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ABSTRACT - The High Throughput X-rav Spectroscopy Misston XMM is the second
“Cornersione” Project in the £ESA Horizon 2000 Programme for Spuce Science. This
observatory has ar irs heart three higily nested Wolter 1 grazing mcidence Xoray
telescopes which will provide a large collecting urea (1475 em” and 386 em | euch
respectively ar 1.3 keV and 8.0 keV). This aptical sysremt has a spatial resolution of
aboit 16 aresee and when coupled with reflection grating spectromerers and Xeray CCO
cameras, it will provide a major advance in astrophysics by the end of the century

Inothis paper, we first present the design of the telescope and then describe the
manufacturing and the integration processes of the telescope. with the emphasis on the
production of the X-rav mirrors. Finally, the results achieved with the three Fligit
Muodels of the XMM ielescope are presented with some prospective on the next
generatton of witra thin X-rav mirrors

Key Words:  ESA, XMM spacecrafr.  X-rav optics. mirror production, advanced
manufacnring, wltra thin mirsor.

1- INTRODUCTION

i Mirror (NMM) spacebor observatory tsee figure 1), due tor fuunch in August 1999
auncher. has been designed 1o be a gh throughput Xeray spectroscopy mission over
3. The payload

The X-ray Mult
by an Anane 5 g

a broad band of energies. runging from 0.1 1o 12 keV (us presented in references "
most prominent elements are the three telescopes,
developed under direct ESA contract by a
consortim of several European firms led by Media
.arto (Bostsio Parint - laly), each of them having
spectfic technical expertise for the design. the
manufacturing and the assembly of the telescopes.

The optics of each telescope (hereatter referred to as
a Mirror Module {(MM)) are made of 38 nested
Wolter! grazing incidence murors, chosen 1o
maximise the effective collecuing area. Thus calls for
the manutactunng of a lurge number of very thin X-
ray quality mirror shetls, In the early 90s. a parallel
development program was conducted using two
potentially interestung technologies tas discussed in
reference”)  the CFRP  cpoxy  replication,

Figure 1. XMM spacecraft with view on the
Murror Support Platform and the taree telescopes
* This paper 15 an update of the vne prosented durme die 38t Congessy ot the 1AF 97w Tormo
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successfully applied for Exosat und the nickel electroforming. The nickel electroforming was ajgq
successfully used for SAX. However, for XMM, the mirrors were too thick and the optical qualyy
needed (o be improved significantly.

In 1993, based on the X-ray testing of several individual mirrors, the nickel electroforming [eChHOIGg\
was selected for the production of the XMM's mirrors. Despite its lightness, the CFRP techno]q v
showed unstable X-ray performance under vacuum due to the roughness created by the “prip
through' of the carbon fibre matrix

At that point in time. the production yield ratio of the nickel mirrors was not yet sufficient to start m
good conditions the massive production {253 X-ray quality nurror shells representing in total more
than 200 m* of high quality optical surface) needed for the Qualification Mode! and the four Flight
Models Mirror Module (including one spare). Therefore, a special development programme wyg
financed early in 1995 by the XMM Project to improve the quality of the production of the mjmop
shells in order to bring the nickel electroforming technology from an “art” to an industrial process.
[n parallel, under the guidance of Bureau Veritas, a Total Quality Management compliant with the
1S0O9000 standard was instored at Media Lario.

By February 96, this program had led to the manufacturing and the timely delivery of the full size
Qualification Model of the XMM Mirror Module. After optical and environmental testing, this XMM
Mirror Moduie was pronounced qualified in @ctober 1%996. The development of the mirror programme
and the results of the Qualification Model of the Mirror Module are detailed in references **

In parallel to the development of the mirrors, the XMM Project team identified the need to develop
a dedicated EUV vertical test facility for the verification of the performance of the mirrors. The
implementation of this XIMM test facility was contracted to Centre Spatial de Lizge (Belgium).

2- MIRROR MODULE DESIGN DESCRIPTION

The optical concept ot the XMM Mirror Module 1s shown in figure 2.

