ra ytrace mo del is based on the ra ytrace suite SAOsac . Beginning with the original mirror prescription

(adjusted for end-cuts), w e add lo w-frequency �gure errors based on mirror metrology , axial spacings based on

measuremen ts p erformed during HRMA buildup, ba�e dimensions and lo cations based on measuremen ts or design,

and misalignmen ts of the optics (see x 2). Scattering due to mirror microroughness is included statistically using a

surface scattering mo del based on the mirror metrology . The mirror re
ectivities are mo deled using a m ultila y er

re
ection mo del including \roughness" with inputs deriv ed from detailed optical constan ts for Iridium based on

sync hrotron measuremen ts.

2

F or the on-orbit sim ulations presen ted here, w e used the orbit XRCF+tilts 01.cnf con�guration of the ra ytrace

mo del; it includes the 19990219 v ersion of the optical constan ts, the HDOS 980623 v ersion of the microscatter tables,

and the EKCHDOS06 v ersion of the HRMA alignmen t mo del (mo di�ed b y an additional shell 6 tile; see x 2). A 0 :

00

25

FWHM Gaussian blur w as applied to sim ulate the asp ect blur. W e pro jected to the detector planes and applied the

detector resp onse using v ersion 2.22 of MARX .

3

Revised v ersions of optical constan ts and microscattering are curren tly undergoing testing; b ecause w e scale the

o�-axis e�ectiv e area to the on-axis v alues, there should b e little e�ect on the results presen ted here. An up dated

HRMA alignmen t mo del is in progress; preliminary indications are that the magnitude of the coma-comp ensated

decen ters remain ab out the same (see x 2), but the directions ma y b e revised to w ards the Z -axis. This w ould sligh tly

c hange the direction of the o�-axis vignetting asymmetries in x 6.

2. HRMA ALIGNMENT | SUMMAR Y

During HRMA buildup at Eastman Ko dak Compan y (EK C), the alignmen t state of the HRMA optics w as assessed

and monitored using the EK C HRMA Alignmen t T est System (HA TS). In this con�guration the HRMA optics

w ere supp orted v ertically in an assem bly and testing to w er (H optics upp er, P optics lo w er) susp ended ab o v e an

Auto collimating Flat (A CF). The alignmen t test w as basically a double-pass Hartmann test of the X-ra y optics;

the v ariation in the return b eam cen troid lo cation with azim uth around the optic w as used to assess the on-axis

coma and parfo calization of the system. F or a giv en mirror pair, the HA TS measured the double-pass cen troids for

a set of 24 ap ertures equally spaced in azim uth around the optic. The cen troids of the returned b eam w ere F ourier

transformed and the lo w-order terms in terpreted in terms of rigid-b o dy misalignmen ts (coma, lateral parfo calization,

and axial parfo calization); in addition, 2nd and 3rd order assem bly strains (assessed from the 3rd and 4th order

F ourier co e�cien ts) w ere incorp orated in to the ra ytrace mo del.

X-ra y testing of HMRA w as conducted at the X-ra y Calibration F acilit y (XR CF) at the Marshall Space Fligh t

Cen ter in Hun tsville, Alabama. The X-ra y source w as at a distance of appro ximately 527.3 m from the HRMA CAP .

In the alignmen t tests, the on-axis coma and axial parfo calization w ere measured using a system of quadran t sh utters

whic h allo w ed an y com bination of individual quadran ts of individual mirror pairs to b e isolated. The cen troid of the

fo cused b eam w as determined b y using a 
o w prop ortional coun ter and mo v eable pinholes to map out the fo cused

X-ra y b eam.

Because of the presence of a n um b er of axially symmetric biases in the optical measuremen ts (including defor-

mations under load, curv ature of the A CF, sampling of the \dimples" induced b y the mirror supp orts under 1g,

and refraction b y radial air temp erature gradien ts within the HRMA), the optically determined axial parfo calization

v alues are considered to b e less accurate than those obtained from the X-ra y ground calibration.

During the ground X-ra y calibration, other measuremen ts indicated the presence of an in ternal misalignmen t

within the HRMA: the H mirrors are o�set from the P mirrors b y � 450 � m, but with comp ensating tilts so that

the mirror decen ters do not result in additional coma at the fo cal plane (�.e. a coma-comp ensated decen ter). The

e�ects w ere originally seen during the attempts to determine the X-ra y optical axis (see x 3). The misalignmen t

w as fully diagnosed and c haracterized (Ref. 4) using o�-axis images tak en with the High-Sp eed Imager (HSI, a

micro c hannel-plate detector).

