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MULTIWAVELENGTH LAND & SPACE BASED OBSERVATORIES

Molecules in the ozone layer . INFRARED OPTICAL ULTRAVIOLET GAMMA RAY ¢
of the atmosphere absorb ¢ S e

high energy photons. a
£ f - | 1000 km

Most photons in the optica
waveband are not absorbed,

and parts of the ultraviolet,
infrared, and radio wavebands -
also reach the ground. =

The atomspheric effects on incoming light in each waveband determines the placement of telescopes.

x. Space telescopes avoid

Most of the Radio waveband % The infrared waveband Ground telescopes observe Balloons and rockets are
} is detectable using large can be detected from ' most optical light, and some used to test out new atmospheric distortions and

dish antenae on the ground. airplanes. infrared and ultraviolet. telescope technologies. access high energy radiation.

Credit: NASA/University of Chicago




History of Xray Astronomy

A1895¢ Discovery of Xaysbyw | y i ISy
A1912¢ Xray diffraction from crystals by Laue

A1940s ¢ V2 and AerobeeSounding Rockets used
to first study Xrays from upper atmosphere. launchin 1065,

A1962¢ GiaccondetectsScox-1 (Xray binary)
usingAerobeerocket

A1963¢ Boyer detects Crab Nebula using a rocket

A1965¢ First extragalactic-¥ay source (\37)
discovered by Byramt al. using a rocket

A1966¢ OAQ1 launched. Power failure.
A1967¢ First detection of a GRB by V&8land4.

A1970¢ Uhuru (SA8) creates first sky map &t
20keV.
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Left Uhuru model Right First comprehensiveand uniform X-ray sky
map by Uhuru (6Freedong) in 1970(Credit NASA


https://history.nasa.gov/SP-4402/ch5.htm

History of Xay Astronomy 50years oiX
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A Skylab (Apollo Telescope Mount)

A 1stlarge focusing Xay telescope. Xay images of the Sun, predecessor to Einsteir
X-ray Observatory.

A Einstein (HEA@/2)

A First large ay telescope with mirrors. Firstidy images of shock waves from
exploded stars, galaxy images. Accurately ma X-ray sources accurately.

A ROSAT
A wl y i3S y.4dbargeStélescope Expanded number abX sources t&0,000

A ASCA

A Advanced Satellite for Cosmology and Astrophysiaportant discoveries about
elements that make up hot-Kay emitting gas.

A RXTE

A Rossi Xay Timing ExplorerNo focusing mirrors, but high time resolution to look
ﬁt I)Grfily source variability over a wide energy band (i.e. neutron stars and black
oles).

A BeppoSAX
A Xray imaging of Gammgay Burst afterglows. High position accuracy

A XMM-Newton

A High throughput Xay Spectroscopy mission. Good angular resolution. Excels
spectroscopy.

A Chandra

A The premier Xay observatory. Highest spatial resolution and amongst the most
sensitive. Four nested mirrors.



Xcray Instrumentation

ROSAT Credit: S.L. Snowden, NASA/GSFC. Chandra Credit: NASA/CXC/‘

A Severafundamentalproperties of interest that will p———
addresgshe primary scienceobjective Forexample ey

A Angular resolution

A Field of view oV}

A Spectral and temporal resolution

A Sensitivity
A Effective Area / Collection Area (min. detectable flux)
A Energy (Wavelength) range
A Temporal range

Credit: NASA/NICER Credit: NASA/JRTaltech/CXC/SAO XMM RGS of NGKD68
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Xcray Instrumentation

ROSAT Credit: S.L. Snowden, NASA/GSFC. Chandra Credit: NASA/CXC/‘

A Severafundamentalproperties of interest that will ———
addresghe primary scienceobjective Forexample ey

AJAngular resolutiof
A Field of view oV}

A and temporhl resoluti}n

AlSensitivity
A Effective Area / Collection Area (min. detectable fjux)

A Energy (Wavelength) range
A Temporal range |

Credit: NASA/NICER Credit: NASA/JRTaltech/CXC/SAO XMM RGS of NGKD68
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How to Build an
Xcray Telescope

Left: Chandra in Space Shuttle Colum




1. Telescope

Left: ARIXC Xay telescope/modul



Mirrors and Telescopes

A Conventionatelescopes useeflection or refraction at
normal/intermediate incidence (i.e. visible light).

A Not applicable for Xays as rays travelling perpendicular to
mirror are absorbed or transmitted (no reflection).

A X-ray telescope work use grazin? incidence optics &r_nirror
reflection at shallow angles) for total external reflection.

A Scattering of any wave by electrons is coherent only if the

—

angle of incidence equals the angle of reflection:: ™ .

Optical Light X-ray Light

Intermediate W \‘\A
Incidence ,

mirror surface \ \
Grazing

Incidence T————b————""" N ———s
mirror surface

Light focuses — Large lens gathers
here and bends light

Small lens magnifies and
focuses light for your eyes

Refractor

Small mirror
reflects light
and image into
eyepiece

Large mirror
gathers and
reflects light

Reflector

All Image Credit: NASA



Telescopes

A SomeXray mirror Requirements:
A Field of view oV
A i.e. Short focal length, larg&oV Einstein10e
A High spatial resolution (HPD/HEW<arcsecond)
A Focusing ability (minimize PSF wingslishing)
A 1 arcmin human eye resolution.
A Thin, robust, cheap
A Mission costs, nesting (effective area/sensitivity)
A Broad energy range
A Longer focal lengths and multiyers.
A High spectral and temporal resolution
Aie SukeVandSuk a5 NBAaLISOUAOSEteod Chandra0.6

ROSABe

Credit: @ell,ArXiv(https://arxiv.org/pdf/1010.48920df)



https://arxiv.org/pdf/1010.4892.pdf

Telescopes

AA Simple parabolic mirror was conceived in
1960by Riccardd@iacconand Bruno Rossi.

