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ABSTRACT 

ATHENA (Advanced Telescope for High-ENergy Astrophysics) is the next high-energy astrophysical mission of the 
European Space Agency. Media Lario leads an industrial and scientific team that has developed a process to align and 
integrate more than 700 silicon pore optics mirror modules into the ATHENA X-ray telescope. The process is based on 
the ultra-violet imaging at 218 nm of each mirror module on the focal plane of a 12 m focal length optical bench. 
Specifically, the position of the centroid of the point spread function produced by each mirror module when illuminated 
by a collimated plane is used to align each mirror module. Experimental integration tests and correlation with X-ray 
measurement at the PANTER test facility in Münich have demonstrated that this process meets the accuracy 
requirement. This technique allows arbitrary integration sequence and mirror module exchangeability. Moreover, it 
enables monitoring the telescope point spread function during the integration phase. 

Keywords: X-ray optics, X-ray telescopes, ATHENA, Silicon Pore Optics, Integration, Optical Alignment. 
 

1. INTRODUCTION 
The ATHENA (Advanced Telescope for High-ENergy Astrophysics) mission [1]-[3] of the European Space Agency is 
based on an X-ray telescope with a focal length of 12 m and an angular resolution of 5 arcsec half energy width (HEW). 
The telescope consists in a 2.5 m circular supporting structure on which about 700 Silicon pore optics (SPO) mirror 
modules (MM) [4] are integrated. Media Lario and a scientific and industrial team composed by ADS International, 
BCV Progetti, Cosine, INAF-OAB, and TAS-I have developed the process for the alignment and assembly of the 700 
MMs into the ATHENA telescope within the 1.5 arcsec (1 arcsec goal) [5] error budget allocated for integration. The 
process has the following distinguishing characteristics: 

• implementation in standard ISO 5/6 cleanroom (no vacuum infrastructure needed); 
• integration of 2 MMs per day, equivalent to 2-year total integration time for the entire telescope; 
• arbitrary integration sequence of the 700 MMs; 
• option to remove, re-align, or replace any MM in any integration sequence scenario; 
• full-telescope illumination, to monitor the optical performance during integration; 
• easy telescope dismount/realign procedures for intermediate tests at X-ray facilities.    

The alignment and integration concept consists in using a vertical optical bench to capture the focal plane image of each 
SPO MM while illuminated by a reference plane wave at a wavelength of 218 nm. The light emitted by the UV source is 
reflected by a parabolic mirror to generate a beam collimated to better than 95 km, thus simulating illumination from 
deep  

 
giuseppe.valsecchi@medialario.com; phone +39 031 867111; medialario.com 

Space Telescopes and Instrumentation 2018: Ultraviolet to Gamma Ray, edited by Jan-Willem A. den Herder,
Shouleh Nikzad, Kazuhiro Nakazawa, Proc. of SPIE Vol. 10699, 106990Z · © 2018 SPIE

CCC code: 0277-786X/18/$18 · doi: 10.1117/12.2309925

Proc. of SPIE Vol. 10699  106990Z-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11/19/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



space. The M
spread functi
information i

The simplicit
the position 
simulations a
extended to s
Beppo-SAX t

In this paper,
on a mock up
and X-ray at t

The optical b
Energetiq Te
collimator thr
parabolic mir
MM on a CC
The source p
1024×1024 sq
µm correspon

A robotic dev
been designed
at their respe
range limited
allowed us to
provide: 

• fine 
• acce
• mag
• nativ

 

Figure 1. 

MM focuses the
ion (PSF) is 
s then used gu

ty, precision, a
of its centroi
and confirmed
silicon pore o
to XMM-New

, we describe 
p structure in 
the PANTER 

bench is sche
echnology Inc
rough a 50 µm
rror into a pla

CD at 12 m. T
ower in this b
quare pixels o
nding to 0.45 a

vice manipula
d and realized
ctive location

d to a small ar
o exercise and

positioning an
essibility in the
netic pick-and
ve RX and RY 

Schematic illus

e collimated b
processed in

uide the robot

and accuracy 
d are 1:1 pro
d by X-ray m

optics the prov
wton and eRO

in detail the i
which 2 MM
test facility a

2

ematically sho
c., with a div
m pinhole, wh
ane wave, coll
he broadband

bandwidth is o
of 13 µm in sid
arcsec over th

ates the MM 
d to validate th
ns across the e
rea. However
d test the cap

nd orientation
e narrow gaps
d-place of any
(rotation arou

 
stration of the a

beam onto a C
n real time to
-assisted align

of this proces
oxies of the a
measurements
ven mirror mo
SITA [7]. 