Finally , a deep exp osure tak en � 9 : 7 mm out of fo cus indicated a sligh t o�set in the image from P

6

H

6

relativ e

to the other mirror pairs. W e ha v e ten tativ ely iden ti�ed this as a mirror tilt comp onen t, but it is could also b e the
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result of a mirror deformation or a small HRMA tilt. W e use the EKCHDOS06 mirror alignmen t parameters, but with

an added 0 :

00

1 in ternal tilt for mirror pair 6.

The resulting mirror alignmen t parameters in the AXAF co ordinate system are listed in T able 1. Com bined with

cone-angle corrections, these result in the parfo calization and on-axis coma v alues listed in T able 2.

T able 1. Mirror Bo dy Cen ter Co ordinates (AXAF co ordinate system)

Mirror X Y Z �

Y

�

Z

(mm) (mm) (mm) (

00

) (

00

)

P

1

426.5761 0.12390 � 0.2151 0.000000 0.000000

P

3

436.7098 0.08675 � 0.2437 0.000000 0.000000

P

4

440.3572 0.08634 � 0.2168 0.000000 0.000000

P

6

445.0821 0.08625 � 0.2245 0.000000 0.050000

H

1

� 481.0146 � 0.11540 0.2060 � 4.445448 � 2.419413

H

3

� 480.9282 � 0.08365 0.2345 � 4.994325 � 1.854230

H

4

� 480.8279 � 0.08386 0.2065 � 4.435027 � 1.846808

H

6

� 479.2152 � 0.10960 0.2067 � 4.489191 � 2.422057

T able 2. Misalignmen ts (at fo cal plane) (AXAF co ordinate system)

Mirror � X � Y � Z Coma Y Coma Z

( � m) ( � m) ( � m) (

00

) (

00

)

MP

1

� 42 � 3.00 � 0.86 � 0.0902 0.0293

MP

3

0 2.65 2.05 0.0672 � 0.0207

MP

4

277 2.08 0.28 0.0619 � 0.0042

MP

6

� 174 0.84 � 2.22 0.4186 � 0.0329

W e use \AXAF co ordinates"; in this system, the X {axis is the optical axis with X increasing from the detector

to w ards the X-ra y mirrors. The Z {axis is the an ti-sun w ard direction, and the Y {axis is in the grating disp ersion

direction, completing a righ t-handed co ordinate system. (Note that the \XR CF" system used b y Ref. 4 is rotated

180

�

ab out the X {axis relativ e to the \AXAF" system used here.) The co ordinate origin is tak en to b e coinciden t

with the in tersection of the nominal optical axis with the plane de�ned b y the P side of the HRMA Cen tral Ap erture

Plate (CAP datum {A{), 18.15 mm forw ard of the nominal HRMA no de. (The CAP is the ma jor structural supp ort

plate b et w een the P and H optics.) �

Y

and �

Z

are p ositiv e rotations ab out axes parallel to the + Y and + Z axes,

resp ectiv ely .

3. OPTICAL AXIS

F or an ideal system, the axisymmetry of the HRMA w ould imply that the optical axis coincides with the symmetry

axis. Because of mirror deformations and in ternal misalignmen ts, the c hoice of axis is no longer unique. F or a p oin t

source at in�nit y , the optical axis could b e de�ned in a n um b er of w a ys, including: the angle at whic h the e�ectiv e

area p eaks, the angle at whic h the size of the P oin t Spread F unction (PSF) is minimized according to some metric,

or the angle at whic h the PSF ellipticit y is minim um.

O�-axis angles are sp eci�ed b y spherical p olar angles � , measured from the + X axis, and � , measured in the

Y { Z plane (coun ter-clo c kwise from + Y , so that � Z is at � = 90

�

).

During ground calibration, an attempt w as made to lo cate the X-ra y optical axis b y lo cating the p eak of the

e�ectiv e area function as the HRMA w as pitc hed and y a w ed. Measuremen ts w ere tak en for individual quadran ts of

the mirrors, with the aim of determining the mirror orien tation for whic h the 
uxes measured through diametrically

opp osed quadran ts w ere the same. An in ternal misalignmen t of the HRMA optics resulted in an o�set of � 1

0

of that

axis relativ e to the nominal mec hanical axis as assessed optically b y auto collimating o� a reference 
at (on the XR CF

3



Alignmen t Reference Mirror, or X-ARM) moun ted within the HRMA. F or most of the ground X-ra y calibration, the

zero reference for pitc h and y a w w as based on the optical measuremen ts tak en from the X-ARM.

