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Manufacturing	
  techniques	
  u,lized	
  so	
  far	
  
1.  Classical precision optical polishing and grinding 

Projects:     Einstein, Rosat, Chandra 	
  
Advantages:  superb	
  angular	
  resolu-on	
  
Drawbacks:   high	
  mirror	
  walls	
  è	
  è	
  small	
  number	
  of	
  nested	
  
mirror	
  shells,	
  high	
  mass,	
  high	
  cost	
  process 

2.  Replication 
Projects:    EXOSAT, SAX, JET-X/Swift, XMM, ABRIXAS (è	
  
examples	
  follow	
  herea9er) 
Advantages: good	
  angular	
  resolu-on,	
  high	
  mirror	
  “nes-ng”	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  
the	
  same	
  mandrels	
  for	
  many	
  modules	
  
Drawbacks: rela-vely	
  high	
  cost	
  process;	
  high	
  mass/geom.	
  area	
  	
  
ra-o	
  (if	
  Ni	
  is	
  used).	
  	
  

3.  “Thin foil mirrors” 
Projects: BBXRT, ASCA, SODART, ASTRO-E  
Advantages: high	
  mirror	
  “nes-ng”	
  possibility,	
  low	
  mass/geom.	
  area	
  
ra-o	
  (the	
  foils	
  are	
  made	
  of	
  Al),	
  cheap	
  process	
  	
  
Drawbacks: un-l	
  now	
  low	
  imaging	
  resolu-ons	
  (1-­‐3	
  arcmin)	
  

Credits:	
  NASA	
  

Credits:	
  ESA	
  

Credits:	
  ISAS	
  19/04/2016	
   IAXO	
  Workshop	
  



Replica,on	
  methods	
  

•  Ni electroforming 
replication (SAX, JET-
X/Swift, XMM, 
ABRIXAS, E-Rosita…) 

•  epoxy replication: 
EXOSAT (Be), 
WFXT (Alumina & 
SiC prototypes) 

19/04/2016	
   IAXO	
  Workshop	
  



Italian“replicaMon	
  by	
  electroforming”	
  technology	
  has	
  enabled	
  almost	
  all	
  X-­‐ray	
  
observatory	
  missions	
  of	
  the	
  last	
  20	
  years	
  with	
  high-­‐precision	
  nickel	
  mirrors	
  

Beppo	
  SAX	
  (ASI)	
   JET-­‐X	
  →	
  SWIFT	
  (NASA-­‐ASI)	
   XMM	
  (ESA)	
  
The	
  most	
  powerful	
  X-­‐ray	
  

telescope	
  ever	
  built	
  

ASI-­‐sponsored	
  
technology	
  

development	
  for	
  
NHXM	
  

EROSITA	
  (MPE)	
  

1995	
   1999	
   2013	
  2010	
  1993	
  

•  4	
  mirror	
  modules	
  
•  30	
  mirrors/module	
  
•  Thickness:	
  0.4-­‐2	
  

mm	
  
•  HEW@1,5keV:	
  	
  60	
  “	
  

•  1	
  mirror	
  module	
  
•  12	
  mirrors/module	
  
•  Thickness:	
  0.4-­‐1.5	
  

mm	
  
•  HEW@1,5keV:	
  	
  15	
  “	
  

•  3	
  mirror	
  modules	
  
•  58	
  mirrors/module	
  
•  Thickness:	
  0.5-­‐1	
  

mm	
  
•  HEW@1,5keV:	
  13”	
  

•  New	
  mandrel	
  
manufacturing	
  
technology	
  

•  Aperiodic	
  mulMlayer	
  
for	
  hard-­‐X	
  ray	
  
reflecMon	
  

•  7	
  mirror	
  modules	
  
•  54	
  mirrors/module	
  
•  Thickness:	
  0.2-­‐0.5	
  mm	
  
•  HEW@1,5keV:	
  	
  14”	
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Proposed	
  mirror	
  design	
  in	
  Nickel	
  for	
  XIPE	
  mirrors	
  

•  3-­‐mirror	
  modules	
  with	
  
FL=3.5	
  m	
  	
  