integration pro
Ms have been a

re also reporte

2. INTEG

own in Figur
erging beam 
hich correspo
limated better

d light is filter
of the order o
de. We use a 2

he focal length

over the mirr
he concept of
entire X-ray te
r, all the featu
abilities of th

n of any MM o
s between MM
y MM designs
und X and Y a

alignment setup 

CCD camera p
o calculate th
nment sequenc

s is based upo
actual X-ray i
 at the PANT
odules integra

ocedure and t
assembled. Th
ed. 

GRATION

re 1, left. The
that illumina

onds to a 4.5 a
r than 45 km. 
red at the foca
f few nanowa
2×2 pixels bin
h of 12 m.  

ror structure i
f semi-automa
elescope. In th
ures of the ma
he device. In i

of any row an
Ms of different
s, i.e. different
axis) fine-align

for the MM (le

placed at the 1
he centroid p
ce. 

on the fact tha
intensity and 
TER test faci
ation heritage

the results on 
he correlation

FACILIT

e light source
tes a 2 m foc
arcsec at the f
The incident

al plane by a 2
att. The CCD 
nning strategy

in all 6 degre
atic loading, p
his project, th
achine are rep
its full-scale i

d azimuth; 
t rows; 
t sizes for diff
nment capabil

eft) and a pictur

2 m focal pos
position and 

at the intensity
centroid posi

ility [6] in M
e used in all m

the integratio
n between the 

TY  

e is a broadb
cal length, 78
focal plane. T
t plane wave i
20 nm bandpa
camera, from

y, resulting in 

ees of freedom
placement, and
he handler has
presentative o
implementatio

ferent rows; 
lity; 

re of the actual 

sition and the a
intensity par

y of the UV fo
ition. This is 

Münich. De fa
major X-ray m

on demonstrati
measurement

band incohere
80 mm diame
The light is re
is then focuse
ass filter centr

m Princeton Ins
an effective p

m. This roboti
d fine alignme
 been realized
f a full-scale 
on, the roboti

optical bench (

acquired poin
rameters. This

ocal image and
supported by

acto, we have
missions, from

ion performed
ts done at UV

ent lamp from
eter, parabolic
eflected by the
ed by the SPO
red at 218 nm
struments, has

pixel size of 26

ic handler has
ent of the MM
d with a trave
unit and have
c handler wil

(right). 

nt 
s 

d 
y 
e 

m 

d 
V 

m 
c 
e 

O 
m. 

s 
6 

s 
M 
el 
e 
ll 

Proc. of SPIE Vol. 10699  106990Z-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11/19/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

Figure 2. 

The robotic h
its six degre
recirculating 
steerable 360

RX (azimuth)
module. RX i
spring agains
actuator. The
platform feat
projected far 

The SPO mir
0.83 mm × 0
grazing incid
arcsec [8]. Th
different row
where the azi
perfect match

Figure 3. 
logarithm

The robotic ha

handler is mou
es of freedom
ball screws d
° rotator mou

) and RY (rad
s created by a
st a stepper li
e linear actuat
turing two gu
beyond the ph

3. MIR

rror module co
.83 mm (typic

dence focusing
he optical path

ws, so that the 
imuth directio
h, as shown in

Simulated (left
mic scale). 

andler mounted

unted on the o
m, as detailed
driven by step
nted on a cust

ius) are more
a set of proper
inear actuator
tor produces 
uiding arches 
hysical mecha

RROR MO

onsists of two
cal). The stack
g system. The
h is the same f
interference o

on correspond
n Figure 3. 

