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Abstra
t. We des
ribe measurements of the mirror vignetting in the XMM-Newton

Observatory made in-orbit, using observations of SNR G21.5-09 and SNR 3C58

with the EPIC imaging 
ameras. The instrument features that 
ompli
ate these

measurements are brie
y des
ribed. We show the spatial and energy dependen
es of

measured vignetting, outlining assumptions made in deriving the eventual agreement

between simulation and measurement. Alternate methods to 
on�rm these are de-

s
ribed, in
luding an assessment of sour
e elongation with o�-axis angle, the surfa
e

brightness distribution of the di�use X-ray ba
kground, and the 
onsisten
y of Coma


luster emission at di�erent position angles. A synthesis of these measurements leads

to a 
hange in the XMM 
alibration data base, for the opti
al axis of two of the

three teles
opes, by in ex
ess of 1 ar
minute. This has a small but measureable e�e
t

on the assumed spe
tral responses of the 
ameras for on-axis targets.

Keywords: XMM-Newton, X-ray mirrors, X-ray dete
tors, X-ray astronomy, CCDs

1. INTRODUCTION

XMM-Newton (Jansen et al., 2001) 
omprises 3 
o-aligned teles
opes,

ea
h with e�e
tive area at 1.5keV of �1500
m

2
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Maximum (FWHM) angular resolution of �5 ar
se
onds. The 3 tele-

s
opes ea
h have a fo
al plane CCD imaging spe
trometer 
amera

provided by the EPIC 
onsortium. Two also have a re
e
tion grating

array, whi
h splits o� half the light, to provide simultaneous high resolu-

tion dispersive spe
tra. These two teles
opes are equipped with EPIC

MOS 
ameras (Turner et al., 2001), whi
h are 
onventional CMOS

CCD-based images enhan
ed for X-ray sensitivity. The third employs

the EPIC PN 
amera (Str�uder et al., 2001) whi
h is based on a pn-

jun
tion multi-linear readout CCD. The EPIC 
ameras o�er a �eld of

view (FOV) of �30 ar
minute diameter, and an energy resolution of

typi
ally 100 eV (FWHM) in the range �0.2{10 keV. The two MOS

teles
opes are equipped with a Re
e
tion Grating instrument (den

Herder et al., 2001) that has its own dedi
ated readout 
amera.

The in-orbit 
alibration of the XMM-Newton mirrors has been re-

ported elsewhere (As
henba
h et al., 2000), with spe
ial referen
e to the

on-axis angular resolution (Point Spread Fun
tion, PSF). A se
ond im-

portant 
alibration data set that is 
riti
al for analyzing spe
tros
opi


information is the energy-dependent e�e
tive area (As
henba
h, 2002).

Both these features are under 
onstant review as a result of improving

knowledge of the instrumentation, and the requirements imposed by

new s
ien
e investigations. In this work we 
on
entrate on di�erent

aspe
ts of mirror performan
e that must be 
alibrated in the 
ontext

of other s
ienti�
 drivers whi
h in
lude, for example, 
luster radial

brightness distribution for determining gas mass, exposure maps and


ounts-to-
ux 
onversions in population studies and di�use ba
kground

normalization measurements et
.. The redu
tion in e�e
tive area with

radial distan
e from the �eld of view 
entre, or vignetting, must be

a

urately determined to support these investigations.

To highlight the e�e
t visually, Figures 1 and 2 show the ex
ess


ux per sour
e dete
ted in the 1XMM 
atalogue of EPIC serendipitous

sour
e dete
tions (plotted in units of sigma). The images are displayed

in the EPIC 
amera dete
tor 
oordinates, and 
ux determinations as-

sume the nominal vignetting 
orre
tion 
entred on the referen
e pixel

of the dete
tor 
o-ordinate system (DETX, DETY in the nomen
lature

of the XMM data analysis system). These �gures show that some low

level dis
repan
y in the spatial variation in e�e
tive area 
alibration

must be present.

For XMM-Newton, dire
t measurement on the ground of the X-

ray vignetting fun
tion was prevented be
ause nearly all X-ray beam

measurements were performed in a non-parallel beam. The installation

of an X-ray stray-light ba�e in front of the mirrors, and the Re
e
tion

Grating Array (RGA) sta
k at the mirror exit plane (den Herder et al.,

2001), introdu
ed potential 
ompli
ations that were only measured in
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Figure 1. Image in the MOS-2 dete
tor plane, of the mean di�eren
e in the to-

tal-band (0.2-12 keV) 
ux seen by MOS-2 and MOS-1 expressed in Sigma. Bright

pixels indi
ate an ex
ess of 
ux in MOS-2 and dark pixels an ex
ess in MOS-1.

long wavelength, visible light at an EUV parallel beam fa
ility (To
k

et al., 1997).

Although the measured geometri
 vignetting fa
tor at longer wave-

lengths was 
omparable with predi
tions, it was ne
essary to use in-

orbit data to 
on�rm the X-ray energy dependen
e, and 
he
k that

vign_09.tex; 29/03/2004; 7:28; p.3
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Figure 2. The equivalent image for the Epi
-pn dete
tor plane, of the mean di�er-

en
e in the total-band (0.2-12 keV) 
ux seen by Epi
-pn and MOS-1 expressed in

Sigma. Bright pixels indi
ate an ex
ess of 
ux in pn and dark pixels an ex
ess in

MOS-1.

the geometri
 fa
tor was maintained through the spa
e
raft assembly,

integration, veri�
ation and laun
h 
ampaigns.