•  27	
  shells	
  with	
  the	
  same	
  	
  
thickness	
  as	
  for	
  NHXM	
  
(250	
  microns,	
  max)	
  	
  -­‐	
  12	
  
mandrels	
  already	
  
available	
  

•  diameters	
  min=183	
  mm,	
  
max=400	
  mm	
  

•  Electroformed	
  in	
  Ni	
  (or	
  
NiCo)	
  with	
  Ir+C	
  coa,ng	
  

•  Total	
  weight	
  of	
  1	
  MM	
  is	
  
~40	
  kg	
  (shells	
  30kg,	
  30%	
  
structure,	
  total	
  for	
  
3MM=120	
  kg)	
  

•  HPD	
  :	
  15	
  arcsec	
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Measured	
  values	
  
@0.93keV	
  
With	
  TRoPIC	
  	
  

WFXT	
  prototype	
  2011:	
  direct	
  polishing	
  approach	
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Panter measurements: WFXT vs eROSITA 

 

 

eROSITA
WFXT Shell Dec. 2011 Measured
WFXT Shell June 2012 Expected
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Ribs	
  

Parabola	
  
plates	
  

Iperbole	
  
plates	
  

Backplanes	
  

X-­‐Ray	
  OpMcal	
  Unit	
  (XOU)	
  

 

	
  3.8m	
  

Flight	
  Mirror	
  Assembly	
  

Glass	
  D263T	
  
200mmx200mm	
  x0.4mm	
  

Slumped	
  Glass	
  Op,cs	
  (SGO)	
  

IXO	
  backup	
  technology	
  
op,cs	
  (ESA	
  contract)	
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Tim
e 

Now 

Goal	
  of	
  the	
  
study	
  :	
  To	
  

demonstrate	
  the	
  
feasibility	
  of	
  

large	
  segmented	
  	
  
X-­‐ray	
  opMcs	
  
having	
  high	
  
angular	
  

resoluMon	
  

Sep. 2009 
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Two mirror accommodation scenarios were investigated: 

x Sub-dividing the entire mirror assembly into eight petals (can also be six petals) 

x Single spoke wheel 

Both solutions are outlined in the following figures. In general the solution with a single spoke wheel 
is preferred for the following reasons: 

x The structure is more compact and the overall mass is lower 

x The stiffness is higher 

x There are less interfaces to be controlled and aligned 

The dis-advantage is seen in the handling of a larger and heavier structure but being not considered 
critical 

 

Mirror assembly composed of eight equal petals 

 
 

Kommentiert [JE2]: Shall we go to the 6-petal version in 
accordance with the ESA suggestion? 

15 

4.5 Thermal Control 
The mirror assembly has a large aperture radiating heat to space. Without active heating the mirrors 
will cool down to temperatures of -50°C to -100°C. Accurate thermal control of the individual mirror 
modules is needed to prevent performance degradation due to thermo-elastic distortion. In addition 
the temperature change must even be limited in non-operational cases due to excessive thermo-
elastic stress. Thermal control of the mirrors comprises passive and active means as follows: 

x The mirror module will be heated using thermo-foil heaters or embedded heater wires 

x The mirror module will be thermally de-coupled from deep space and all cold parts and 
surfaces in the vicinity of the mirror module.  

x All parts will be covered by MLI except the aperture.  

For heating of the mirrors there are two preferred options: 

x Heating of the innermost and outermost shells of the thermal baffle using thermo-foil heaters 
and additional heating of the mid plane. This solution is simpler but requires higher heater 
power. 

x Heating of each baffle shell by means of embedded heater wires. This solution provides a 
better distribution of the heating and need less power but requires special glass shells with 
embedded heater wires to avoid obscuration of the aperture.  

Both solutions have been checked with respect to performance, power budget and image error and 
were found being acceptable. 