) and measured

d on the optical

optical bench a
d in the tabl
pper motors. T
tom worm-wh

e complex bec
rly arranged f
. The pre-load
a rotation abo
with a uniqu

anical stage. 

ODULE A

o silicon plate 
ks are arrange
e illumination
for all the por
occurring amo
s to the horizo

d (right) diffract

Positioning

X translation

Y translation

Z translation

X rotation 

Y rotation 

Z rotation 

 

l bench (left) an

as shown in F
e. The X, Y
The rotation R
heel coupled to

cause they oc
flexures so tha
ding force co
out the virtua
ue axis of ro

ALIGNME

stacks, each w
ed in Wolter-l

at 218 nm cr
res of each row
ong the rays o
ontal direction

 
tion patterns fro

R

n ±1

n −25 ÷

12

3

 

nd positioning r

igure 2 and pr
, Z axis are 
RZ around the
o a precision a

cur around a 
at the stage ho
overs about on
al pivot axis. R
otation. This 

ENT AND 

with an array 
like configura
reates a diffra
w over the ent
of each row cr
n on the page.

om MM with 21

Range A

00 mm 

÷ +90 mm 

20 mm 

± 2° 

± 2° 

360° 

 

range and adjus

rovides accura
controlled by

e optical axis 
and ultra-thin-

virtual pivot 
olding the MM
ne half of the
RY is achieve
approach pro

INTEGRA

of square cha
ation, each por
action pattern 
tire 360° azim
reates the diff
. Simulated an

 
18 nm illumina

Adjustment s

±0.5 µm 

±0.5 µm 

±0.5 µm 

±2 arcsec 

±2 arcsec 

±0.5 arcsec

tment steps (rig

ate control of 
y seven linea
Z is controll

-section bearin

in the centre
M is pre-loade
e force budget
ed by means 
oduces a stiff

RATION  

annels (or por
re being a dou
with a period

muth, whereas 
fraction patter
nd measured i

ation (images w

step 

c 

ght). 

the MM in al
ar stages with
ed by a fully
ng. 

 of the mirror
ed by a centra
t of the linear
of a swinging

f rotation axis

res) measuring
uble-reflection
d of  λ/d ≅ 54
it changes for

rn of Figure 3
mages show a

ith 

l 
h 
-

r 
al 
r 
g 
s 

g 
n 
4 
r 
, 
a 

Proc. of SPIE Vol. 10699  106990Z-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11/19/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Figure 4. 

3.1. Ali

The MM alig
illustrated in 
image acquire

• max
• the p
• mech

The robotic h
handler holds
brackets (two
step of the pr
maximum. A
count) are plo
that is the pos

The second s
displacement 
the slot holes
coordinate of
the MM is ex

Figure 5. 

1

1

1

1

1

1

1

U
V 

In
te

ns
ity

 (M
-c

ou
nt

s)

Flexures of the

ignment an

gnment consis
Figure 1. Th

ed by the CCD

ximization of p
position of the
hanical refere

handler is use
s the MM w
o flanges attac
rocess is the a

A series of ima
otted as funct
sition with mi

tep is the alig
t of the centro
s of the MM b
f the CCD. Th
xactly at the ce

Tip (RX) and ti

14000

14200

14400

14600

14800

15000

15200

0 50

y
(

)

 robotic handle

nd integrati

ts of three ste
he alignment 
D camera [9]: 

photon count, 
e image centro
ence, for displa

ed to move an
ith two calibr
ched to the M
alignment of t
ages are acqui
tion of the tip
inimum vignet

gnment of the 
oid. First, the X
bracket. Then
his step ends w
entre of the fo

lt (RY) alignme
0 100 150

er holding the M

ion sequen

eps that determ
is guided by 
 

for rotation R
oid, for rotatio
acement ΔZ a

nd align the M
rated flexures

MM for handli
the MM in tip
red at differen

p/tilt values (F
tting. 

