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INTRODUCTION

The Smart X-ray Optics (SXO) Basic Technology peogarted in April 2006 and will end in Octoberl®0 The
aim is to develop new technologies in the fieldXafay focusing in particular the application of active and
adaptive opticsWhile very major advances have been made in aatieptive astronomical optics for visible
light, little was previously achieved for X-ray aygt where the technological challenges differ beeanf the much
shorter wavelengths involved

The field of X-ray astronomy has been characteripethe development and launch of ever larger ofaseries
with the culmination in the European Space Agen{kM-Newton and NASA's Chandra missions which are
currently operational. XMM-Newton uses a multi-regsstructure to provide modest angular resolutiefD(
arcsec) but large effective area, while Chandrafgaes effective area to achieve the optical digbnecessary

to provide sub-arc second resolution. CurrentlyEheopean Space Agency (ESA) is engaged in stadidse
next generation of X-ray space observatories, #ithaim of producing telescopes with increaseditets
and resolution. To achieve these aims severadefes have been proposed, for example ESA and NMASA
combined International X-ray Observatory (IXO), abnat spectroscopy, and NASA’s Generation-X. In the
field of X-ray astronomy sub 0.2 arcsecond resotutwith high efficiency would be very exciting. $uc
resolution is unlikely to be achieved by anythinger than an active system. The benefits of a subigh
resolution would be important for a range of adtggics subjects, for example the potential angudaolution
offered by active X-ray optics could provide unméented structural imaging detail of the Solar \Wiragv-
shock interaction of comets, planets and similgeas and auroral phenomena throughout the Sokteisy
using an observing platform in low Earth orbit.

A major aim of the SXO project was to investigate production of thin actively controlled grazingident
optics for the next generation of X-ray space talpss. Currently telescope systems are limitetiérrésolution
and sensitivity by the optical quality of the thghell optics used. As part of its research prograram actively
controlled prototype X-ray thin shell telescopeiopff dimensions 30x10cm has been developed tohbrst the
technology. The design is based on thin nickellshminded to shaped piezo-electric unimorph actsat@mde
from lead zirconate titanate (PZT).

DESIGN AND MODELLING

The prototype optic was designed such that it cbeldested at the 28m X-ray Tunnel Test FacilityKY at the
University of LeicesterThe optic is an elliptical segment and the ellipee and shape is designed to fit the
testing facility and provides a simple point-to4pofocusing of the X-ray beam, relying on only age
reflection unlike the dual reflection from the tittmhal Wolter | configuration. In order to makeetiprototype
easier to manufacture, the axis of the ellipse tili@sl from the axis of the TTF. This allowed thens-minor
axis of the ellipse to be larger and thereforeelds a cone in form. The control of the actuaisrsia a 32
channel output voltage drive connected in series ligh voltage amplifier, this arrangement allavegoltage
range between 8 200V. Computer control of the system is via a paogme written in LABVIEW. Table 1,
shows the prototype specifications
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Table 1. Elliptical design specifications

Elliptical Prototype Design
Ellipse Semi major axis 14145 mm
Ellipse Semi minor axis 228 mm
Position of the front of the optic (from the ceftre 9442.5 mm
Position of the rear of the optic 9742.5 mm
Position of the rear from the detector 4402.5 mm
Radius at the front of the optic 169.761 mm
Radius at the rear of the optic 165.298 mm
Circumference at the front 1066.64 mm
Circumference at the rear 1038.598 mm
Grazing angle 1.163deg
Angle at the front 3351deg
Angle at the rear 3862deg
Sagital distance from a cone 0.0325 mm

Extensive finite element modeling (FEA) of the aetoptic was undertaken to optimize the designmatars. In
a particular the actuator size, thickness andénite function (see Fig.1) was studied along wighettfect of using
different nickel shell thicknesses.

The form of the
. B
actuator influence ~
function

.

Fig. 1. FEA model of actuator influence function

Fig. 2. Optic support structure

In the initial prototype it was decided to use ®Wuators in a 10 by 3 arrangement, on later prpasythis was
changed to 24 actuators in an 8 by 3 arrangement.

The active mirror needs to be accurately alignedhetest beam facility. It also needs to be suppom a
relatively unconstrained way and minimising graiaal distortion. To fulfil these requirements apport
structure was designed and built by MSSL to holl pirototype (Fig.2). The support structure congi$tsvo
individual components. The first component is caneé directly onto a flange on the x-ray beam tubis,
component incorporates tip-tilt and yaw movementhsd the optic can be positioned accurately inbigm line.
The second component, the optic cradle, is an aluwmi framework that has pliable strips attached sl@port
the optic along the lengths of its sides. In iliifidesting the optic was supported by strips ofypode foam
material down each side of the optic. This foamaisuum compatible and space qualified. This arnaege was
found to under constrain the position of the opfid in later tests the polymide foam was replaged btrip of
Viton synthetic rubber.

SHELL PRODUCTION.