2. Teles
ope

The design of the XMM-Newton opti
s was originally driven by the re-

quirement to obtain the highest possible e�e
tive 
olle
ting area over a

wide band of energies up to 10 keV. The three, nominally identi
al, mir-

ror systems utilize a shallow grazing angle of �0.5

Æ

in order to provide

suÆ
ient re
e
tivity at high energies. The e�e
tive area is in
reased by

nesting 58 mirror shells in ea
h teles
ope to �ll the front apertures as

vign_09.tex; 29/03/2004; 7:28; p.4
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eÆ
iently as possible. Both the paraboloid and the hyperboloid se
tions

of ea
h shell were repli
ated as a single pie
e from a single mandrel (de

Chambure et al., 1996). Ea
h teles
ope is 
omplemented by an X-ray

ba�e, whi
h minimizes X-ray straylight from sour
es outside the �eld

of view, when rays rea
h the fo
al plane dete
tors by single re
e
tion

from the hyperbola.

The energy dependen
e of vignetting, whi
h is superposed on any ge-

ometri
al 
omponent, be
omes apparent at the 
riti
al angle for grazing

in
iden
e at the o�-axis angle of the target. There may be an in
rease

in e�e
tive area again at higher energies as a 
onsequen
e of the fa
t

that only the innermost mirror shells provide substantial re
e
tivity.

For a small diameter shell, at high energies, the area in
reases initially

with o�-axis angle: on one side of the mirror the parabola grazing

angle is shallower than for the on-axis geometry. The 
orresponding

hyperbola graze angle is then larger but be
ause of the asymmetry of

the re
e
tan
e vs. angle 
urve the higher re
e
tivity on the parabola

dominates the produ
t of the re
e
tan
es.

Ea
h shell was individually aligned during assembly of the teles
ope

to a design a

ura
y of 10's ar
se
onds and glued into a mounting

\spider". The whole me
hani
al assembly was provided with alignment

�du
ials and opti
al alignment 
ubes and mirrors to ensure 
orre
t

pla
ement during the various a
tivities for on-ground 
alibration and

assembly into the spa
e
raft. The nominal error budget allowed for

possible misalignment of the teles
ope axis of �30 ar
se
onds.

Two of the three teles
opes were equipped with Re
e
tion Grat-

ing Arrays that also required alignment with the teles
ope axes. The

three telesope assemblies were mounted on a spa
e
raft mirror platform

that 
ontained star tra
kers providing an absolute referen
e for the


o-ordinate system of the spa
e
raft.

The fo
al plane dete
tors were aligned so that a referen
e pixel was

lo
ated on the nominal teles
ope opti
al axis. In the 
ase of the EPIC

MOS 
ameras the referen
e was the 
entral pixel of its middle CCD,

while for the PN 
amera a dead gap at the physi
al 
entre of the


amera, between CCDs, meant that the referen
e pixel was 
hosen to

be slightly o�set to ensure that on-axis targets were not lost onto the

gap. The lo
ation of the RGA readout 
ameras were de�ned to ensure

that no expe
ted bright emission lines in dispersed spe
tra would fall

on gaps between its CCD dete
tors. These referen
e pixels were the

origin of the DETX,DETY 
o-ordinate system of the XMM-Newton

S
ien
e Analysis System (SAS, Watson et al., 2001), in units of 0.05

ar
se
onds per pixel.

The physi
al alignment of the 
ameras was subje
t to possible error

in addition to un
ertainty in lo
ating the teles
ope axis, and the design

vign_09.tex; 29/03/2004; 7:28; p.5
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had to allow also for the possibility of 10's ar
se
ond relative shifts

due to the e�e
ts of laun
h loads, and eventual di�erential shrinkage

of the 
arbon-�bre opti
al ben
h tube due to water vapour out-gassing

in orbit. One of the �rst in-orbit 
alibration tasks was to determine

the extent of any su
h shifts and also determine the 
o-alignment to

the spa
e
raft (star-tra
ker) referen
e axis. For any observation a user


ould potentially request any one of six (in
luding the Opti
al Monitor)

instruments to be the prime, and for whi
h a preferred dete
tor lo
ation

was de�ned to avoid inter-CCD gaps. The mis-alignment for ea
h of

these \boresight axes" had to be determined. Fortunately the initial

me
hani
al alignment was suÆ
iently good, and preserved into orbit so

that a single optimised boresight 
ould be de�ned for all X-ray imaging


on�gurations, and one for RGA spe
tros
opi
 observations. It should

be highlighted that this 
ompli
ated set of axis de�nitions is a pe
uliar


onsequen
e of the multiple teles
ope 
on�guration of XMM-Newton


ompounded by the use of di�erent instruments in the same teles
opes

and between di�erent teles
opes.