During the analysis of the ground X-ra y calibration data, it w as found that the line pro�le (the p oin t spread

function [PSF] in tegrated o v er the Z direction) w as broader than the ra ytrace mo del indicated. Better agreemen t

w ould b e obtained if the HRMA axis at zero pitc h and y a w w ere actually at y a w � � 0 : 75

0

, in termediate b et w een the

X-ra y determined v alue (y a w � � 1

0

) and the optically determined v alue for the optical axis lo cation at zero pitc h

and y a w. Subsequen tly , detailed measuremen ts of single-re
ection ghosts relativ e to the direct images also suggested

the presence of a bias in the zero p oin t for pitc h and y a w. The ghost images allo w the magnitude of the o�-axis

angle to b e accurately determined (

<

�

0 :

0

05), but the p osition angle is more di�cult to assess; preliminary indications

are that a y a w bias error of � 0 :

0

3 � 0 :

0

6 is lik ely .

The on-orbit optical axis determination w as based on searc hing for a minim um in the PSF 50% and 90% encircled

energy radii; b ecause the fo cal surface curv es to w ards the mirrors, the detector w as placed sligh tly b ehind the on-axis

fo cus (a w a y from the HRMA). The star HR 1099 w as imaged for a set 500 to 1000 second exp osures using a corner

of the HR C-I detector. The p oin tings w ere at � = 0 � 4

0

, with steps of 1

0

, and at 8 p osition angles ( � ) 45

�

apart.

The 50% and 90% encircled energy radius w as ev aluated for eac h p oin t (in sky co ordinates), and the cen troid of the

(dithered) image w as determined in \c hip co ordinates". The PSF width as a function of the t w o c hip co ordinates

w as �t b y a symmetric quadratic function, yielding an estimate for the optical axis lo cation; the optical axis w as

� 20

00

from the prelaunc h estimate, indicating there w ere no ma jor shifts in the optical con�guration as a result of

launc h. A more detailed analysis has b een p erformed making use of the asp ect system to tak e in to accoun t for an y

thermal or other e�ects whic h could shift the detectors relativ e to the HRMA (see Ref. 5).

4. SINGLE-REFLECTION GHOSTS

Single re
ection ghost images o ccur when the photons reac h the fo cal plane after missing either the parab oloid or

the h yp erb oloid comp onen t of a giv en mirror pair. Photons whic h re
ect o� only a parab oloid comp onen t w ould

fo cus at appro ximately t wice the system fo cal length (if not in tercepted b y the H optic or a ba�e), while photons

whic h re
ect o� only a h yp erb oloid comp onen t fo cus (p o orly) at ab out half the fo cal length (unless in tercepted b y

a ba�e). If only the P or H w ere presen t, then at the system (P + H) fo cal plane, the photons w ould form di�use

rings with radii ab out half of the optic radius. As sources mo v e o�-axis, these rings deform, forming a cardioid-lik e

cusps when the o�-axis angle is ab out the nominal graze angle for the optic, then forming p ortions of lima� con-lik e

lo ops as the source mo v es further o�-axis.

The HRMA w as designed to suppress these single-re
ection ghost images within a radius of 14 :

0

6 of the optical

axis. In the cases of the outermost three mirror pairs (shells 1, 3, and 4), this w as accomplished b y adding tan talum

ba�es to the forw ardmost ba�e plate in the thermal precollimator, and to ba�es placed at the aft face of the CAP

(b et w een the parab oloid and h yp erb oloid optics). F or the smallest mirror pair, shell 6, ba�es at these lo cations

w ould not b e su�cien t to k eep the cen tral �eld clear of single-re
ection ghosts, and in addition, a P

6

in terior ba�e

w as added to the design.

The ghosts predicted b y the ra ytrace mo del w ere compared against those seen during the ground testing at the

XR CF. In Fig. 1 w e sho w an o�-axis image including P

6

and H

6

single-re
ection ghosts; the o�-axis angle ( � 30

0

)

exceeds the nominal graze angle for the P

6

H

6

optics, so the ghosts form lo ops passing through the direct image.