Focal length 7500 mim

Resolution in energy range (0.1-12 keV)

Half Energy Width 16 aresec

Fult Width Half Max 8§ arcsec

Effective area 1475 em® (1.5 keV) '
580 em’ (8 keV)

Mirror diameter

Qutermost 700 mm
Innermost 306 mm
Mirrer length 600 mm
Packing distance 1-3 mm
"
Number of mirrors 58 Figure 2. Oprical design of the XMM Mirvor Module with the

grating assembly
Mirror VModule mass 425 ko

Proc. of SPIE Vol. 10570 1057026-3
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The X MM Mirror Module 1s a grazing incidence telescope {Wolter | type) which is designed to
operate in the X-ray energy range of 0.1-10 keV with a focal length of 7.5 metres and with a
resolution of 16 arcsec. The grazing incidence angle of the X-rays ranges from 17 arcmin for the
smallest mirror to 40 arcmin for the largest. A Mirror Module consists of 58 nested mirror shells
bonded at one end on a spider {or spoke wheel) and their supporting structure.

Each mirror is a thin monolithic nickel shell which is shaped to a paraboloid surface in front and an
hyperboloid surface at the rear for double reflection of the grazing X-rays. The 58 mirror shells. with
diameters between 306 mm and 700 mm and a length of 600 mm. are mounted in a confocal and
coaxial configuration. The reflective coating of the mirrors is 250 nm layer of high punty goid.

The thickness of the mirror shells ranges from 0.47 mm up to 1.07 mm proportional to their diameter.
The mass of the smallest mirror is 2.35 kg and 12.30 kg for the largest one.

The mechanical design of the Mirror Module (MM} is shown in figure 3.

g - The 58 mirrer shells are glued at their
g | entrance plane to the 16 spokes of a spider
£ | L (spoke wheel) made out of Inconel. This
E E - ; material was chosen for its thermal expansion
2 : || | | coefficient close to that of the electrolytic
] #® ! nickel of the mirrors. The spider is connected
. to the platform of the XMM spacecraft via an
3 ] T 111 aluminium interface structure, called Mirror

i —J | Interface Structure (MIS).

' e |
é I\ 1 gé The Mirror Interface Structure also supports:
E i ".I ¥ . a grating assembly with a mass of 60
=4l . " % kg. on the rear side of two out of three
\ : of the Mirror Modules
& the “electron deflector” {producing a
% _ | : ' ? tangential magnetic  field), right
B oy N E Aerrecril, | ! behind the mirrors for diverting the
E \. A ! | ]! “soft” electrons (with energy up to
! ' i i 50-100 keV) that otherwise will be
' o | seen as stray light on the detector.
Figure 3: Mechanical design of the XMM Mirror . the X-ray baffle in front of the
Module MITTOTS.

Heaters and thermistors. mounted on the spokes and the outer ring of the spider, are used for the
thermal control of the Mirror Module at 20°C = 2°C, with gradients not exceeding 2°C.

3. MANUFACTURING AND INTEGRATION PROCESS OF THE MIRRORS

The three XMM Mirror Modules. representing the heart of the XMM payload, were a major
technological challenge to be completed in a short time.

The mirror shell manufacturing is based on a replication process (see figure 4) which transfers a goid

layer deposited on the highly polished master mandrel to the electrolytic nickel shell which is
electroformed on the gold layer.

Proc. of SPIE Vol. 10570 1057026-4
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Figure 3: Morror mansdactinrong and inte grarion flow

The production of the required 38 master mandrels has been contracted 1o Carl Zeiss (Oberkochen -
Germany). They are machined out of double conical aluminiunt blocks coated with Kanigen nicke}
and then lapped to the requured paraboloid/hyperboloid shape and finally superpolished to a surface

roughness better thun 4 AL

The most criucal steps e the manatacturing of the B
Mirror Module are the production of the mursor shells
and therr mtegration on the sprder Indeed. the XM
nurrors are very Ctlimsy' their diameter 1o thickness
ratto 18 in the order of 324 ten tmes larger than tor
SAN or JET X