3. SuperNova Remnant Data

3.1. Observation Configuration for SNR Targets

The measurement of vignetting requires a 
ompa
t, simple-spe
trum,

non-variable sour
e at lo
ations o�-axis, with whi
h to 
ompare the

inferred spe
trum with that of the same obje
t measured on-axis. True

point sour
es with reasonable brightness are pre
luded be
ause the

e�e
ts of pile-up (Ballet, 1999) are severe, and furthermore vary with

the 
hanges in o�-axis Point Spread Fun
tion (PSF), as well as with

the 
ount rate redu
tion due to the vignetting itself.

Extended obje
ts require a 
omplex ray-tra
ing and PSF-folding

to a

ount properly for the vignetting 
omponent. While a number

of viable targets were sele
ted for the in-orbit 
alibration, we have


on
entrated on G21.5-09 (Warwi
k et al., 2001) and 3C58 (Bo

hino

et al., 2001) for this work. The initial 
hoi
e of pointing lo
ations was


ompli
ated by the need to ensure that no signi�
ant portion of the

remnants fell near CCD gaps. Given the orthogonal orientation of the

two MOS 
ameras, together with the totally di�erent gap patterns in

the pn (Figure 3), this severely 
onstrained the orientation available,

and an angle �7 degrees rotated from the nominal dete
tor axes, and

a �eld angle of 10 ar
minutes were 
hosen for the initial measurements

of G21.5-09.

As a 
onsequen
e of the grating array angles and blo
king fra
tion,

the vignetting in the MOS 
ameras is expe
ted to be a strong fun
tion

vign_09.tex; 29/03/2004; 7:28; p.6
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Figure 3. S
hemati
 drawing of the CCD orientations in the 3 
o-aligned EPIC


ameras.

of azimuthal angle, so four lo
ations were s
heduled for G21.5-09 to

sample the extreme ranges of RGA blo
king (see Figure 4).

SNR G21.5-09 is a hard, bright sour
e ideal for determining the en-

ergy dependent vignetting. A set of observations of the softer, somewhat

fainter, SNR 3C58 were subsequently made to supplement the earlier

observations and better sample the azimuthal dependen
y of the MOS


amera vignetting. Measurements of 3C58 were s
heduled to fall within

the 
entral CCD of the MOS 
ameras, to minimize the possible e�e
t

of varying quantum eÆ
ien
y over the dete
tor. Again the limitations

of 
hip gaps 
ause a 
ompromise in the a
tual rotations employed, su
h

that the ensemble of pointings is as shown in Figure 5.

vign_09.tex; 29/03/2004; 7:28; p.7
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Figure 4. Merged pn image of the 5 major pointings made on G21.5-09 SNR. White

gaps are physi
al gaps between CCDs or noisy 
olumns

Figure 5. Merged image of the major pointings made on SNR 3C58

vign_09.tex; 29/03/2004; 7:28; p.8
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Table I summarises the requested pointings and observation details

for these data sets

3.2. Analysis of SNR Pointings

Spatial regions of interest were de�ned around the 
entroid of ea
h

SNR, and �xed in sky 
o-ordinates for all observations, ensuring that

the region was large enough 
ompared with the PSF, but small enough

to avoid a CCD gap in any single observation. Ba
kground regions

of similar size were sele
ted. Con
erns about enhan
ed parti
le ba
k-

ground in some of the observations led us to 
hoose regions at simi-

lar �eld angle and azimuth to ensure representative 
onditions, while

stri
t sele
tion of low ba
kground 
ount rate intervals minimised any

systemati
 e�e
ts of any possible in
omplete ba
kground subtra
tion.

The analysis pro
eeded by determining the number of ba
kground-

subtra
ted photon 
ounts per energy bin at various pseudo on- and o�-

axis lo
ations of G21.5-09 or 3C58. The relative vignetting between the


orresponding lo
ations were determined a

ording to the 
ount rate

variations. The energy bins' widths were varied semi-logarithmi
ally to

maintain reasonable signal:noise per bin.

vign_09.tex; 29/03/2004; 7:28; p.9
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Table I. Summary data for the SNR observations used in the analysis

Target Revolution Observation ID Date RA 2000 DEC 2000

G21.5-09 60 0122700101 2000-04-07T12:35:28 18:33:33 -10:34:01

G21.5-09 S 61 0122700201 2000-04-09T12:22:17 18:33:40 -10:44:18

G21.5-09 W 62 0122700301 2000-04-11T12:25:38 18:32:52 -10:35:47

G21.5-09 N 64 0122700401 2000-04-15T12:25:52 18:33:26 -10:24:02

G21.5-09 E 65 0122700501 2000-04-17T12:13:09 18:34:14 -10:32:32

G21.5-09 NE 244 0122701001 2001-04-09T17:06:14 18:34:23 -10:30:40

3C58 506 0153752101 2002-09-13T04:22:11 02:05:38 +64:49:40

3C58 W 505 0153752201 2002-09-11T04:29:35 02:04:43 +64:51:13

3C58 SW 505 0153751801 2002-09-11T13:09:58 02:05:03 +64:47:38

3C58 S 505 0153752501 2002-09-11T20:03:41 02:05:23 +64:43:52

3C58 E 505 0153752401 2002-09-12T03:20:44 02:06:32 +64:48:06

3C58 NW 506 0153751701 2002-09-13T10:57:39 02:05:18 +64:53:23

3C58 NE 506 0153751901 2002-09-13T17:51:22 02:06:13 +64:51:41

3C58 N 506 0153752001 2002-09-13T23:45:05 02:05:52 +64:55:27

v
i
g
n
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0
9
.
t
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x
;
2
9
/
0
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;
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Unless there were gross misalignments of shells within a teles
ope,