MM in rotatio
X position of 

n the MM is r
with the align

ocal plane, as s

ent optimization
200 250Rx (a

MM from the br

nce 

mine the best o
specific para

RX and RY arou
on RZ around Z
along the optic

MM over the
s that have th
ing and integr
p (RX) and ti
nt tip/tilt posit
Figure 5). The

on (RZ) and a
f the MM is se
rotated around
nment of the M
shown in Figu

n of the MM. 

rcsec)
14600

14700

14800

14900

15000

15100

15200

U
V 

In
te

ns
ity

 (M
-c

ou
nt

s)

ackets through 

orientation of 
ameters calcul

und X and Y, 
Z and displace
cal axis Z. 

e correct posit
hree small m
ration), as sho
ilt (RY) until 
tions of the M
e best tip/tilt p

zimuthal posi
et so that the 
d the Z axis u
MM in the azi
ure 6. 

0

0

0

0

0

0

0

0 50

small magnets.

f the MM in al
lated from the

respectively; 
ements ΔX an

tion of the m
agnets to hol

own in Figure
the intensity 

MM and their i
position is at 

ition (ΔX), wh
dowel pins ar

until the centr
imuthal positi

100 150 20

 
. 

ll its six degre
e 218 nm MM

nd ΔY along X

mirror structure
ld the MM fr
e 4. In more d
of the focal p
intensity value
the maximum

hich cause exc
re approximat
roid is aligned
ion ΔY until t

00 250Ry (arcs

ees of freedom
M focal plane

X and Y; 

e. The robotic
rom the Invar
detail, the firs
plane image is
es (i.e. photon

m of each plot

clusively an X
tely centred in
d to the X = 0
the centroid o

 
sec)

m 
e 

c 
r 
t 
s 
n 
t, 

X 
n 
0 
f 

Proc. of SPIE Vol. 10699  106990Z-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11/19/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Figure 6. 

The vertical 
surface and th
determine the
accurate enou

After alignm
previously be
mirror structu
slot holes of t
mm, sufficien
corresponding
grounding ch

The top part 
While the MM
in the channe
adhesive has 
the alignmen
bench. After 

3.2. Co

To confirm th
centroids at o
Agency and C
its width with
are co-focal a

Figure 7. 

PSF image (lef

alignment (Δ
hen it is raised
e mechanical 
ugh since the H

ent, the MM 
een bonded to
ure (Figure 7)
the MM brack
nt for the align
g area of the

heck ensures th

of the dowel
M is held in it
el to fill, by ca
the right visc

nt during the 
curing, the rob

omparison b

hat the UV ce
our optical be
Cosine, and it
h a constant 1
and their profi

Interface area b

ft) and area for c

ΔZ) is adjusted
d by 100 µm. 
contact betw

HEW is insen

is finally inte
o the mirror s
). After alignm
kets. The later
nment range o
e brackets is 
hat there is no

 pins has a 0
ts alignmed p
apillary action
osity for an ef
16 h, room-t
botic handler 

between ul

entroid is a 1:
ench and at th
t consists of p
1 mm pitch, so
ile is wedged, 

between the bra

centroid calcula

d with mecha
An electric gr

ween the brack
nsitive to the v

egrated by ad
tructure. The 

ment, the MM
ral clearance b
of the MM. Th
0.1-0.2 mm, 

o mechanical c

.8 mm chann
osition by the

n, the gap betw
ffective capill
temperature c
is detached fr

ltraviolet an

:1 proxy of th
he PANTER
arabolic-hype
o that the por
hence the inc

ackets and dowe

ation (right) of 

anical referen
rounding chec
kets and the 

vertical positio

dhesive to the 
dowel pins a

M is in a positio
between the do
he vertical cle
which is the

contact betwee

el with two o
e robotic hand
ween the brac
lary flow. Mo
curing process
rom the MM a

nd x-ray m

he correspondi
test facility. 

erbolic stacks 
res measure 0.
cidence angle 

    
el pins (left) and

     
aligned MM. 

nce. First the 
ck between th
dowel pins. T

on of the MM.

mirror struct
act as mechan
on in which th
owel pins and
arance betwee

e bonding are
en the bracket

orifices in cor
dler, a controll
cket and the fl
reover, its low
s, as we have
and available f

measuremen

ing X-ray cen
The MM has
with 34 plate
.83 mm in wi
increases by 2

d injection of th

MM is lower
he MM and the
This mechani
. 