 

Typical mirror module 
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S,ll	
  on	
  going…	
  Athena	
  like	
  missions	
  with	
  glass	
  

Mid-­‐planes	
  
Ribs	
  

Iperbole	
  
plates	
  

Parabola	
  
plates	
  

	
  2.5	
  m	
  



Parabolic	
  secMons	
  
Hyperbolic	
  secMons	
  

Spacers:	
  Ribs	
  
Glass:	
  200x200x0.4mm	
  
Ribs:	
  194x2x2.8mm	
  
D263,	
  AF32,	
  Eagle	
  
BK7,	
  Borofloat	
  
MasterBond	
  EP30-­‐02	
  

SGO:	
  x-­‐ray	
  op,cal	
  unit	
  details	
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SGO:	
  OAB	
  present	
  approach	
  

Cold	
  
slumping	
  for	
  

plates	
  
shaping	
  to	
  
Wolter	
  I	
  &	
  
alignement	
  

Hot	
  slumping	
  
with	
  acMve	
  
pressure	
  to	
  

produce	
  
cylindrical	
  

glass	
  plates	
  

Forming	
  molds	
   Slumping	
  process	
  	
   Result	
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3D	
  Typical	
  shape	
  of	
  the	
  last	
  serie	
  Eagle	
  
slumped	
  glass	
  	
  	
  

SGO:	
  Slumping	
  results	
  

Cylinder	
  1m	
  radius	
  of	
  curvature	
  
200	
  mm	
  x	
  200	
  mm	
  x	
  0.4mm	
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Glass	
  fixed	
  	
  
To	
  the	
  mould	
  	
  

Ribs	
  aligned	
  on	
  the	
  glass	
  
And	
  glue	
  dispensed	
  	
  

Ribs	
  glued	
  to	
  backplane	
  	
  

Backplane	
  with	
  
ribs	
  glued	
  to	
  
glass	
  fixed	
  on	
  
mould	
  

Glass	
  plate	
  has	
  the	
  SAME	
  SHAPE	
  
of	
  the	
  mould	
  

Glass	
  plate	
  shape	
  is	
  FROZEN	
  
with	
  ribs	
  

The	
  mould	
  can	
  be	
  taken	
  as	
  a	
  
REFERENCE	
  

SGO:	
  Mould	
  integra,on	
  approach	
  



BEFORE	
   AFTER	
  

SIMULATIONS:	
  theoreMcal	
  mold	
  +	
  perfect	
  integraMon	
  

Integra,on	
  correc,ve	
  capabili,es	
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Integrated	
  sample	
  results	
  

IntegraMon	
  error:	
  0’’-­‐5’’	
  	
  à	
  TO	
  BE	
  IMPROVED:	
  
-­‐  Slumping	
  figure	
  error	
  
-­‐  Slumping	
  set-­‐up	
  cleaning	
  
-­‐  IntegraMon	
  set-­‐up	
  cleaning	
  
-­‐  IntegraMon	
  mold	
  figure	
  error	
  correcMon	
  (@OAB	
  with	
  ion	
  beam	
  figuring)	
  to	
  reach	
  1-­‐2’’	
  HEW.	
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Coa,ng	
  of	
  segments	
  

Au	
  
evaporated	
  
coaMng	
  
@MLT	
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Coa,ng	
  of	
  segments	
  &	
  Mid.frequencies	
  

The	
  coa,ng	
  changes	
  only	
  low	
  frequency	
  shape	
  of	
  the	
  glass:	
  	
  
mid-­‐frequencies	
  remain	
  un-­‐changed	
  	
  

F21_B	
  sample:	
  Before/Ajer	
   F21_C	
  sample:	
  Before/Ajer	
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Glue,	
  thickens	
  	
  
75micron,	
  both	
  
side	
  of	
  the	
  ribs	
  

Stacking	
  concept	
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Mould	
  alignment	
  under	
  the	
  UPMC	
  

-300

-200

-100

0

100

200

-200

-100

0

100

200
-5

0

5

 

[mm]

Residua with respect to wolter: Par and Hyp oriented [Micron]

[mm] 

[m
icr

on
]

-1.5

-1

-0.5

0

0.5

1

1.5

2

Measurement	
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SGO:	
  Integra,on	
  MAchine	
  (IMA)	
  

Hexapod	
  is	
  
controlled	
  with	
  the	
  
linear	
  encoder	
  
feedback	
  

RelaMve	
  aktude	
  	
  
of	
  molds	
  in	
  
controlled	
  with	
  
autocolllimators	
  
and	
  capaciMve	
  
sensors.	
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IMA	
  control	
  loops	
  