the vignetting in the EPIC PN teles
ope would be radially symmetri


about its opti
al axis. True azimuthal variations are expe
ted in the

MOS teles
opes as a 
onsequen
e of di�erential shadowing a

ording

to the angles of the RGA grating plates. Veri�
ation of the predi
tions

for these MOS azimuthal variations in vignetting were undermined by

unexpe
ted and signi�
ant variations (�10%) in relative vignetting

measured in the pn 
amera, from azimuth to azimuth. This was at-

tributed initially to a 
ombination of in
omplete ba
kground 
orre
tion

and to dis
repan
ies in the exposure dead-time 
al
ulations in
uen
ed

by the higher than nominal ba
kground. Eventually it was realised that

these relative variations were 
orrelated with 
amera orientations.

It was re
alled that unresolved dis
repan
ies between mirror opti
al

alignment 
ube axes and inferred teles
ope axes measured at the EUV

test fa
ility (Sto
kman et al., 1997) had o

urred. At the time these

orientation dis
repan
ies were 
laimed to be irreprodu
ible to �20 ar
-

se
ond level, but were also seen in similar magnitude and dire
tion

in the Panter X-ray test fa
ility 
alibration of maximum throughput

orientation (Egger et al., 1997). The variation was in addition to any

�xed and systemati
 o�set between the me
hani
al and opti
al teles
ope

module axes (designed to be less than 30 ar
se
onds). For the PN


amera, we therefore simply vary the lo
ation of assumed teles
ope

opti
al axis and re
ompute the expe
ted vignetting fun
tion at ea
h

observed lo
ation. The axis origin is de�ned where the di�eren
e in

low energy vignetting for all measured points is minimised.

On
e reasonable agreement for the PN data was obtained, we pro-


eeded to treat the MOS 
ameras in a similar manner, ex
ept in this


ase the azimuthal e�e
t of RGA shadowing partially mimi
s a poten-

tial axis shift. We therefore assumed the nominal RGA performan
e in

the 
al
ulation. In prin
ipal the two e�e
ts 
an not be distinguished,

ex
ept:

� A gross error in RGA shadowing angles would have been dete
ted

in the dispersion relation and/or e�e
tive area of that instrument

(not the 
ase)

� For most s
ien
e analysis we just need to have an empiri
al veri�-


ation of the MOS vignetting fun
tion, whatever the 
ause of the

azimuthal 
hanges

vign_09.tex; 29/03/2004; 7:28; p.11
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Figure 6. (a - upper) Relative (i.e. 
ompared with nominal on-axis lo
ation) vi-

gnetting of the pn teles
ope for an o�-axis angle of 11.3 ar
minutes from the nominal

boresight lo
ation. (b - lower) Relative vignetting of the MOS1 teles
ope for an

o�-axis angle of 10.4 ar
minutes, 
ompared with the nominal boresight lo
ation.

The theoreti
al predi
tion for energy dependent vignetting is shown as a solid line

in ea
h 
ase. This is the leftmost observation depi
ted in Fig 4

vign_09.tex; 29/03/2004; 7:28; p.12
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Figure 7. Relative vignetting of the pn teles
ope after averaging all azimuths around

10.3 ar
minutes o�-axis. The energy dependen
e is in good agreement (solid line)

3.2.1. Vignetting Results

A single azimuth vignetting measurement for the pn 
amera, in the

lowest ba
kground exposure, is shown in Fig. 6a. A subsequent 
ali-

bration observation in 
ir
a April 2001 at larger o�-axis angle allowed

some measure of sensitivity to the 
hange in � (o�-axis angle), and


on�rms the validity of the model.

A 
omparable vignetting measurement for the MOS 
ameras is shown

in Figure 6b. Due to the lower e�e
tive area of the MOS 
ameras, the

S:N is lower than for the pn 
amera, and the energy s
ale is binned

more 
oarsely. It was found, as with the pn 
amera, that there was a

potential teles
ope axis misalignment. However re
ords of the tests in

ground fa
ility were less 
lear than for those of the pn, be
ause the

installation of the RGA had blo
ked the a

ess to the mirror alignment

lens for most tests. Relying purely on inferred alignment of the axis

based on the vignetting itself undermines the goal of dire
tly measuring

the e�e
t of RGA azimuthal blo
king fa
tor.