The marror sheil production s divided in the (oHowing

sleps

. after verifics uttom! its surface ronghness. the
mandrel 15 thoroughly cleaned

. a retlective gold layer (thickness 2500 Ay 1
evaporated under vacuum onto the mandrel

. the gold plated mandrel 1 coated with nickel in

an electroforming bath tmickel sulphamate) at
a temperature of about 30°C

. the rrror and the mandrel are scparated by
using the difference of thermal expansaion of
the materials falumimum for mandrel: nickel
for muror and the difference of adhesion of
the goid faver between the Kamgen nickel of
the mandre] and the mekel of the murror

. once separated. the mirror 1s carefully hited
with a highly accurate axial guidance svstem

R/

. the vptical quahity of each murror s assessed by Figure 5: Mirror under integration in the

geometry and micro roughness measurements.

Proc. of SPIE Vol. 10570 1057026-5
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Tie murror shell integration isee figure 31 15 pertormed 1 a Vertical Optical Bench (VOB working
from the smallest to the fargest mirror. This involves the following steps:

. cach murror sheli1s aligned at one end using an actively controlled suspension system

a the murror posiion i laterally and verucally adjusted in the corresponding grooves in the
spokes of the spider

. the murror 1s bonded in the spider grooves with epoxy glue

. the vptical performanee 15 monttored and compared with that in free hanging conditions

{n order te fullfill the optical performance requirements. the following precautions are taken during
the infegration of the nurrors:

. the out-of roundness of each mtegrated mirror s not greater than 100 pm camplitude of 2nd
Fourer component

. the arror axis Uit s better than 30 arcsec

. the toct ot the mirrors are wathin a circle of 10U um diameter

. the paraboloid end of the mirrors are co-centered within 30 um

After the integration of the 58 nurrors. the Mirror [nterfuce Structure 1 bolted on the spudet

Special cleanliness meuasures have been taken in order to mantain the high reflecuvity. The molecalar
and the particulate cleanliness of the mirrors has to be mamntaned respectively at 2,10 ‘giem’ and 300
ppm until the end of the mission. Due to the affinity of hydrocarbons to gold and the criticality of the
cleaning process., the nirrors are produced and integrated 1 class 100 rooms. equipped with charcoal
filters.

The technological devefopment and the management of the X-ray mirror programme have been
dewiled 10 references

4- OPTICAL AND ENVIRONMENTAL TEST OF THE XMM MIRROR MODULE
4.1 Test programme

Since February 1997 after their delivery to ESA. the first three Flight Models of the XMM Murror
Muodule ixee figure 6), are being optically. mechanically and thermally tested at various test centres
m Europe. Le. the Panter X-ray tacility of
the Max Planck Institute (MPE) at Neurted
i Germany and the test centre of Centre
Spaual de Liege tCSLyin Belgium,

The acceptance program includes  the

tollowing tests:

’ Extremne UltraViolet (EUV) optical
and X-ray retectivity tests at CSL

& vibragion tests and thermal vacuum

tests twith EUV optical and X-ray
reflectivity tests i between for MM
FAMIyat CSL

. EUV optical and X-ray reflectivity &

tests at CSL il Mol TN

s ; ) A/ et Final Tena i s g g
. ¥ ray optical tests at MPE. Figure 6: MM FMT under final inspection 8t Media Lario

Proc. of SPIE Vol. 10570 1057026-6
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The purpose of these tests is to venty that each Flight Modet ot the Nurror Module is tultilling the
performance requirements after simulated environmental conditions which are atleast as severe g6

the ones expected during the service He on XMNT spacecraft,

The vibraton tests were performed on the shaker of CSL. The Mirror Modules were subjected 1
smusotdal and random vibraten along the XY and Z axes at acceptance Jevel (10 g axial and 6.7 o
lateral1. The thermal tests were cartied out in the Focal 2 thermal vactum test chamber ot CSL. The
Nuror Modules were subiectad 1o three thermal oveles between -20°C and 40°C tabout 60 hours per