SGO:	
  latest	
  equipment	
  based	
  on	
  deflectometry	
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2011	
  

2012	
  

2013	
  

2014	
  

	
  	
  	
  PoC#1:	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
  	
  
XOU_BB:	
  	
  17+3	
  	
  	
  	
  
	
  	
  	
  PoC#2:	
  	
  	
  1	
  +	
  3	
  	
  
	
  	
  	
  PoC#3:	
  	
  	
  	
  	
  	
  	
  	
  	
  1	
  
	
  	
  	
  	
  PoC#4:	
  	
  	
  	
  	
  1+3	
  

SGO:	
  results	
  

2015	
  

PoC#5	
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•  One	
  integraMon	
  mold	
  pair,	
  in	
  

alluminium	
  (radius	
  @IP	
  of	
  485mm	
  
and	
  focal	
  length	
  of	
  8.4m)	
  by	
  LT-­‐
Ultra.	
  Measured	
  quality	
  ≈	
  10’’	
  HEW	
  	
  

	
  
•  The	
  distance	
  between	
  the	
  plates	
  

chosen	
  for	
  a	
  fix	
  rib	
  thickness	
  of	
  
1.5mm	
  (same	
  order	
  of	
  the	
  
expected	
  theoreMcal	
  one	
  for	
  a	
  
module	
  with	
  this	
  focal	
  length	
  and	
  
radius	
  of	
  curvature)	
  	
  	
  

•  Up	
  to	
  5	
  different	
  plate	
  pairs	
  
integrated	
  in	
  co-­‐aligned	
  
configuraMon	
  	
  

	
  

SGO:	
  Proof	
  Of	
  Concept	
  with	
  NASA	
  slumped	
  glass	
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Cold	
  Slumped	
  Glass	
  Op,cs	
  	
  

Cold	
  
slumping	
  for	
  

plates	
  
shaping	
  to	
  
Wolter	
  I	
  &	
  
alignement	
  

Hot	
  slumping	
  
with	
  acMve	
  
pressure	
  to	
  

produce	
  
cylindrical	
  

glass	
  plates	
  

Forming	
  molds	
   Slumping	
  process	
  	
   Result	
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Need	
  of	
  flexible	
  glass:	
  Willow	
  as	
  example	
  

9© Corning Incorporated 2012

Corning® Willow™ Glass enables key trends in display:
Thin, light, high-resolution, & cost efficient

Roll-to-roll (R2R)
Corning Willow Glass

processing

Sheet-to-sheet
processing

Corning Willow Glass on
Carrier

Fusion Process
•High T substrate
•TFT quality surface

LTPS TFT backplane
(Corning Willow Glass

on Carrier)

R2R Hi-res Color Filter

R2R Multi –
touch Sensor

Thin & Light:
 Touch sensor

• 0.2-0.7mm 0.1mm
 Color Filter

• 0.2-0.5mm 0.1mm
 Backplane

• 0.2-0.5mm 0.1mm

 20-40% z-height & weight
reduction
 R2R processing enables
cost efficient production
 Native thin avoids thinning
cost for S2S processes

Thin & Light:
 Touch sensor

• 0.2-0.7mm 0.1mm
 Color Filter

• 0.2-0.5mm 0.1mm
 Backplane

• 0.2-0.5mm 0.1mm

 20-40% z-height & weight
reduction
 R2R processing enables
cost efficient production
 Native thin avoids thinning
cost for S2S processes

Glass Processing Devices Thin & Light Devices

Fusion	
  process	
  

12© Corning Incorporated 2012

• Perfect barrier

• ~7% better transparency

• High T processing – over 500oC

• Flexible/conformable

• 7x reduction in weight

• 7x reduction in thickness

• ~50% process cost reduction by
enabling roll to roll processing

AD
VA

NT
AG

ES

Over Thicker Glass

Over Plastic

1m wide, �300m long spool and
Gen5 sheet of thin flexible glass

Ultra-slim flexible glass is a
50-200µm thick glass

What is Corning® WillowTM Glass?