3.2.2. Energy Dependen
e

The pn data sets were relatively 
lose in o�-axis angle and should

have no intrinsi
 azimuthal dependen
e. We should be able to aver-

age the 4 separate lo
ations of G21.5-09 to 
he
k the predi
ted energy

dependen
e is 
orre
tly reprodu
ed. This is shown in Fig. 7.

vign_09.tex; 29/03/2004; 7:28; p.13
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Figure 8. Relative vignetting of the MOS1 teles
ope after averaging all azimuths

around 10.3 ar
minutes o�-axis. The energy dependen
e is in good agreement

For the MOS data, repeating the exer
ise is not really valid, given

the large variation in RGA blo
king with azimuth. However to dis
ern

if the pla
ement of RGA gratings and ribs upsets the energy-dependent

�lter properties via. di�erential shadowing of some sub-sets of shells,

we nevertheless form the same average response in the 2 MOS 
ases.

There seem to be no signi�
ant energy-dependent dis
repan
ies (see

Figures 8 and 9).

3.2.3. Lo
ation of opti
al-axes

It 
an be seen that the energy dependen
e of vignetting is almost

negligible in these data sets up to �4keV. Initially therefore, spe
tral

parameters were independently found for ea
h SNR by a joint �t of

an absorbed power-law to all observations with energy range limited

to E< 4keV and varying normalizations per observation, in order to

redu
e statisti
al e�e
ts of spe
tral determination. The best-�t spe
tral

model was then applied individually to ea
h observation to �nd the

relative normalizations, and the energy dependen
e for E>4keV. After

renormalization the 
ombined data of G21.5-09 and 3C58 were used to

lo
ate the opti
al axis of ea
h 
amera using a minimization te
hnique.

A good �t to the predi
ted low energy vignetting, as a fun
tion of o�-

axis and azimuthal angle, was a
hieved by applying a small shift in the

opti
al axis position for MOS-1 (Fig. 10). A larger o�set, of the order

vign_09.tex; 29/03/2004; 7:28; p.14
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Figure 9. Relative vignetting of the MOS2 teles
ope after averaging all azimuths

around 10.3 ar
minutes o�-axis. The energy dependen
e is in good agreement

Figure 10. Comparison of G21.5-09 (stars) and 3C58 (squares) MOS-1 data with

the expe
ted mirror vignetting, 
entered at DETX=200, DETY=-50. The data have

been 
orre
ted for RGA blo
king.

vign_09.tex; 29/03/2004; 7:28; p.15
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Figure 11. Comparison of G21.5-09 (stars) and 3C58 (squares) MOS-2 data with

the expe
ted mirror vignetting, 
entered at DETX=340, DETY=-1300. The data

have been 
orre
ted for RGA blo
king.

Figure 12. Comparison of G21.5-09 (stars) and 3C58 (squares) pn data with the

expe
ted mirror vignetting, 
entered at DETX=1300, DETY=450.

vign_09.tex; 29/03/2004; 7:28; p.16
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of 1 ar
minute, was found to be ne
essary to obtain a good �t for the

MOS-2 and pn teles
opes (Figs. 11,12).

4. Alternative Measurements

In order to provide 
orroborating eviden
e for these axis shifts, di�erent

measures were proposed.

4.1. Sour
e elongation

The PSF broadens with o�-axis angle, espe
ially in a dire
tion perpen-

di
ular to a ve
tor 
onne
ting the sour
e and opti
al axis positions.

A plot of sour
e PSF elongation versus o�-axis angle should therefore

be symmetri
al about the opti
al axis. We sele
ted a large sample of

serendipitously dete
ted sour
es, after removal of non-point-like ob-

je
ts, from the 1XMM 
atalogue, for ea
h 
amera. Figure 13 shows the

variation of this elongation with o�-axis angle for the pn sample. The


entroid of the distribution was found by minimizing the fun
tion:

E = A +B�

2

+ C�

4

where E is the measured elongation, � the o�-axis angle measured from

the teles
ope axis and A,B and C are 
oeÆ
ients.

The elongation E was de�ned as follows:

� the sour
e image out to a 
uto� radius of 20 ar
se
 was resampled

in sour
e-
entri
 polar 
oordinates r and �;

� the resulting image was multiplied by r to preserve s
aling, then

Fourier-transformed in the � 
oordinate;

� the ratio between the magnitudes of the 0

th

and 2

nd

Fourier 
oef-

�
ients was taken as the elongation.

The best �t 
entroids reveal a qualitatively similar axis shift to

that measured with G21.5-09 and 3C58. The measured values are: PN

(DETX,DETY = 1140,340), MOS1 (DETX,DETY = -320,+540) and

MOS2 (DETX,DETY = -340,-1700).

A small dis
repan
y was noted for the MOS 
ameras, again sus-

pe
ted to be due to the e�e
ts of the RGA assembly. A raytra
e for

a nominal XMM teles
ope was made, in whi
h multiple sour
es were

tra
ed through to the fo
al plane, and then their elongations in fo-


al spot determined as a fun
tion of position in the fo
us, by simple

Gaussian �tting. For an unobs
ured teles
ope, the minimum elongation
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Figure 13. Relative elongation of point sour
es in the pn 
amera as a fun
tion of

o�-axis angle

o

urred at the 
entre of the fo
al plane. However for a teles
ope �tted

with a nominal RGA stru
ture, the minimum elongation o

urred o�-

axis, in a dire
tion parallel with the dispersion axis. It is believed this


an be attributed to shadowing of rays that are inter
epted by the

grating plates, restri
ting the s
attering (and hen
e elongation) in a

dire
tion parallel with the dispersion dire
tion. As the RGA plates

are angled to the teles
ope axis, the lo
ation of elongation minimum is

hen
e o�set. The ray tra
e estimate of this o�set is about 22 �1 ar
se
.