ovele)
4.2 Optical test facilities

The Max Plonck Institute (MPE Xerav test factiny (Punter). which is operating under vacuum,
consists o dource chamber and an mstrament tderector) test chamber connected by o 130-metre long
tube. The mstriinent chumber 113 metre long and 3.3 metre wader s equipped with an optical bench
on which the Muror Module 1s mounted, The Fhizht Models ot the XMM Mirror Maodule are testeg
i full dlumination thonzontal Xeray beam with a source at 124 metres) at different Xeray energy
levels between 0.1 ReVoand 10 keVo with two difterent detectors: a Position Sensitive Proportional
Counter tPSPCY and a Charge Coupled Device (CCD:

In 1993, following several tests and analyv<is, the XM Project had two major conceas related 1o the -

proper characterization of the aptical performanee of the mirrors:

. the etfect of gravity on the very thin murors

. the impossibility to charactense the complete
murror surtace with the avaiiable X-ras beam
with a source at finite distance

A nuinber of simulatons by finite elements models
and ray tracing of the etfect of gravity on thin mirrors
and on complete murror module were condugied with
the support ot ESTEC Mechameal Department and
BOV-Progew iMitan Tralyy One conclusion was that
the Tocal image of the murrors could be sizmificantls
attected by thewr ortentanon during around test. Whth
the opuieal axas vertical, the ditference in HEW
resolution between zero gravity and ground  test
conditren was hmited w one arcsec. But wath the
opnceal axis horizonal, 1t was not possible ta correlate
to better thanr 2 or 3 arcsec the optical pertformance
under zero graviy and ground test conditions, The
uncertanty on the opticd measurement with the
mirror axis horizontal was further increased in the N-
rav beam with i source at 124 m distance, Under these
conditions. the first 30% of the puraholoid section of L
the mirrors 1s noi refocused and any distornions w this

arey are just missed. Depending on the type of o -
distortions present in the  murors. the  Noray oosmmmmrsfiel, ol
measurements under gravity could give better figure  Figure 7: Focal-X faciity at Centre Spatial de

than the actual quality of the mirrors warrant Liege
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Therefore. in 1994, 1o complement the X-rav measurements 1o be done in MPE horizontal facihiy i
Neurted. the XMM Project took the decision to finance and build a dedicated EUV vertical test fucihity
(see figure 7).

Focal X 1s the EUV optical tactiity built at Centre Spatial de Ligge. providing u vertical tull aperture
collimated EUV beam at 30 and 38 nm and two X-ray channels (penci beam at 1.5 keV and 8 ke\'
and a small collimated beam at 1.5 keV for reflecuvity and scattering measurementsi. Detaled
descniptiont of this facility are given in references ’

3.3 EUYV and X-ray test results at Centre Spatial de Liege

The tmage quality (Full Width Half Maximum (FWHNM). Hal{ Energy (HEW). 90 Encircled Energy
(W90 of the three Flight Models (FM) of the Mirror Module (MM 1. measured m EUN (38 nmy at
CSL 15 summarised in table | and discussed below.

The EUV tests show no sigmificantdifterences in the Encircled Energy Function tEEF) before and
atter environmental tests. The overali performance tsee figure 83 in terms of resolution indicate
consistent and important improvement compared to the MM QM:

. the cores of the Point Spread Function (PSF) are verv sharp (no double peak as for the MM
QM especially MM FM3 with a FWHM of 3.9 arcsec
. the (HEW'} resolutions are much better than for the MM QM (measured at 20 arcsec)
. the W00 has been improved compared to the MM QM. which was measured at 100 arcsec.
due to improvement of the geometry of the edges of the mirrors.
MM FM1 | MM FM2 | MM FM3
Performance (58 nm) Pre- Post- Pre- | Post- Pre- Post-
environment| environment | environment |envir0nmem lenvirenment [environmant
HEW at best focus farcsec) 15.8 V& 16.1 15.4 14.2 14
|FWHM best focus (arcsec) 8.7 8.7 6.9 §3 5.9 4.5
W90 at best focus {arcsec! 62 ‘ 83 83.5 82 58 59
Best focus focal length {(mm) 7495.2 | 74953 | 7485.1 7485 7496 7486
HEW at nominal focus {arcsec) 1861 |' 9.2 | 17.4 17.2 15.8 151
Effective area lcm?) 1673 ! 1855 f 1528 | 1558 1562 1523