• Perfect barrier

• Superior surface quality

• ~7% better transparency

• High T processing – over 500oC

• Flexible/conformable

• 7x reduction in weight

• 7x reduction in thickness

• ~50% process cost reduction by
enabling roll to roll processing

AD
VA

NT
AG

ES

Over Thicker Glass

Over Plastic

17© Corning Incorporated 2012

Flexible glass availability

Note:  Dimensions reflect maximum available sizes

Now

250mm x
300mm

Q4 2012

10m long
x

300mm wide

~300m long
x

Up to 1m wideRo
lls

Sh
ee

ts

Gen 5
1000mm x1200mm

2013

Q
ua

nt
ity

Development
quantities

Engineering
quantities

Pilot
production

~300m long
x

Up to 1m wide

>Gen 5
1000mm x1200mm

ITO – Coated

~300m long
x

500mm wide

TBD

Engineering
quantities

ONLY	
  COLD	
  INTEGRATION	
  	
  
WITH	
  REINFORCING	
  RIBS	
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Integra,on	
  Machine	
  up-­‐grade	
  	
  

From	
  stacks	
  to	
  
modules	
  



Integra,on	
  procedure	
  for	
  not-­‐modular	
  op,cs	
  	
  

IAXO	
  Workshop	
  19/04/2016	
  

•  The	
  glass	
  foils	
  are	
  integrated	
  starMng	
  from	
  the	
  internal	
  one	
  
•  The	
  integraMon	
  machine	
  would	
  be	
  an	
  updated	
  version	
  of	
  our	
  IMA	
  

used	
  for	
  S.G.O.	
  (Slumped	
  Glass	
  OpMc)	
  prototypes	
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There	
  is	
  no	
  need	
  to	
  
control	
  with	
  high	
  
accuracy	
  the	
  alignment	
  
of	
  the	
  mould	
  

High	
  tolerances	
  
on	
  mould	
  
realizaMon	
  	
  

Higher	
  flexibility	
  
in	
  the	
  design	
  
and	
  mould	
  
fabricaMon	
  error	
  
correcMon	
  
capability	
  

Enhance	
  the	
  range	
  of	
  opportuni,es	
  	
  

Z	
  

X	
   Y	
  

Z	
  

X	
   Y	
  
The	
  alignment	
  of	
  
the	
  two	
  plate	
  has	
  to	
  
be	
  controlled	
  with	
  
high	
  accuracy	
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Indirect	
  integra,on	
  on	
  IMA:	
  JIM1	
  MPE	
  SGO	
  

Indirect	
  slumped	
  glass	
  
Monolithic	
  indirect	
  integraMon	
  mold	
  
Realized	
  02/2015	
  

Test report SGO JIM

Ref: PANTER TR 2015 - 06

Date: March 12, 2015

Page: 8 (of 15)

(a)

(b)

Figure 4: Pencil beam measurement: (a) Azimuthal scan. (b) Radial scan.

4 MEASUREMENTS 4.1 Pencil beam measurements
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  Willow	
  Glass:	
  MICRO-­‐ROUGHNESS	
  

AFM	
  10	
  microns:	
  
σ	
  =	
  2.4A	
  
PtV	
  2.4nm	
  

AFM	
  50	
  microns:	
  
σ	
  =	
  2.3A	
  
PtV	
  =2.9nm	
  

MFT	
  1000	
  microns:	
  
σ	
  =	
  0.35nm	
  
PtV	
  =8.6nm	
  

à	
  Ideal	
  substrate	
  for	
  coa,ng	
  applica,on	
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WP0	
  prototype:	
  CONFIGURATION	
  	
  

•  Glass	
  Material:	
  Willow	
  from	
  
Corning	
  	
  

•  Plate	
  size:	
  200x200x0.2mm	
  	
  
•  Ribs:	
  Bk7	
  
•  Backplane:	
  alluminium	
  

•  Focal	
  lenght	
  =	
  20m	
  
•  Radius	
  of	
  curvature	
  =	
  1m.	
  