4.2. Diffuse Ba
kground

In (Lumb et al., 2002), the 
ompilation of a set of data from high

gala
ti
 �elds was des
ribed. After ex
lusion of individual point sour
es,

this �eld represents the average properties of the di�use Cosmi
 X-Ray

Ba
kground (CXB). Although this ba
kground represents the superpo-

sition of many unresolved faint sour
es, the averaging over several �elds

with XMM-Newton ensures any \
osmi
 varian
e" is minimized, and

the arti�
ial �eld should be very uniform. In su
h a 
ase the 
entroid

of surfa
e brightness distribution should map to the opti
al axis of

maximum throughput.

This is diÆ
ult to interpret in the 
ase of the MOS 
ameras in

parti
ular be
ause the apparent vignetting varies in a dire
tion parallel

to the grating array dispersion dire
tion. The di�erential blo
king of
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the grating must therefore be unfolded from any potential teles
ope

axis tilt e�e
ts.

The data set from high gala
ti
 latitudes was binned into images

in the energy band 0.5-4keV for ea
h 
amera. The surfa
e brightness

distribution was proje
ted in dete
tor X, and Y 
o-ordinates and was


orre
ted for exposure e�e
ts (bad pixels, CCD gaps, CCD dead times

et
.). Next the predi
ted amount of RGA blo
king as a fun
tion of

�; � was 
al
ulated by raytra
e, and divided into the surfa
e brightness

pro�les. The 
entroid of brightness was then 
al
ulated by a polynomial

�t. See as an example Fig. 14.

Figure 14. Surfa
e brightness (0.5{4 keV) in spatial bins of the merged image of

several high latitude ba
kground �elds. The solid 
urve is the best polynomial �t.

The la
k of symmetry is attributed to the o�set of the 
ir
ular aperture of the


amera from the 
entre of the teles
ope

The main weakness of this approa
h is that the RGA blo
king

is assumed to be 
orre
tly modeled, and not left as a free parame-

ter. The justi�
ation is supported by the nominal performan
e of the

RGA dispersion properties as measured in-orbit by the spe
trometer

instrument.

4.3. Coma Cluster

The Coma 
luster of galaxies is one of the brightest di�use X-ray ob-

je
ts on the sky, �lling the �eld of view of XMM-Newton dete
tors. An

additional possibility to 
alibrate the vignetting of the mirror system of
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Figure 15. Ratio of surfa
e brightness (0.5{2 keV) in spatial bins of the Coma

Cluster, for two di�erent 
amera orientations. Dotted line - vignetting 
orre
ted with

initial 
alibration. Solid line - vignetting 
orre
ted a

ording to improved estimate

of teles
ope axis

Epi
 pn is provided by performan
e of a spe
ial 
alibration observation

of the Coma 
entre in addition to the existing set, des
ribed in Briel

et al. (2001). The idea is to use the same region on the sky but with

a position angle of � 120 degrees between observations. In this 
ase

a vignetting mis
alibration produ
ing an under-
orre
ted part of the

emission in the �rst observation will be 
ompared to over-
orre
ted part

in the se
ond. In 
ase of the shift of teles
ope axis, su
h deviations o

ur

symmetri
ally. so that a ratio map of the two images has one side of

the image being larger and the other smaller than unity.

Additional 
u
tuations on the ratio map are introdu
ed unless OOTE

(Out-Of-Time Events) subtra
tion is performed. This is a spe
i�
 fea-

ture of the pn 
amera (
ompared to MOS where OOTE are small in

fra
tion), where events are a

umulated in the CCD while the previ-

ous image frame is still being read out. The OOTE may be removed

statisti
ally, using o�-line produ
ts generated by XMMSAS ep
hain

program for every observation. In this parti
ular instan
e the impor-

tan
e of OOTE is 
aused by a 
hange in the read-out mode for pn in
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the se
ond observation to full frame from extended full frame mode,

that was employed for the other XMM Coma observations, su
h that

this fra
tion of smeared events 
hanged from 0.023 to 0.063.

We 
hoose the 0:5 � 2 keV band for the primary analysis, while

energy-dependent e�e
ts where 
he
ked using the 0:25� 0:5 keV and

5 � 7:9 keV bands, 
onsidering previous data from mirror test results

from the PANTER fa
ility as well as the presen
e of strong ba
kground

lines > 7:9 keV.

In order to a
hieve good statisti
s a binning of 32�32 of original pn

pixels was employed (128�128 for MOS). Border pixels in this binning


an have mu
h lower fra
tion of valid pixels and were ex
luded from the

analysis. The best teles
ope position was 
hosen to a
hieve the lowest

s
atter among about a hundred independent points of the image ratio

map, for both pn and ea
h MOS 
amera. The e�e
t of the 
hange in the

position of the teles
ope axis was emulated in the 
alibration version

of the exposure map, where by 
hanging the vignetting we still retain

proper position of the dete
tor 
hips.