As noted in x 3, in some cases the single-re
ection ghosts can b e used to assess the absolute o�-axis angle. The

dimensions of the ghost lo ops ( e.g. , the azim uthal width of the H

6

ghost lo op) and the relation of the ghosts to the

direct image dep end on the o�-axis angle of the source direction relativ e to the optical axis. F or the case sho wn

in Fig. 1 (upp er left), the b est estimate of the o�-axis angle based on the logs and the axial determination based

on the ARM-X, w as pitc h = � 21 :

0

240, y a w = 21 :

0

214 , or � = 30 :

0

0195, � = � 45 :

�

0351. (Here, pitc h is a negativ e

rotation ab out the + Y axis, and y a w is a negativ e rotation ab out the + Z axis.) A sim ulation using these v alues

(Fig. 1, upp er righ t) results in an H

6

ghost lo op whic h is considerably narro w er than that seen in the X-ra y data.

This indicates that the o�-axis angle w as actually somewhat larger. A b etter matc h is yielded b y � = 30 :

0

303; �

is probably within � 0 :

0

05 of that v alue. The � co ordinate is less w ell constrained; it can b e estimated b y making

use of the relations b et w een the strut shado ws and the image in b oth the direct image and in the ghost lo ops. It

ma y b e p ossible to estimate � this to within 0 :

0

1 to 0 :

0

2. An e�ort is under w a y to reassess the HRMA optical axis

lo cation at XR CF b y making use of the the full set of single-re
ection ghost image data obtained during the ground

calibration. Preliminary results indicate a y a w bias of � � 0 :

0

25 to � 0 :

0

55. Assessing the pitc h bias is more di�cult,

4



H6 ghost

P6 ghost

P6 ghost

H6 ghost

H6 ghostDirect Image

strut shadows

Figure 1. O�-axis single-re
ection ghosts (ground calibration). Left: HSI image; F e-K (E-IXH-PI-11.006, runid

110893). The planned angle w as � = 30

0

, � = � 45

�

; based on actuator readings and the assumed zero reference, the

v alues w ere � = 30 :

0

0195, � = � 45 :

�

0351. The lo op in the lo w er left is o cculted b y the HSI mask cusp. Righ t: Ra ytrace

mo del using the nominal o�-axis angle determined from the actuator readings and the assumed zero reference. Note

that the H

6

ghost lo op in the lo w er left is to o narro w to matc h the observ ation, indicating that the source is really

somewhat further o�-axis. Bottom: Ra ytrace mo del b etter matc hing the observ ation; � = 30 :

0

3039, � = � 44 :

�

75).

The ghost lo ops result from single-re
ections o� the P

6

or the H

6

optic; the gaps in the ghost lo ops are pro duced b y

the supp ort strut shado ws.
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Figure 2. O�-axis single-re
ection ghosts (on-orbit). T op: HR C-S image (obsid 1154); LMC-X1, o�set 40

0

, 0

0

.

Bottom: Ra ytrace mo del matc hing the observ ation; These ghost lo ops are a p ortion of a complex of single-re
ection

ghosts from the P

3

, H

3

, P

4

, and H

4

optics; the P

6

and H

6

are to o fain t to b e seen here and extend o� the detector.

In addition, there are P

1

and H

1

ghosts far to the righ t, w ell o� the �eld of view of the detector.

but indications are that the pitc h bias is

<

�

0 :

0

2 in magnitude. An accurate determination of the HRMA optical axis

is imp ortan t b ecause it a�ects the determination of the mirror decen ter/coma-comp ensated-tilt misalignmen t of the

optics. This in turn a�ects the details of the o�-axis imaging p erformance and also the asymmetric o�-axis e�ectiv e

area.