ture through t
nical interface
he top heads o

d the brackets h
en the flat she
ea for the MM
ts and the dow

rrespondence 
led amount of
lat shelf of the
w-shrinkage ch
e experimenta
for the next M

nts of singl

ntroid, we ext
s been provid
s. The MM ha
idth and 0.606
2.1 arcsec from

he epoxy adhes

red to touch t
e mirror struc
ical alignment

the dowel pin
s between the
of the dowel p
holes is appro

elf of the dowe
M integration
wel pins. 

of the flat sh
f epoxy adhes
e pin (Figure 
haracteristics 
ally verified o

MM alignment

e mirror m

tensively char
ded by the Eu
as 65 pores di
6 mm in heigh
m one plate to

 
ive (right). 

the dowel pin
cture is used to
t procedure is

s, which have
e MM and the
pins are in the
oximately 0.25
el pins and the

n. The electric

elf of the pin
sive is injected
7). The epoxy
do not impac
on the optica
t. 

modules 

acterized both
uropean Space
istributed over
ht.  The plates
o the next. 

n 
o 
s 

e 
e 
e 
5 
e 
c 

n. 
d 
y 
t 

al 

h 
e 
r 
s 

Proc. of SPIE Vol. 10699  106990Z-5
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11/19/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



rcsec X position (arcsec) vs.
azimuthal )mm)5.00 position

0.00

3.00

2.00

1.00

000 dr 0 10 ZO 301-00-30
mm2.00

300

3.00
IN

Xfa/
5.00

-6.W

7.00

-B00

9.00

artsec

500

0.00

100

LOO

LOO

000

LOO -

ZOD

3.0)

AO)

SOD

-DOD

7.00

BOO

-9.OD

10Áp

Y position (arcsec) vs.
azimuthal position (mm)

 
Figure 8. Comparison of UV and X-ray centroid position. 

Focal plane images have been acquired for twenty separate MM sections along the azimuthal direction, and the 
corresponding centroids have been calculated from the main lobe of the diffraction pattern. The same measurements 
have been repeated at the PANTER test facility at 1.49 keV (Aluminum kα line). The correlation between UV and X-ray 
metrology has been verified by plotting the azimuthal (horizontal) and radial (vertical) centroid shifts as a function of the 
position of the illuminated MM section (Figure 8). The standard deviation of the position difference of the UV and X-ray 
centroids is 0.38 arcsec along azimuth and 0.61 arcsec along radius against an allocated budget of 0.25 arcsec. The result 
is promising, and there is ample margin of improvement in the measurement setups, as follows: 

• the UV measurement illuminated the entire MM, whereas only about 50% of each pore was illuminated at X-
ray because of the finite source distance (120 m);  

• after this test campaign, the optical bench has been improved with more powerful (15x) and more stable (25x) 
UV source, a more efficient CCD camera, and higher efficiency mirror coating;  

• the MM test vehicle was an initial experimental unit with HEW of 15-40 arcsec, whereas much better MMs are 
expected for the flight phase. 

4. ALIGNMENT ERROR BUDGET 

4.1. Error budget of alignment of single mirror module  

The robustness of the alignment procedure is supported by extensive ray-tracing simulations at X-ray and UV 
wavelengths. The main driver for the definition of the alignment metrology and procedure and for the design of the 
telescope structure is the error budget for the angular resolution of the ATHENA telescope, as set by the Agency (Table 
1). The integration of about 700 MMs has a total allocated error budget of 1.5 arcsec (goal 1 arcsec). We have further 
broken this global error value into specifications for a single MM, which has then become the main performance driver 
for the metrology and integration process. We have assumed the following simplified one-dimensional model: 

1. all MMs have the same PSF on the telescope focal plane; 
2. the PSF of each MM is described by a one-dimensional Gaussian function; 
3. the effective area is the same for all MMs; 
4. the distribution of the alignment error is a one-dimensional Gaussian function. 

Table 1. HEW error budget for the ATHENA telescope. 