In deatil the pro
edure 
omprised twomain parts: preparation of the

dataset and a loop of 
al
ulations repeated with varied input position

of the teles
ope axis to minimize the spread in the dataset points.

The data preparation part 
omprised:

� s
reening both observations for ba
kground 
ares, as des
ribed in

Briel et al. (2001).

� for both observations extra
ting sour
e and OOTE images in the

0:5� 2 keV band

� Corre
ting both images for OOTE

� subtra
ting the instrumental ba
kground, using Filter Wheel Closed

ba
kground a

umulation (for des
ription of this ba
kground dataset

see e.g. (Lumb et al., 2002))

� Translate the image for one observation to the referen
e frame of

the other

� Cal
ulate the mask �le where both observations have suÆ
ient

data. Only FLAG = 0 events are 
onsidered (large dete
tor gaps).

Also only the pn event types with PATTERN < 5 are 
onsidered.

� Dis
ard image pixels absent in at least one observation, using the


ross-
orrelation of the mask �les for both observations. The re-

sulting mask �le is retained to be later applied to experimental

exposure maps.
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� bin the image to a
hieve good statisti
s.

The 
alibration loop 
omprised:

� For input parameters of the test teles
ope axis position 
reate

exposure maps for both observations

� Normalize the exposure map to 
orre
t for loss of the 
ux due to

subtra
tion of OOTE, by multiplying the maps by (1 � f

OOTE

),

0.937 and 0.977 for full and extended full frames, respe
tively

� Translate the exposure map for one observation to the referen
e

frame of the other

� Dis
ard exposure pixels absent in at least one observation, using

the pre-
al
ulated mask �le

� Bin the exposure maps in a

ordan
e to binning of the image

� De-vignette the images and produ
e their ratio

� estimate the dispersion around the mean. The position of the

teles
ope axis is sear
hed to minimize this dispersion.

Un
ertainty in the parameter estimate is 
al
ulated using 90% 
on-

�den
e level estimate for the �

2

method. However the systemati
 un-


ertainty seems to drive the error, and is related to an astrometri


un
ertainty for the position of ea
h image.

Epi
 pn data 
omparison shows a very small dispersion at a teles
ope

axis position DETX = 1243� 30 pixels DETY = 402� 30) pixels in

dete
tor 
oordinates. The one-dimensional s
atter of pixels around the

mean is plotted in Figure 15. Note that the mean value of 1.000 is

not enfor
ed and is an additional argument in favor of the method.

The original 
alibration introdu
ed a 14% r.m.s. s
atter in the surfa
e

brightness data, while the proposed revised 
alibration de
reases the

r.m.s. to 3%, 
omparable with the statisti
al noise. This result is 
on-

sistent with the large r.m.s. s
atter found in pn-MOS1 
omparison of

serendipitous sour
es (see Figures 1 and 2 and Saxton, 2002).

Table II illustrates the quality of the 
alibration.

A 
hange in the position twi
e the quoted error bar, presented in Ta-

ble II above produ
es noti
eable 
hanges on the image being dimming

and brightening of the opposite sides. Variation in the ba
kground level


an introdu
e additional 1% errors for furthermost from on-axis pixels.

The adopted error on the position of the teles
ope axis in
ludes

various systemati
s e.g. 
aused by the small misalignment between

the two Coma pointings and 
hanges in the instrumental ba
kground
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Table II. Residual dispersion in the pn vi-

gnetting 
alibration.

Radius Dispersion, %

ar
min best �t at 2 sigma deviation

8{11 3.712 3.826

4{8 2.376 2.422

0{4 2.186 2.199

level, while the formal statisti
al error is smaller, 10 pixels. However,

the pre
ision at whi
h the position of the teles
ope axis is a
hieved

ex
eeds by far the typi
al resolution at whi
h e.g. the exposure maps

are 
al
ulated (200 DETX/DETY pixels or 10 ar
se
onds).

Figure 16. Ratio of the new and old exposure maps for MOS 1 and 2, showing the

amplitude and dire
tion of the 
hange. Fine stru
ture on these images (a line and

annuli) is an artifa
t produ
ed by �nite pre
ision at whi
h the exposure maps are

generated. Vignetting is azimuthally symmetri
, while the line-like feature of CCD

gaps are parallel to the dire
tion of equal RGA transmission, and not this vignetting

shift.

4.4. Calibrating MOS vignetting using the Coma

observations

Calibration of the MOS vignetting using the Coma 
luster has been

�rst done by 
ross-
alibration with pn and later repeated using a self-


alibration method, as has been des
ribed above for pn. Table III lists

three independent measurements of the positions of the teles
ope axis

obtained using both Coma MOS observations, 2001 and 2000 denoting

the MOS-pn 
omparison, using the year of MOS observation to des
ribe
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the observational dataset, the 'average' of the two and 2000 vs 2001

'self' 
alibration of MOS.

Table III. Positions of the MOS teles
ope axis from

the analysis of Coma 
luster. Units are internal 
amera

values of 0.05 ar
se
ond.