•  Integra,on	
  mold:	
  Bk7	
  (used	
  

also	
  for	
  slumped	
  glass	
  for	
  
PoC2,PoC3	
  and	
  Poc4	
  
modules)	
  

•  Integrated	
  with	
  IMA.	
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WP0	
  prototype:	
  PRELIMINARY	
  RESULTS	
  	
  

Very	
  promising	
  result:	
  	
  
à	
  HEW	
  ≈	
  20’’	
  single	
  reflec,on	
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  Willow	
  Glass:	
  Ini,al	
  residual	
  error	
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Willow	
  glass	
  
200x200x0.2mm	
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Error saddle shaped   Error S1S1        Error C1C1   
 

        
Error S2S2        Error C2C2               Error S3S3 
 

     
Error C3C3     Error S4S4      Error C4C4 
Figure 2-1 – Glass foil shape errors 

BCV	
  
simulaMons	
  

FEM	
  simula,ons	
  of	
  expected	
  results	
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2 Double Curvature Errors in Cold Shaping on Small 
Curvature Radii (150-400mm) 

2.1 Glass foils shape errors  
Different shapes and different spatial frequency glass foil errors have been analyzed. 
All errors have double curvature and so they are in principle much more severe respect errors considered in 
[RD1]. 
Error shapes are reported in the picture hereafter. 
Red zones represents positive peaks, while blue zones are the negative peaks. 
The amplitude of the errors considered in the analyses are described in next chapter 

      

    
Error saddle shaped   Error S1S1        Error C1C1   
 

        
Error S2S2        Error C2C2               Error S3S3 
 

     
Error C3C3     Error S4S4      Error C4C4 
Figure 2-1 – Glass foil shape errors 
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2.4 FEA results 
In the graphs of Figure 2-3 the HEWSR related to single reflection on the front surface (just the parabola 
side) as  function of MS radius, MS thickness and error amplitude is reported for the 9 shape errors 
considered. 
As for [RD1] the HEWSR values have been roughly computed  just on the basis of the nodal rotations about 
axis tangent to the MS.  
All results refer to the MS shape errors computed once the cold shaped glass foils is rigidly connected to 
rigid ribs and the shaping mold is removed.  
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R@IP=150-­‐400mm	
  
F	
  =	
  12m	
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  Willow	
  Glass:	
  Principal	
  Component	
  Analysis	
  	
  

Measured	
  figure	
  error	
  on	
  latest	
  acquired	
  samples:	
  
200	
  x	
  200	
  x	
  0.2mm	
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XTP:	
  telescopes	
  	
  
	
  	
  

HFA	
   LFA	
  

Number	
  of	
  telescopes	
   5	
   8+2	
  

Focal	
  Length	
   5.5m	
   4.5m	
  

Aperture	
   550mm	
   450mm	
  

Envelope	
  max	
  diam.	
   <=650mm	
   <=550mm	
  

Energy	
  range	
   >800	
  cm^2	
  @2-­‐6keV	
  
>60cm^2	
  @30keV	
  

0.5-­‐10keV	
  

FoV	
   16armin	
   16	
  arcmin	
  (8	
  telescopes)	
  
12	
  arcmin	
  (2	
  telescopes)	
  	
  

Angular	
  resoluMon	
   1	
  arcmin	
   1	
  arcmin	
  (8telescopes)	
  
15’’	
  (2	
  telescopes)	
  

Mass	
   <50kg	
   <=40kg	
  

à To	
  save	
  weight:	
  low	
  density	
  material	
  as	
  glass/graphite	
  
à To	
  save	
  money:	
  cost	
  reducMon	
  of	
  current	
  producMon	
  process	
  
à To	
  save	
  Mme:	
  process	
  semplificaMon	
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LFA	
  Op,cal	
  design:	
  Effec,ve	
  area	
  per	
  Shell	
  

Inner	
  part	
   Outer	
  part	
  

Radial	
  limit	
   26.3-­‐94mm	
   100-­‐223mm	
  
	
  

NumShell	
   68	
   57	
  

GlassWeight	
   ≈	
  1.2kg	
   ≈7.5	
  Kg	
  

GlassThickness	
   0.03-­‐0.1mm	
   0.1-­‐0.2mm	
  

RangeRibThickness	
   ≈	
  	
  0.65-­‐1.45mm	
   ≈	
  1.6-­‐3mm	
  

WeightRib	
   ≈	
  1.2Kg	
   ≈	
  5Kg	
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16/04/2015	
   Shanghai	
   39	
  