Table 1: image quatiry of the FM Murror Module fram CCD measurementy ar CSL

The focal images of MM FMI and FM2 (see figure 81 show a “triangular™ shape. which comes trom
the distortion of some of the outer mirror shells (see also section 4 .4). This distortion. responsible for
a performance loss estimated to be in the order of one arcsec. has occurred during the integration of
the Mirror Module. Indeed. several analyses have confirmed that the deformanon of the outer mirrors
18 the result of the unevenness between the spider and the Mirror Interface Structure ( MIS) (tlutness
of 15 - 25 umnstead of the specified 5 um), agaravated by small detormations of the integration
adaptor. on which the spider 1s mounted during the integration of the mirrors. This point was not
identified for the MM QM us no large X-ray quality mirror could be integrated in that model. A
shimming method was developed and tested. which has been successfully implemented on MM FM32.
The opucal resoiunion of MM FM2 hus improved by 0.5 arcsec after the environmental tesung. due
to some relaxation of the mechanical stress at the MIS-spider interface. After the environmental
testing, the mirrors recover somehow their onginal (non stresseds shape as it existed hefore the
mounting ot the MIS. The same happened also for MM FM{ but to a lesser extent.

Proc. of SPIE Vol. 10570 1057026-8
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Figure 8 3D view of the Powmr Spread Functon of the QM FMT & FM2 MMy
For the three MM FMs, the EUV effective area measurements (see table 1) shew a systematic deficit
of about 15 %, compared 10 the “theory™ The measurement accuracy s about = 3% (RMS). Hewever
the pencil beam X-ray test showed the X-rav reflectivity 1s within 3% from the “theereucal” value at
13 keV and BkeV

The EUV effective area deficit s currently attributed to

. non perfect geometry ot the mirrors not tuken mnto account i the “theory’
. measurement inaccuracies

' lack of rehable information on gold reflectivity at 38 nm at grazing angle
' eventual contarmination.

The good X-ray reflectivity during all the tests and the lack of effective wea at 38 not could be an
imdhication of some molecular contwmination. due o the high penetranon of the X-ray at this energy
level This assumption s based on some studies conducted by the University of Berkeley (Cahfornia -
USA) confirnung the exiteme sensitinvity of the reflectivity 1 EUV to hvdrocarbons: a hydrocarben
faver of 05 nim could cause a 39 reflecuvity fuss wt normal incidence m EUY 160 nmy. However this
cannot be transposed easily into retlectinaty at grazimg angle The ongm of uny eventual contamination

imostly affecung EUV performance) s not vet wdentitied despite many mieasurements.
All these results obtained at Centre Spanal de Liege are detaded in references

Proc. of SPIE Vol. 10570 1057026-9
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44 X-rayv test results at MPE

The rmage quahty figures Full Width Halt Maximuom (FWHND. Halt Energy Width tHEW) gy,
Encircled Energy tWU0N ot the first Fhight Models. measured at Panter 1n Aprif-Julv 97 are
summartsed in frgure 9 und m able 2

The N-rav results of the HEW and FWHM meussurements give values almost identical 1o those
obtamed at CSL. within the measurement accuracy of the facilitn. which was not the case for the MM
QM. This confirms that the efforts made on the nurror geometry. espectaliy at the edzes und at the
intersection plane between the two sections. which are not “seen” at Panter due toats fimie source
distance. were successtul.

The (correctedy values of the
HEW obtained with the PSPC
and those obtumed with the
CCD are overall i agreement,
even at 8§ keV where the
corrections of the PSPC values
start to be rather uncertain.