HEW telescope error budget Requirement [arcsec] Goal [arcsec] 
Mirror Module 4.3 2.5 
Alignment and integration 1.5 1.0 
Distortions 1.5 1.0 
Spacecraft related 1.0 0.5 
Margin 1.0 0.5 
Root Square Sum 5.0 3.0 
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Table 2. Ray-tracing simulation of the telescope HEW using a 2D Gaussian distribution of the centroids position errors. 

HEW of individual MM 
[arcsec] 

1σ MM integration error 
[arcsec] 

HEW of the telescope  
[arcsec] 

3.5 
1 3.9  
2 4.3  

4 
1 4.4  
2 5.1 

The effect of the MMs alignment errors is simulated by the centroid shift of each MM, described with a one-dimensional 
Gaussian distribution with standard deviation ߪ. The total PSF is the convolution of the PSF of the MMs with their 
centroid shifts, both described by one-dimensional Gaussian distributions. The convolution is also a Gaussian function 
with variance equal to the sum of the variances of the two original Gaussian functions. Therefore, the HEW of the entire 
telescope is given by HEW୔୭୮୳୪ୟ୲୧୭୬ = ටHEW୑୑ଶ + (1.349σୡୣ୬୲୰୭୧ୢୱ)ଶ 

where 1.349 is the ratio between the HEW and the standard deviation for a one-dimensional Gaussian function. Since the 
goal for the HEW of each MM is 2.5 arcsec and 1 arcsec is allocated in quadrature for the MMs alignment and 
integration error, the HEW of the entire integrated MM population is 2.7 arcsec. Consequently, the ߪ of the distribution 
of the centroids after integration must be smaller than σୡୣ୬୲୰୭୧ୢୱ ≤ 11.349ටHEW୔୭୮୳୪ୟ୲୧୭୬ଶ − HEW୑୑ଶ = 11.349 = 0.74	arcsec 
Therefore, 0.74 arcsec is the error budget (standard deviation) allocated for the alignment of each individual MM in 
order to meet the 1 arcsec error budget goal for the entire population of ≈700 MMs. To further support our analysis, we 
have verified the one-dimensional assumption 4 above by raytracing of two-dimensional Gaussian distribution of the 
position errors of the centroids. The results (Table 2) closely match the simplified approach. 

Table 3. Sub-system integration error budget for the demonstrator and for the FM (X, Y, Z correspond to azimuthal, radial 
and optical axis coordinates). 

Sub System  Parameter Demonstrator Flight module 
Telescope 
integration 

HEW < 1.5 arcsec < 1.5 arcsec 

Effective area loss < 5% < 1% 

MM accuracy Accuracy of MM focal length < 5 mm < 1.5 ÷ 2.5 mm 
 X and Y alignment accuracy of brackets < 0.5 mm < 0.5 mm 

MM alignment Maximum X and Y errors  < 12 µm < 12 µm 

Maximum RX error < 100 arcsec < 10 ÷ 30 arcsec 
 Maximum RY error < 400 arcsec < 30 ÷ 120 arcsec 

Optical bench Collimation of UV illumination beam > 41 km > 95 km 
 Collimation stability  > 41 km > 1500 km 
 Z position accuracy of the source < 160 µm < 380 µm 
 Z position stability of the source < 160 µm < 23 µm 
 Z position accuracy of the CCD camera < 3.5 mm < 1.5 mm 
 Z position stability of the CCD camera < 3.5 mm < 93 µm 
 RZ stability during curing < 3.2 arcsec < 1.5 ÷ 9 arcsec 
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Figure 9. Demonstrator design (left) and build (centre, right) with two SPO MMs aligned and integrated on the mirror 
structure element. 

4.2. Subsystem and component level specifications 

A set of lower level specifications for the main subsystems and components has been derived from the high-level 
telescope requirements. They include the alignment tolerance of the mirror modules, the accuracy and stability of the 
optical bench and the optical performance of the mirror modules. This set of requirements is summarized in Table 3 for 
both the demonstrator and, preliminarily, the flight module. 