#	
  Oven	
   3	
  
#	
  IMA	
   8	
  

#	
  Module	
  	
   8	
  
#	
  Shell	
  xModule	
   100	
  
#	
  Ave	
  shell	
  azimutal	
   4,5	
  

#	
  Tot	
  Glass	
  Module	
   450	
  
#	
  Tot	
  Glass	
  sheet	
   900	
  

#	
  Shell	
  integraMon	
  Xday	
   1	
  
#	
  Shell	
  slumping	
  Xday	
   15	
  

IntegraMon	
  Time	
  (years)	
   2,25	
  
Slumping	
  Mme	
   0,3	
  

TOTAL	
  TIME	
  per	
  XTP	
  years	
   2,25	
  

Cost	
  IMA	
   	
  	
   	
  	
   	
  	
   200000	
   1600000	
  
autocollimator	
   18000	
   2	
   36000	
  	
  	
   	
  	
  
hexapod	
   40000	
   1	
   40000	
  	
  	
   	
  	
  
linear	
  encoder	
   5000	
   7	
   35000	
  	
  	
   	
  	
  
other	
   10000	
   1	
   10000	
  	
  	
   	
  	
  
parMal	
   121000	
  	
  	
   	
  	
  

	
  	
   	
  	
  
	
  	
   	
  	
  
	
  	
   	
  	
  

Cost	
  Mandrel	
   	
  	
   	
  	
   	
  	
   1000000	
   1000000	
  
scale	
  factor	
  mandrini	
   4	
   	
  	
   	
  	
  
unitary	
  price	
   5000	
   	
  	
   	
  	
  
#	
  Mandrel	
  (Par+Hyp)	
   50	
   	
  	
   	
  	
  
#	
  mandrel	
  for	
  parallel	
  usage	
   4	
   	
  	
   	
  	
  

	
  	
   	
  	
  
	
  	
   	
  	
  

Cost	
  Oven	
   	
  	
   	
  	
   	
  	
   45000	
   45000	
  
Oven	
  price	
   15000	
   	
  	
   	
  	
  
#	
  Oven	
   3	
   	
  	
   	
  	
  

	
  	
   	
  	
  
	
  	
   	
  	
  
	
  	
   	
  	
  

Cost	
  Ribs	
   	
  	
   	
  	
   	
  	
   54000	
   432000	
  
unitary	
  price	
   10	
   	
  	
   	
  	
  
#	
  ave	
  azimutal	
   54	
   	
  	
   	
  	
  
#	
  ribs	
  x	
  module	
   5400	
   	
  	
   	
  	
  

	
  	
   	
  	
  
	
  	
   	
  	
  

Cost	
  structure	
   30000	
  	
  	
   	
  	
   30000	
   240000	
  
	
  	
   	
  	
  
	
  	
   	
  	
  

Cost	
  Glass	
   10	
  	
  	
   	
  	
   2000	
   16000	
  
	
  	
   	
  	
  
	
  	
   	
  	
  

Cost	
  Manpower	
   	
  	
   	
  	
   	
  	
   288000	
   2214000	
  
Unitary	
  price	
  xYear	
   60000	
   	
  	
   	
  	
  
#	
  person	
  x	
  oven	
   1	
   18000	
  	
  	
   	
  	
  
#	
  persone	
  x	
  IMA	
   2	
   270000	
  	
  	
   	
  	
  

	
  	
   	
  	
  
	
  	
   	
  	
  

Cost	
  TrasportaMon	
   	
  	
   	
  	
   	
  	
   100000	
   800000	
  
unitart	
  price	
   100000	
   	
  	
   	
  	
  

	
  	
   	
  	
  
	
  	
   	
  	
  
	
  	
   	
  	
  

TOTAL	
  COST	
  (MEuro)	
   	
  	
   	
  	
   	
  	
   1,719	
   6,347	
  

LFA:	
  RAW	
  cost	
  es,ma,on	
  	
  
	
  	
  

	
  5-­‐10	
  Meuro	
  for	
  LFA	
  	
  