The material chosen for the optic substrate wasehicNickel has an established history of useXaay mirror
shells, for example in the XMM-Newton space obsimya The shells were produced in-house at UCLgusin
electroplating technique. A kanigen coated alunmmimandrel (see Fig. 3) was produced which was greund
polished to the required elliptical section fornmthwa final surface roughness of 1.3nm RA. Gold wasuum
deposited upon the kanigen surface to provide siya®n layer for the nickel deposition and aeetive layer for
the X-rays.Wasters were included as a sacrificial electrodenfixove the uniformity of current density upon the
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mandrel to achieve an even coating. Polyester itisgléape used to mask off the undesired regions and thit
polypropylene insulator is used to isolate the electroformed optic from the excess over plated regions.

Fig. 3.Coated mandrel Fig. 4. Nickel shell

Using the mandrel a series of nickel shells (see Fig 4.) were produced with thicknesses of between 0.4-0.8r
was found that the surface roughness of the shells were slightly higher than that of the mandrel with a st
roughness of ~1.7nm RA.

The use of nickel as the substrate in this project does not mean that other substrate materials would not be s
and the project is currently also investigating the possible use of thin slumped glass shells.

PIEZO-ACTUATOR PRODUCTION

Piezoelectric actuators have to date been employed in X-ray adaptive optics, and used in synchrotrons and
commercial applications. In order for the piezoelectric devices to have any useful effect, they need to be ab
change the gradient of the mirror surface iy equivalent to a surface height shiftiolpum over the mirror
length of 300mm.

Thin curved PZT actuators have been developed by the project with controlled surface finish, thickness
curvature using a viscous plastic process (VPP) technique. In order to match the curvature of the mirror shell
large optic applications and reduce the bonding stress and possible mirror distortion, a curving technique
developed to shape PZT membranes into an appropriate curvature [1][2]. Fig. 5 shows a piegefamamO
whose top surface has the required curvature, with two pieces of PZT membranes on top after sintering pr
Fig. 6 shows a single PZT membrane seen side on showing the curvature.

Fig. 5. PZT actuators on former Fig. 6. Side view of single PZT actuator

OPTIC ASSEMBLY

A key part of the production of the active mirror is the bonding of the piezo-actuators to the optic. An even t
layer is required to maintain performance uniformity and a very small gap of less than héfween each
actuator to avoid the problem of ‘kinking’ between actuators. Each actuator was laser cut at MSSL to achiev
desired shape. An even glue layer was maintained by a blading process (see Fig. 7) and by the inclusion of
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ceramic spheres in the glue. Fig. 8 shows a crexsios of a test piece showing the glue layer, tio¢espacer
spheres in the glue layer. Each piezo-actuator tvas placed on the optic with a vacuum pencil (Bp.
Further details of this process are given in [3].

~ Nickel

7 Glue

Piezo

F

Fig. 9. Placement of actuators on optic Fig. 10.Close up of back of optic showing wiring

A completed prototype optic on the alignment mdarghow in Fig. 11

Fig 11 Prototype optics on its alignment mount.
OPTIC TESTING

Initial testing of a prototype optic was performadthe Leicester beam-line facility in November 200he
results of these test are fully reported in [4][3hough the results show some image improvemertt wit
actuation, the tests also showed some problemsthgtidesign and mounting of the optic. There wasdoto

be a problem with the motors on the mounting ofdapec which prevented alignment of the optic itcpiand
yaw and restricted the achievable focus to a Halérgy Width (HEW) of 7.36’ and a Full Width Half
Maximum (FWHM) of 2.27'. It was ell_]so d}%{:ﬂg%?‘%@?@ %%Bgzg_%tween the piezo-actuators were tge lar

roc. o
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and resulted in ‘kinks’ developing at actuator bdaries. This led to changes in the mounting acteatnd also
to the assembly methods for the piezo-actuatorsdoce the inter-actuator gap.

Measurements on the optic were also carried oDbagsbury Laboratory using a long trace profiléFRl).. The
individual influence functions of the central adtra were measured and confirmed the predictionheoFEA
analysis in showing movement ~15tf

SXO prototype optic. Actuator No.17 response.
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Fig. 11. Long trace profiler measurement of a single actuatt@arious voltages

A further test run, reported in detail in [6], &etLeicester beam-line was made in July 2010, hewthere
were extensive problems with the beam-line facili$glf and though confirmation of the improvemeimdhe
mounting system and alignment of the optic were enaxily limited testing of the actuation of the iopvas
achieved. A direct interferometric metrology mettafdmeasuring the surface of the optic using a 3dni8e
cylindrical lens is at present under constructibb@L (see Fig. 12) and it is hoped to test thecomore fully
at the end of August 2010.

10um
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Fig. 12. Inteferometric test setup

FURTHER WORK

To demonstrate that the technology developed cbelépplied to space systems the next stage ofrtdjecp
would seek to raise the technology readiness [@\RL) to a value that will allow its inclusion infature space
science mission. This would involve addressingrdmge of implementation issues associated withllasdale
system. The ultimate aim would be to achieve sebemmond resolution with a throughput similar td tiatained

by the XMM Newton telescope.
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There are four main technology areas that need farther addressed to reach the stage where le Vestrument
design could be envisaged:

» Optic production optimisation

» Piezo electric actuator qualification and charasa¢ion for flight;

» Bonding layer qualification and characterisationflight;

* Mounting of nested X-ray active shells.
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