5. INTEGRATION DEMONSTRATOR  
This alignment and integration process and its associated metrology and facility have been experimentally verified on a 
representative ATHENA telescope demonstrator. The demonstrator consists of two SPO MMs integrated in a mirror 
structure element (MSE) that is an exact cut-out of row 8 of the ATHENA telescope mirror structure (Figure 9). The 
MSE is made of Titanium and can accommodate up to three MMs spaced by 7.25° in azimuth. The MSE is fixed to an 
additional support by means of three flexures so that it can be shaken and thermal tested so that the MMs are loaded with 
the typical ATHENA mission loads. First, we have aligned and bonded MMs #0025 and #0027 in the MSE, followed by 
X-ray tests at PANTER. Then we have removed, re-aligned and re-integrated the MM #0025 to demonstrate that our 
process allows the removal and replacement of any MMs at any telescope population stage. The demonstrator has then 
been again tested at PANTER. 

The measurements at the PANTER test facility in Münich has been performed at 1.49 keV to confirm the achieved 
alignment tolerance. The main objective of the test is the alignment and integration of the MMs at the x-FWHM (i.e. 
azimuthal FWHM) focal length, where the transversal PSF performance is only few arcseconds. This decision has been 
taken after analyzing the X-ray characterization of the individual MMs done at the X-ray beam line of the Bessy II 
facility [10]. In fact, both MMs have best transversal PSF at a focal length of 11,963 mm, instead of the nominal 12,000 
mm, whereas the best HEW was considerably larger than the FWHM and with a focal length 50-60 mm shorter. HEW 
and FWHM measured at the nominal focal length are shown in Table 4. 

Figure 10 shows the UV and X-ray images of the resulting PSF, with clearly visible overlapped centroids. Figure 11 
shows the X-ray HEW (top), x-FWHM (middle) and the centroid distance (bottom), all plotted against the focal distance.  

   
Figure 10. Demonstrator PSF at 218 nm (left) and at 1.49 keV at intra, nominal, and extra focal positions (right). 
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Figure 11. From top to bottom, X-ray HEW, x-FWHM (azimuthal), and distance between the two centroids plotted as a function 
of the focal distance. 

In particular, the bottom graph of Figure 11 showing the difference between the positions of the two MM centroids 
plotted as a function of the focal distance, confirms that the two MMs have been integrated at their best focal distance of 
11,963 mm where the distance between the centroids’ positions is the smallest. This difference is 7 µm in X and 36 µm 
in Y, for a total distance of. 36.6 µm. Since at PANTER the optics is positioned at the finite distance of 120 m from the 
point source, the effective focal length of the MMs increases from the nominal 11,963 mm to 13,270 mm. Consequently, 
the position difference of 36.6 µm between the centroids of the 2 MMs corresponds to 0.57 arcsec, well within the 
allocated budget of 0.74 arcsec discussed in Section 4.  

Finally, it should be underlined that MM #0025 has been disassembled from the MSE, cleaned, re-aligned, and bonded 
again to the same housing of the MSE, as per agreed test plan, without any optical degradation or variation, thus 
demonstrating the remove-and-replace capability of MMs of the integration process. 

Table 4. FWHM results of the 2-MM Integration Demonstrator. 

Optical element Focal length FWHM HEW 
MM #0025 11,963 mm 1.4 arcsec 19.3 arcsec 
MM #0027 11,963 mm 1.6 arcsec 17.5 arcsec 
MM #0025 + MM #0027 11,963 mm 2.0 arcsec 18.1 arcsec 
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6. CONCLUSIONS 
Media Lario and the team of scientific and industrial partners have developed the process for the alignment and 
integration of about 700 silicon pore optics mirror modules in the 2.5 m diameter structure of the X-ray ATHENA 
telescope.  

The process has been implemented at the Medial Lario 12 m focal length optical bench and a representative 
demonstrator with two silicon pore optics mirror modules has been successfully integrated. The distance between the 
position of the centroids of the two mirror modules measured at X-ray wavelength at the PANTER test facility is 0.57 
arcsec, with no changes after removal and re-integration of one MM. This is well within the 0.74 arcsec goal derived, for 
each individual MM alignment, from the overall telescope alignment and integration budget of 1 arcsec. 
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