So far, on-orbit data for single-re
ection ghosts are scarce. The HR C-S detector samples furthest o�-axis (though

o v er a v ery narro w region) but the high bac kground mak es it di�cult to see the fain ter ghost features. In Fig. 2 w e

sho w an example of ghost images seen on-orbit using the HR C-S detector. In this case, b oth single-re
ection P

4

and

H

4

ghosts (forming fain t cusps to the righ t of the direct image) and P

3

and H

3

ghosts (fain t lo ops extending to the

left) can b e seen. Single re
ection P

6

and H

6

(and P

1

and H

1

ghosts) can also b e seen in the ra ytrace data prior to

pro cessing through marx , but these o ccur mainly outside the �eld of view of the detector.
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5. OFF-AXIS IMA GING

As noted in x 2, o�-axis images w ere used to measure the in ternal coma-comp ensated decen ter misalignmen ts of the

HRMA. The measuremen ts at the XR CF w ere obtained at the nominal b est fo cus lo cation for the o�-axis p osition,

i.e. , the detector p osition follo w ed the fo cal surface. In the XR CF images, a distinctiv e brigh t diamond-shap ed

feature can b e seen in the core, particularly for mo derate o�-axis angles (

<

�

25

0

) and lo w er energies. This feature

(actually a sup erp osition of four features, one for eac h mirror pair) is pro duced b y the coma-comp ensated decen ter

of the optics.

On-orbit, the source LMC-X1 w as observ ed at a n um b er of lo cations for the purp ose of determining plate scale.

These images can also b e used to examine the �delit y of the mo deling of the HRMA misalignmen ts. In Fig. 3,

the data for obsids 1084 and 1069 are sho wn. F or the sim ulations w e used an LMC-X1 sp ectrum obtained b y

ASCA . The sim ulations con tain appro ximately the same n um b er of coun ts as the corresp onding Chandr a on-orbit

images. Comparing the observ ations to the sim ulations, the agreemen t is go o d for the o v erall morphology . The core

structure sho ws only one corner of the distinctiv e diamond pattern as part of an brigh t elongated o v al feature; this

is a consequence of the image b eing somewhat out of fo cus. The A CIS-S detector is designed to matc h the Ro wland

circle geometry for the gratings instead of the fo cal surface of the optics; at these far o�-axis lo cations, the detector

surface falls w ell b ehind the fo cal surface. When the image is defo cused, the brigh t diamond features in the core

un wrap, forming the oblong o v al feature seen in the cores of the images. Su�cien tly far out of fo cus, the un wrapping

leads pro duces a hole in the cen ter, and the image b ecomes a distorted ring. Note that in the obsid 1069 data, tak en

further o�-axis (and further out of fo cus) sho ws a fain ter region the core.

The surface brigh tness in the obsid 1084 data matc hes the ra ytrace reasonably w ell in the outer regions, but is

clearly discrepan t in the core: cen tral � 10

00

is considerably brigh ter in the sim ulation than in the actual observ ation.

Detector pileup b ecomes signi�can t for rates larger than � 0 : 1 cts pixel

� 1

frametime

� 1

. F or obsid 1084, the ra ytrace

predicts a p eak of nearly � 0 : 6 cts pixel

� 1

frametime

� 1

, compared to a p eak of � 0 : 3 cts pixel

� 1

frametime

� 1

in the

X-ra y data; the image core is hea vily piled up in this case. The obsid 1069 exp osure is further o�-axis; the core is

less piled up the core in tensit y agrees b etter with the ra ytrace prediction.

Qualitativ ely , the ra ytraces compare v ery w ell with the X-ra y data. In detail, some di�erences can b e seen; in

the obsid 1069 data, the lo w in tensit y region in the core is somewhat larger in the X-ra y data than in the ra ytrace.

This suggests that the ob ject w as sligh tly further o�-axis than indicated b y the nominal o�set, the fo cus w as sligh tly

o�, or the mirror misalignmen t parameters are not quite righ t.

F or an ideal p erfectly-aligned HRMA, as the o�-axis angle � increases, the o v erall o�-axis image size increases

appro ximately quadratically with � , b ecoming elongated in the azim uthal direction, but remaining symmetric ab out

the plane con taining the optical axis and the source direction. That is, for �xed o�-axis angle � and v arying � , the

fo cal plane images are rotationally similar (neglecting supp ort strut shado ws), with image structure rotating directly

with p osition angle � . A consequence of the in ternal tilt-comp ensated decen ters is additional image structure whic h

rotates appro ximately as �= 2. This can b e seen in Fig. 3, in whic h the obsid 1084 and 1069 images are for sources

di�ering � 180

�

in � , but with obsid 1069 at sligh tly larger theta. Note that the brigh t elongated elliptical structure

in the core of the image rotates appro ximately 90

�

b et w een obsid 1084 and 1069; the p erturbation of the outer edge

also rotates only 90

�

compared to the � 180

�

rotation of the gross image structure. The obsid 1069 image is also

� 1 : 7 times larger than the obsid 1084 image, consisten t with its greater o�-axis � . F urther details on the image

asymmetries can b e found in Ref. 4.