Parts	
   Material	
   [kg]	
  

spiders	
   Titanium	
   5.57	
  

Internal	
  shaj	
   Invar	
   1.92	
  

Ribs	
   Graphite	
   6.55	
  

Shells	
   Willow	
   6.60	
  

mid	
  and	
  back	
  
planes	
   Borofloat33	
   6.58	
  

Blades	
   Invar	
   0.64	
  

Case	
   Invar	
   7.98	
  

	
  TOT.	
   35.85	
  

©
√

©
√

©
√

Proposed	
  concept	
  for	
  XTP	
  LFA:	
  Nichel	
  Vs	
  Glass	
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FIGURE 3: SHELL WEIGHT AND CUMULATIVE WEIGHT FOR THE SHELLS ON THE INNER AND THE OUTER PARTS 
(WITHOUT CASE AND SPIDERS).   

 
 
The shell weight and the cumulative shell weight are reported in figure 3.  

TABLE 2: SHELL CHARACTERISTICS SUMMARY. 

 Value 

Radial limit IP 100-217 mm 
NumShell 39 
Shell Weight ≈29kg 
Shell Thickness 0.1-0.2mm 

 
The shell number, the radius @PHIMAX, @IP, @PHIMIN and the thickness are listed hereafter: 
 
Shell# RadiusPhiMax RadiusIP RadiusPhiMin Thickness  
 1 101.7 100.0 95.0 0.100 
 2 103.9 102.2 97.1 0.102 
 3 106.1 104.4 99.2 0.103 
 4 108.4 106.7 101.3 0.105 
 5 110.8 109.0 103.5 0.107 
 6 113.2 111.3 105.7 0.109 
 7 115.6 113.7 108.0 0.111 
 8 118.1 116.1 110.3 0.113 
 9 120.6 118.6 112.7 0.115 
10 123.1 121.1 115.0 0.117 
11 125.7 123.7 117.5 0.119 
12 128.4 126.3 119.9 0.121 
13 131.1 128.9 122.5 0.123 
14 133.8 131.6 125.0 0.125 
15 136.6 134.3 127.6 0.127 
16 139.4 137.1 130.3 0.130 
17 142.3 140.0 132.9 0.132 
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Conclusions	
  

-­‐  Trade	
  off	
  among	
  different	
  technologies	
  for	
  IAXO	
  to	
  be	
  studied	
  as	
  Nikel	
  
replicaMon	
  sMll	
  azracMve	
  

-­‐  The	
  results	
  obtained	
  so	
  far	
  in	
  prototypal	
  realizaMon	
  based	
  on	
  hot/cold	
  
glass	
  slumping	
  process	
  are	
  very	
  promising	
  and	
  are	
  fully	
  compaMble	
  with	
  
an	
  HEW	
  below	
  1arcmin.	
  	
  

	
  
-­‐  The	
  cold	
  slumping	
  approach	
  is	
  an	
  effecMve	
  soluMon	
  for	
  low	
  cheap/fast	
  

producMon	
  of	
  x-­‐ray	
  opMcs.	
  	
  
	
  
-­‐  Ready	
  for	
  collaboraMons	
  in	
  different	
  missions	
  as	
  XTP	
  /IAXO	
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Gravity	
  assisted	
  slumping	
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Preliminary	
  test	
  perfomed	
  	
  
On	
  glass	
  D263,	
  	
  
Size:	
  	
  
200	
  mm	
  x	
  200	
  mm	
  x	
  0.4	
  mm:	
  
	
  
à Achieved	
  Pseudo	
  cylindrical	
  

configuraMon	
  with	
  
<100Micron	
  longitudinal	
  
error	
  

à Achieved	
  radius	
  of	
  
curvature	
  ≈	
  500mm	
  

à Ajer	
  integraMon	
  expected	
  
HEW	
  ≈	
  25	
  ’’	
  single	
  reflecMon	
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  Willow	
  Glass:	
  THICKNESS	
  VARIATIONS	
  	
  

à	
  Choosing	
  the	
  right	
  direcMon	
  the	
  impact	
  to	
  the	
  HEW	
  is	
  negligeble	
  even	
  
if	
  indirect	
  integraMon	
  techinique	
  is	
  applied.	
  