The values  of the W90
measurements performed with
the CCD are better than those
obtained with the PSPC due o
the hmited size of the dewector
The PSPC has u drameter of 38
mm. equivalent  a dugneter of
980 arcsee in the focal plane.
whereas the CCD has a size ot
20 x 13 mm. which doesn’t
cover the wings of the PSF
completetv. Ax tor the EUV
tests. the improved W0 results.
compared to MM QM. confirm
that the Improvements
performed vn the mrror edges
(atfecung 0% of the mrror
surface) were successiul

FMY MM calibration
vy

FM1 MM calibration

FM2 MM calibration
WY{u)

F M2 MM caliteation

Figure 9: Close view on the tocal image of the MM FM1 and FM2
at 4.3 and K keV Conrtesy of Max Planck Instinge (Newried - Germany

Pertormunces at X-rav energy levels higher thun 8 keV oare shghtly better than at 1.3 keV due 1o the
petter quality of the iner murror shells. In figure Y. the tnungular shape of the core of the focal image

s no longer visible at high energies (above 4.5 keVo, clearhy confinning that the triangulansation i~
commyg from the owter Jarge size murrors. The shadowing structures seen in the pactures are entirelv
due o the spider spokes. The nmages in Dgure 9 and the figures in table 3. show well that the power
i the wing increases atenergies between 0.9 keV oand 6.4 ke'V while the central part does not change
siemficantiv At the ligher energies, the core and the wings get smaller. since the outer mrrors are
no Jonger contributing. due to the finite source distance and the lower reflectivity of the large nrrors.
In conclusion, the mirror seattering. which s expressed in W90 at high energies. s much better for
MALENM T and MM FM2 0180 arcsec) thun for the MM QM tmeasured at about 240 arcsec at 8 ke

Proc. of SPIE Vol. 10570 1057026-10
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[ F1 with ‘ FM1 with  CCD FM2 with FM2 with  ¢cp :

- PSPC* PSPC* .
| Energy ' HEW | W90 | HEW | FWHM W90 | HEW W90 | HEW |FWHM wag
| 093 keV | - | ‘ 153 | 9 53 WU g | 150 | 65 51 |
[ 1 Sy
15kev | 148 | 57 | 153 | e 55 | 15.7 §7 | 151 66 | s3 |
1 1 | 1 —_—

askev | 163 | 117 | 186 | en 65 | 102 138 | 158 | 73 | eo [N
! 6akev | 156 ‘ 68 | 155 | s 20 | 1886 147 \ 15.3 l 6.6 6% |
: | | |-
| 8.0 kev | 13.2 | 161 | 147 | 9.1 72 | 158 182 ‘ 14.8 66 | 6a |
==
lookev | -~ | | 1as | 77 13 | e | b . — | !

Table 2: X-ray image quality of the Flight Maodels of the Mirror Module ar best focus {in arcsec)
INE=HEW data correcied by quadratical subsiraciton of the imrmsic resoliion of the PSPC at the corresponding energyy

For the two first Flight Models. the effective area measured with full aperture illumination were
systematically 10-15% lower (13% at 1.5 keV and {0% at 8.8 keV) than the “theoretical” achievable
value. Complementary tests at Panter on MM FMZ2. with a reduced beam aperture give a more reliahle
esumate of the effective area. The area 15 very close to the specified value as shown in table 3. The
deficit observed in the full aperture test was not due to the reflectivity of the mirrors (see par 4.3}, hut
1o secondary shadowing due to the geometry of the Panter facihty (finite source distance)} with respect
o the tight nesting of XMM mirrors.

Effective area (cm?) | Effective area (cm?)

i at 1.5 keV | at 8 keV
1 Measurement 1420 i 618
f Theary 1534 | 619
[. Specification 1473 [ 380

Tabie 3: Effrcrive area measurements ai 1.5 and 8.0 keV INB: theory using Henke (81-Zombeck (837 constams) !