6. VIGNETTING

W e de�ne an energy-dep enden t vignetting function , V , as the e�ectiv e area normalized to the on-axis e�ectiv e area:

V




=

A

e� ; 


( E ; � ; � )

A

e� ; 


( E ; 0 ; 0)

; (1)

where 
 is the solid angle included in the e�ectiv e area in tegral. Earlier estimates of the HRMA o�-axis e�ectiv e

area w ere t ypically based on 
 = 2 � , i.e. , the e�ectiv e area in tegrated o v er the full 2 � sterad to w ards the detector

plane. F or source angles su�cien tly far o�-axis, the e�ectiv e area sum includes singly-re
ected ghost ra ys. The

X-ra y ba�e design prev en ts ghost ra ys from in truding on the cen tral � 15

0

radius of the fo cal plane, and the
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Figure 3. O�-axis PSF. The detector w as 182 � m b ehind the nominal on-axis A CIS-S fo cus p osition. T op Left:

A CIS-S image (obsid 1084). LMC-X1, o�set � 16 :

0

418, 2 :

0

366; log

10

(coun ts/pixel/frame-time) is plotted. T op Righ t:

A CIS-S image (sim ulation). LMC-X1, o�set � 16 :

0

418, 2 :

0

366; log

10

(coun ts/pixel/frame-time) is plotted. Bottom Left:

A CIS-S image (obsid 1069). LMC-X1, o�set 20 :

0

567, � 1 :

0

781; log

10

(coun ts/pixel/frame-time) is plotted. Bottom

Righ t: A CIS-S image (sim ulation). LMC-X1, o�set 20 :

0

567, � 1 :

0

781; log

10

(coun ts/pixel/frame-time) is plotted.
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thermal p ostcollimator in the aft HRMA structure remo v es ghost ra ys su�cien tly far o�-axis. Bet w een these limits,

single-re
ection ghosts can get through. This is discussed further b elo w.

The energy-dep enden t vignetting function dep ends on t w o factors: purely geometric vignetting, and mirror surface

(re
ectivit y and scattering) prop erties. Purely geometric vignetting is determined b y the geometry of the optics,

ba�es, and obstructions in the system. The re
ectivit y dep ends on the X-ra y energy and the graze angle of the

X-ra y inciden t on the optic. F or an ideal system, the graze angles for on-axis X-ra ys will v ary sligh tly axially along

the optic. F or o�-axis sources, the graze angle can v ary strongly azim uthally around the optic; the most fa v orable

and least fa v orable graze angles are in the plane con taining the optical axis and the o�-axis source direction. In the

follo wing, the term vignetting refers to the energy-dep enden t vignetting, i.e., the o�-axis e�ectiv e area normalized to

the v alue at the optical axis.

In the zero-energy limit, re
ectivit y is near unit y for a wide range of graze angles and the vignetting is almost

en tirely a result of the purely geometric vignetting. F or clarit y , consider a source mo ving o�-axis up w ards. Photons

hitting near the top and near the b ottom of the optic ( i.e. , more or less in plane with the o�-axis angle and the

optical axis) increasingly miss one or the other optic and either run in to ba�es or reac h the fo cal plane as single-

re
ection ghosts; near the sides the these are smaller e�ects. This is part of the reason that o�-axis images b ecome

more compressed radially (and ultimately b ecome b o w-ties; see e.g. Fig. 1). The geometric area (and e�ectiv e area)

b ecome increasingly dominated b y the sides of the mirror p erp endicular to the plane con taining the source.

F urthermore, the graze-angles (and hence, re
ectivit y) v ary mark edly and systematically around the optic for

o�-axis sources. On the side of the optic closest to the source direction, the graze angles b ecome shallo w er (increasing

the re
ectivit y), and on the opp osite side, the graze angles b ecome steep er (decreasing the re
ectivit y). A photon

hitting the P optic with shallo w graze angle will, if it in tercepts the H optic, tend to re
ect from the H with a

steep er graze angle, reducing the gain in re
ectivit y . In an y case, the loss of geometric area due to geometric

vignetting (ev en tually) o v ercomes an y impro v emen t in re
ectivit y in the plane con taining the source. Near the sides,

on the other hand, the v ariation in graze angle with source direction is m uc h less extreme (a cosine e�ect), and the

increasing concen tration of geometric area to w ards the plane p erp endicular to the source direction dominates the

o�-axis e�ectiv e area. Th us, the dominance of the \sides" of the mirrors for larger o�-axis angles results from a

com bination of retaining fa v orable graze angles and retaining geometric area.