Dataset DETX DETY Dispersion, %

MOS2

2001 653� 60 �1260� 30 4.50

2000 440� 60 �1250� 30 4.65

average 550� 60 �1255� 30

self 492� 60 �1256� 30 4.73

MOS1

2001 136� 40 �134� 70 4.56

2000 87 � 40 �281� 70 4.76

average 110� 40 �200� 70

self 159� 40 �303� 70 4.68

The di�eren
e in the normalization between 2000 and 2001 MOS1

observations amounts to 6%, and is due to di�eren
es in the best-�t

positions. The self-
alibration �nds the mean 
ux ratio between two

observations of 1.005, whi
h is a

eptable. The similarity of the results

of 
ross and self 
alibration of MOS is reassuring and demonstrates

negligible e�e
t of possible 
hip-to-
hip sensitivity variations for MOS.

However, the dispersion a
hieved in the best-�t position is worse, 
om-

pared to pn results and 
ould partly be 
aused by la
k of �delity in the

des
ription of the RGA shadowing in the 
urrent version of SAS.

Fig.16 shows the magnitude of the proposed 
hanges in the vi-

gnetting for MOS 1 and 2 
ameras. Only a small 
hange is proposed for

MOS 1, while vignetting for MOS 2 is substantially revised. The e�e
t

of RGA-vignetting degenera
y redu
es the sensitivity of the method

to the absolute value of the teles
ope shift, yet the dire
tion of the

shift is rather well determined. Sin
e the problem originates in the low


ontrast in the exposure map, 
aused by these 
hanges, it implies little

importan
e of the pre
ision in the MOS 
alibration to absolute 
ux

measurements, however, a possible 
aveat 
ould be larger un
ertainty in

the energy-dependent vignetting e�e
ts, that are important at energies

> 5 keV. A
hievement of the agreement in the MOS position with other


alibration methods presented in this paper is therefore of importan
e.
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Table IV. Summary of the di�erent axis displa
ement values for the EPIC 
ameras

inferred with the various measurement te
hniques. Units are internal 
amera values

of 0.05 ar
se
ond in \Dete
tor" 
oordinates.

Instrument M e t h o d


oordinate G21.5-09/3C58 Sour
e Di�use Coma

Elongation Ba
kground

pn DET X 1300� 300 1140� 200 1100� 300 1243� 30

pn DET Y 450� 300 340� 200 400� 300 402� 30

MOS-1 DET X 200� 300 �320� 200 0� 200 110� 40

MOS-1 DET Y �50 � 300 540� 200 0� 200 �200� 70

MOS-2 DET X 340� 300 �340� 200 300� 200 550� 60

MOS-2 DET Y �1300� 300 �1700� 200 �1300� 200 �1255� 30

4.5. Comparison of Methods

The main method is important in that it de�nes rather well the energy

dependent e�e
t of the vignetting but gave some 
on
erns about the

rather large o�set in teles
ope axis. The later methods give 
on�den
e

that this o�set is real, and give similar magnitudes for the e�e
t.

Table IV summarises the inferred axis shifts from these di�erent

existing measurements.

The dis
repan
y in axis value obtained by sour
e elongation method

for the MOS 
ameras is partly explained by the di�erential shadowing

of RGA sta
k that modulates the PSF shape. this was modelled by

ray tra
e as des
ribed in se
tion 4.1. The RGA dispersion dire
tion

is parallel with the MOS1 dete
tor -Y axis, and the MOS2 dete
tor

+X axis. The 
al
ulated shift due to di�erential shadowing amounts

to �440�20 units, whi
h redu
es the dis
repan
y in that axis to �1�.

The dis
repan
y in the orthogonal dire
tion is not expli
able by the

ray tra
e, but is only �2�. Additional systemati
 un
ertainty may be

brought about by the non-
ir
ular shape of the PSF (roughly pentangle

and triangle shapes for MOS1 and MOS2 respe
tively) that is invariant

with �eld angle and due to some distortion en
ountered on mounting

the mirrors to the spa
e
raft interfa
e plate.

5. CONCLUSIONS

The energy dependent vignetting 
alibration 
an be well mat
hed to

pre-laun
h predi
tions, but only on an assumption that the teles
ope
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opti
al axis is not perfe
tly aligned with the teles
ope boresight. This is

not unexpe
ted following diÆ
ulties on-ground of maintaining and/or

measuring the teles
ope axis to better than 10's ar
se
onds. We note

that the assumed teles
ope axis misalignment implies that \on-axis"

targets at the 
ommon boresight lo
ation are a
tually at a slightly

di�erent vignetting value per teles
ope. We spe
ulate that this partly

a

ounts for some of the observed 
ux dis
repan
ies between the MOS

and pn 
ameras (Figure 17). After reviewing these data sets, it was

de
ided that the XMM-Newton 
alibration database would be up-

dated in 2004 to a

ount for new referen
e axes to be 
entred at PN

(DETX,DETY = 1240,400 ), MOS1 (DETX,DETY = 100,-200 ) and

MOS2 (DETX,DETY = 500,-1250 ).

Figure 17. Ratio of un
orre
ted and vignetted e�e
tive areas for an on-axis target.

The 
ux di�eren
es for typi
al 0.5-2keV band will be � a few % for typi
al obje
ts,

and a small di�eren
e in re
overed spe
tral slope will be 
aused by the 
hange with

energy
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