3- PROSPECTIVE

From a stieatific point of view. 1t i clear that the resolution of the mirrors 15 the most imporfant
parameter after collectung area. In view of the results of the first three Fhight Models. of the knowledge
pamed and ot the fow cost of the production achieved. the XMM Project hus decided to improve
turther the technology. Two extra Mirror Modules are now 1n production and the three best ones will !
be selected tor thight in 1998, tl

The conunuous effort spent on the production of the Flight Models of the XMM Mirror Modules and
the svaternatic analvsis of all the 400 mirrors produced so tar has led to an improvement of the mirror
quahty, now fargely determined by the performance ot the mandrels (HEW= 4 to 5 arcsecy.

Having produced the best mirrors from the avallabie mandrels. Media Lario has carried out tess i
reduce the shell thickness while maintaraing high opucal pertormance. The results of these activines
we very promising and the feasibility of the production ot good thin shells of 250 pun wall thickness
at a diameter of 700 mm (ie. one quarter of the thickness of @ XMM murror size | and 2) has been

Proc. of SPIE Vol. 10570 1057026-11
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demonstrated. as shown 1n the table 4. The short “learning time“(3 months) needed to tune up the
precess 1n order obtain this results should be emphasized as well. These results demonstrate that the
technology can comply with the requirements of the future X-ray missions in terms of optical
performance and mass constraints.

Mirror Mirror mass (% of l Mirrer HEW
thickness (um)  XMM mirrer mass) ‘ mass () faresec)

734 69.6 | 8302 63
TR * 67.9 | 8328 7.5
500 * 50.2 6152 7.4
300 .5 3400 166
288 4.3 2900 16.5
286 274 3231 155
240 230 286% 94

Tabie 4: 700 mm diameter uitra thin purror production tafl mirrors size 2 with exception of the ones marked
with * (size 1)}

6- CONCLUSIONS

The development of the XMM Mirror Modules 18 reaching completion. The continuous effort
undertaken under the direct management of ESA to improve the quality of the mirrors has been

successtul:

* the opuical quality of the mirrors is well below the specification und 1 kept constant. with a
production yield now exceeding 90%

. the first two MM FMs have aresolution perfarmance around 15-16 arcsec {HEW) at energies
between 0.9 keV and 10 keV. values which are consistent with the 20 arcsec in-orbit
requirement

. the third MM FM 15 under final X-ray testing at Panter and shows already good performance:
a resolution {HEW) of 13.5 arcsec at 1.5 keV and 12.5 keV at § O keV

. latest measurements on the MM @M with the EPIC p-n camera made at Panter, have also

indicated that the Mirror Module 1s akle to collect and focus sharply X-rays up to 17 keV {tew
cm”) with a resolution (HEW) around 135 arcsec

ud the production and the testing of the Fhght Models of the Mirror Module 15 going on as
planned: the spare Flight Modet will be defivered 1n March 98 for acceptance tests.

During the course of the development, several management novelties have been tntroduced by the
XMM team. The introduction of pure [SO 9000 quality management his been instrumental to master
acontinuous improvement of the quality of the mirrors. With Media Lario and all subcontractors. the
XMM team has operated a management by objectives instead of a classical management by
procedures. This has been very usetul to reduce the number of formal and less productive meetings
in favour of cooperative working sessions down in the workshop if needed. Conseguently the quantity
of formal paper reporting was also reduced in favour of actual understanding of technical tssues. This
real understanding on both contractor and ESA side helped speeding up the decision process for the
large investment needed up-front to improve the quality.

Proc. of SPIE Vol. 10570 1057026-12



ICSO 1997 Toulouse, France
International Conference on Space Optics 2 -4 December 1997

Today. we have now 1n Europe a very advanced understanding of the productien of very goed and
very thin optics. Such thin optic can be of course used for future X-ray missions. but also fer nermgy
incidence optics such as thin flexible mirrors for adaptative optic svstems. microwave high accurgey
reflectors or cavities, ;

7- ACKNOWLEDGEMENT

The XMM Mirror Modules has been developed and manutfactured enurely under ESA contract 10348
793/NL/RE »v Media Lario (Bosisio Partmi - Lecco - ltalyy. as prime contractor with the support gf:

. APCO (Vevev - Swatzerland) for the manufacturing of the structural parts and the containers
. BCV-Pregetu (Milan - Italy) tor the optical and structural analysis

. Daimler Steyr Puch (Graz - Austna) for the manufacturing ef the mirror storage containers
. Kavser Threde (Munich - Germany) for the mechanical design and the analysis.