Because the HRMA mirrors ha v e di�ering nominal graze angles (ranging from � 52

0

to � 27

0

), the vignetting

function is strongly energy dep enden t. As noted ab o v e, the resp onse at large o�-axis angles is dominated b y the

\sides" of the optic where the graze angle is appro ximately the nominal graze angle. As the energy increases ab o v e

the critical energy for the nominal graze angle for a giv en shell, the re
ectivit y drops rapidly and that shell b ecomes

less and less imp ortan t for the o�-axis (and on-axis) e�ectiv e area. This w eigh ts the vignetting function to w ards the

smaller mirror pairs whic h ha v e narro w er geometric vignetting functions. This e�ect is clearly seen in Fig. 4 in whic h

the vignetting function is plotted for a n um b er of energies b et w een � 0 : 01 and 10 k eV. F or energies up to � 3 k eV,

the vignetting function is relativ ely insensitiv e to energy as can b e seen b y the close spacing of the curv es in Fig. 4.

F rom � 3 to � 7 k eV, the o�-axis e�ectiv e area falls rapidly , while near 8 k eV, the energy dep endence 
attens out

or ev en rev erses.

Because of the in ternal misalignmen t (coma-comp ensated decen ter) within the HRMA, the o�-axis resp onse is

asymmetric. This sho ws up clearly in the o�-axis PSF (see Ref. 4, where this fact w as used to diagnose and quan tify

the in ternal misalignmen t parameters). This also has implications for the o�-axis vignetting b eha vior. In Fig. 4 note

that the p eak of the vignetting function is � 1 � 2

0

o� axis (most noticeable at lo w est energies).

In Fig. 5 w e plot vignetting functions V




( E ; � ; � ) = A

e� ; 


( E ; � ; � ) = A

e� ; 


( E ; 0 ; 0) as a function of � for four

energies. Consider �rst the upp er curv e for eac h energy; these are ev aluated for 
 = 2 � . The appro ximately

sin usoidal v ariation is a consequence of the in ternal tilt-comp ensated decen ter misalignmen t of the HRMA. The

amplitude the v ariation with � decreases for increasing energy , but the relativ e v ariation is fairly constan t, with p eak

the p eak exceeding the v alley b y � 7 or 8% for � = 15

0

. In the 9.5 k eV case, the resp onse with � is also mo dulated

with a cycle of 30

�

; this is a result of the shado ws pro duced b y the supp ort struts, lo cated ev ery 30

�

from � = 0

�

.

In Fig. 5 the lo w er curv e for eac h energy sho ws the result of ev aluating the e�ectiv e area o v er a rectangle

corresp onding to the HR C-I detector. A t � = 15

0

, the source falls at or near the edge of the detector at � = 45

�

,

135

�

, 225

�

, and 315

�

; this pro duces the notc hes at those v alues of � . Ov erall, a w a y from these angles, there is a net

depression in the vignetting function relativ e to the 
 = 2 � vignetting function. This is a result of single re
ection

ghosts extending w ell b ey ond the edge of the detector, whic h are included in the 
 = 2 � sum. In Fig. 5, the 
 = 2 �
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Figure 4. Energy-dep enden t vignetting as a function of angle for a n um b er of energies. This is a slice tak en

appro ximately through the axis of greatest asymmetry .

Figure 5. Energy-dep enden t vignetting for � = 15

0

as a function of � for 4 energies. The top curv e for eac h

energy sho ws A

e� ; 
=2 �

( E ; � ; � ) = A

e� ; 
=2 �

( E ; 0 ; 0), while the lo w er curv es sho w the e�ect of clipping b y a square

corresp onding to the HR C-I clear ap erture.
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Figure 6. E�ect of single-re
ection ghosts on vignetting calculation. The solid curv es represen t V


=2 �

, while the

dashed curv es sho w V




for a region corresp onding to the exten t of the HR C-I detector. The is a slice for � = 0

�

and

� = 180

�

.