The highly polished XMM mandrels were develeped by Zeiss (Oberkechen - Germany) under ESA
contract 10337/93/NL/MS.

All our congratulations go to the industrial team for their work. especially to Dr A. Valenzuela from
Media Lario and A, Pugin and C. Jabaudon from APCO.

Members of the Telescope Advisorv Group. Dr. B. Aschenbach and Dr. H. Briuninger from the Max
Planck Institute of Garching, Dr. P. de Korte from Space Research Organisatien Netherlands eof
Utrectit and Dr. R. Willingale frem University of Leicester as well as ESA personnel are thanked for
thetr continuous support during this programme.

The involvement and the cellaberatien of the testing teams at the Max Planck Institute under the
leadership of H Briuninger and at the Centre Spatial de Liége under the leadership of C. Jamar, with
special mention of R. Egger. J.P. Tock. I. Domken and Y. Stockman 1s greatly acknowledged.

8- REFERENCES
I J van Casteren - "NXMM. a large telescope™ - SPIE Proc. 2808, pp. 338-349, (19963

2 P Gondein. D. de Chambure, K. van Katwiik. P. Kietzkine. D. Stramaccioni. B. Aschenbach. O.
Citterio. R. Willingale - “The XMM Telescope™ - SPIE Proc. 2279, pp. 86-100. (1994)

3. D. de Chambure, R. Lainé. J. van Casteren. K. van Katwijk. P. Glaude. - “The Staws of the X-ray
Airror Production tor the XMM Spacecraft™ - SPIE Proc. 2808, pp 362-375. (1996)

4.J.P. Collette, C. Jamar - *X-Ray and Extreme Ultra-Violet Test Facility of the XMM Optics™ - [AF
- Oslo 19935

3. Y. Stockman. J-P. Collette. J.-P. Tock. D. de Chambure. P. Gondoin - “Optical Testing of XMM
Fhight Model Mirror Module 1 and 2 at the Vertucal EUV/ X-ray Facihity™ - SPIE Proc 2114, {1997).

£ R, Lamné. D de Chambure - “*XMM X-rav murror technological development™ - AAAF Symposium
on Scientitic Satellite Achievements and Prospects in Europe - Paris 1996

7. Y. Stockman. J.-P. Tock. E. Mazy. D. de Chambure. P Gondein - “X-ray and EUV
Charactenssation of  the First XMM Flight Mirror Module ™ - 3rd International Svmposium on

ke

Proc. of SPIE Vol. 10570 1057026-13




ICSO 1997 Toulouse, France
International Conference on Space Optics 2 -4 December 1997

Environmental Tesung for Space Programmes - ESTEC - Noordwijk 1997

&. B. de Chambure. R. Lainé. J. van Casteren. K. van Katwijk. P. Glaude. - “Producing the X-rav
Mirrors for ESA™s XMM Spacecraft”™ - ESA Bulletin 89, pp. 68-79. {1997)

9. D. de Chambure. R. Lainé. J. van Casteren. K. van Katwijk. P. Glaude. - "The Status of the Fhight
X-ray Murror Production for the XMM Spacecraft™ - SPIE Proc. 21141997

10. D. H. Lumb. H Eggel. R. Lainé. A. J. Peacock - “X-ray Multimirror Mission® an overview™ .
SPIE Proc. 2808, pp.326-337 . (1996)

11. J.P. Tock. J.P. Collette. Y. Stockman - “Calibratton and Upgrade of the XMM Vertical EUV/X.
ray Facithty™ - SPIE Proc. 3114, (1997)

Proc. of SPIE Vol. 10570 1057026-14