case o v erestimates the vignetting b y up to � 5% for � = 15

0

. Finally , in Fig. 6, w e sho w the vignetting function

for a slice with � = 0

�

and � = 180

�

, aligned with one of the long axes of the HR C-I detector. In these directions,

the direct source image falls o� the detector at � 21

0

o�-axis; the e�ectiv e area sum falls rapidly for � > 20

0

as the

direct image and single-re
ection ghosts are increasingly vignetted b y the detector edge. It can also b e seen that

V

2 �

o v erestimates the detector-sp eci�c HRMA vignetting function b y as m uc h as 10%. It is eviden t that HRMA

vignetting functions tailored to eac h detector geometry will b e needed.

In order to assess the o�-axis e�ectiv e area on orbit, the sup erno v a remnan ts G21.5-0.9 and Cassiop eia A (Cas

A) w ere observ ed on eac h A CIS c hip; b oth sources p eak in in tensit y around 2 k eV. In the follo wing w e presen t a

preliminary comparisons of the G21.5-0.9 data to the ra ytrace mo del. The e�ectiv e areas w ere based on (bac kground

subtracted) coun t rates and photon sp ectra for the for the p ortion of the cen tral core of the remnan t imaged within

a single no de of the c hip. The o�-axis e�ectiv e areas for the HRMA mo del w ere obtained b y using o�-axis e�ectiv e

areas calculated on a coarse angular and energy grid to rescale the on-axis e�ectiv e area, computed on a m uc h �ner

energy grid. Note that these HRMA e�ectiv e areas are all 2 � e�ectiv e areas, not taking in to accoun t the vignetting

of ghosts b y the detector edges. The mo del o�-axis e�ectiv e area w as m ultiplied b y the A CIS quan tum e�ciency

(QE) a v eraged o v er the c hip to obtain the com bined mo del HRMA plus A CIS e�ectiv e area. (F or S1 and S3, a

correction factor w as also applied for v ariation of QE o v er the c hip.) In Fig. 7 w e plot the results for 4 o�-axis angles

(appro ximately along � = 180 deg for S0, S1, and S2, � = 0

�

for S5). Qualitativ ely , the agreemen t is reasonably go o d;

b elo w � 1 k eV and ab o v e � 7 k eV, the source strength and e�ectiv e areas are v ery lo w and the data are unreliable.

F urther analysis ( e.g. , the e�ects of ghost vignetting b y the detector) is needed b efore meaningful constrain ts on the

HRMA mo del can b e extracted.

7. CONCLUSIONS

The calibration ra ytrace mo del agrees w ell qualitativ ely for the o�-axis imaging p erformance and the o�-axis ghost

predictions. In detail, di�erences app ear. The on-orbit data will b e com bined with reanalysis of the ground calibration

data to re�ne the mirror alignmen t mo del. The on-orbit data ha v e b etter determinations of source angle but p o orer

separation of individual mirror e�ects. The ground data pro vide information on individual mirror pairs, but curren tly
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Figure 7. O�-axis E�ectiv e Area obtained from on-orbit observ ation of G21.5-0.9. T op Left: A CIS-S2, no de 1;

� = 6 :

0

91. T op Righ t: A CIS-S1, no de 2; � = 13 :

0

92. Bottom Left : A CIS-S0, no de 2; � = 22 :

0

55. Bottom Righ t:

A CIS-S5, no de 2; � = 20 :

0

28.

su�er from an uncertain t y in the lo cation of the optical axis; the optical axis determination will b e re�ned making

use of measuremen ts based on single-re
ection ghost p ositions.

The mo del vignetting resp onse is asymmetric, dep ending on energy and b oth o�-axis angles. F urthermore, the

single-re
ection ghosts extend o v er large regions of the fo cal plane; vignetting functions tailored to the geometric

dimensions of eac h detector will b e more appropriate than functions summing the e�ectiv e area o v er the full 2 �

steradians. Preliminary analyses of the on-orbit data for o�-axis e�ectiv e area compared to the 
 = 2 � e�ectiv e

areas sho w reasonable agreemen t for the range of energies corresp onding to the dominan t X-ra y energies in the

sources. Ho w ev er, the on-orbit vignetting data and the ra ytrace mo del are not y et su�cien tly w ell understo o d to

constrain the ra ytrace mo del; w ork will con tin ue on re�ning our understanding of the mo del and of the on-orbit

p erformance.
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