A Grazing incidence implies far zone of
paraboloid must be used as reflecting
surface.

160S aAyS O2yRAGAZYV
BROEEEEROF

Where ,and ,are the objectand imagespace angles,
respectively.

Fulfilled by a lens or other optical configuration in orderjfor
images to be sharp cfixis as well as eaxis.

Magnification: " OET OEI

Ab2( Ll2aaroftsS G2 alrdapte !bBlowg mriys Jgz2.

fort_any single reflection grazing incidence
optic.

A Off-axis images severely blurred (Severe
comatic aberration or Coma).

Entrance|() and exitl() angles of each ray through an
AYF3IAy3 aeadsSy ardrafte GHS
ratio of these angles equal the magnification of the system




Wolter Telescopes

Aln ‘195% Hans Wolter showed reflection off two elements; a paraboloid
oe I KelJSNb2t2ARXZ ltY2zau alduioAaat
coma aberration for incident rays (optimal focal plane is not flat).

A Three types:

A Tg[?_tte | Preferentially sort in astronomical applications due to its simplicity and nesting
abllity.

A Type Il Can achieve higher magnification for comparable aperture size and grazing
angles. However, primarily used as a nanfteld imager due to blurring of o#ixis
images.

A Type Il Never used inXay Astronomy

A Costly and difficult to fabricate exactly. Conical Weltgeometries devised,
approximate the P and H surface of the Woltgreometry with double cones.

A Greatly reduces cost and slightly degrades theris sharpness, in exchange for a
more artifact free image when the source is-affis.

A Suitable for missions with modest resolution but large effective area.
A Wolter-Schwarzschild telescomxactlyd G A A FAS& GKS 1060
adopted for Einstein probe mirrors.
A Coma free but strongly affected by spherical aberration.

S

Paraboloid Type |
ard OQI\ Hyperboloid
 Incomming
X-rays
Focal
Point
Reflectihg
Surfaces
Paraboloid Type ll
Hyperboloid
Incomming
X-rays

Focal
Point

Reflecting
Surfaces
_ Type Il
Ell d
Paraboloid SOl Incomming
X-rays
Focal
Point
Reflecting
Surfaces

Credit: NASA's Imagine the Universe
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P and H Wolter | mirrors that are coaxial and confocal:
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Origin at focal plane. Z is the optical axis and r is the radius of surface Z.
. cQQ
Common focus: ® m—
Q p

Z,is the focal length, determines scale of optics:

| —AOA@—L)‘ T -0 1),
whereris the surface radius at the intersection and,| * are the grazing angles

between the P and H surfaces and paraxial ray that strikes at some distance from the
intersection.

If O A+ andO At are the slopes of the surfaces at the intersection:
| z _Zﬁ z _Z C_ZFﬁ)érQ _(_Z _Z)’_

A 4

Incident Radiation

<

A

Intersection

! Optical Axis

L

¥ 3
A 4

Hyperboloid\ DN

Original parameterg,d, andP can be determined as:

o=l

c(p c—)]l
| P -

)

(Q ® ¢ OAd )OATM

@ =

QO m AI®) p OATW)HOAH)
@ F o OAd o &

Giaconnget al., (1969 Space Science Reviews, VolA@nssuel, pp.3-57. doi: 10.1007BF00187578
L. PVanSpeybroedknd R. C. Chase, Appl. dt. 440445 (1972, doi: https://doi.org/10.1364A0.11.000440

L,andL,, are the paraboloid®) and hyperboloidK]) lengths, respectively. Leave
L-to be a free parameter. Constrain, to be just long enough to that paraxial
rays striking the front of thé mirror, also strike thed mirror. Equation for:

&)

T,
I -
Thus,geometrical properties of a given telescope& source determined by 4
free-designparameters(Z fv i ! ) & angleP betweenthe rays& optical axis

~
b

V)
QQ (Q p)}



https://ui.adsabs.harvard.edu/link_gateway/1969SSRv....9....3G/doi:10.1007/BF00187578
https://doi.org/10.1364/AO.11.000440

Wolter TelescopesMirror Fabrication

A Optical Design:

A Diameter, focal length, segment length, thickness,

A Analytical and MonteCarlo raytracing to characterize orand
off-axis effective ared;o\ angular resolution, stray light

analysis, etc.

A Coatings: Single or Multayers

‘ Optical design & analysis

h 4

Replication

v

Direct fabrication

Yy

Mandrel fabrication

Substrate fabrication

v

Mandrel polishing

Substrate polishing

A Finite Element Analysis (FEA): Mechanical and thermal.

‘E;’

Shell replication
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Figure correction
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Mounting / assembly

h 4

X-ray testing




Wolter TelescopesMirror Fabrication

AElectroformed Nickel Replication:

Mandrel Preparation

1. CNC machines 2. Chemical clean and 3. Precision diamond 4. Polish/superpolish to 3- 5. Mandrel metrology
mandrel from activation. Electroless Ni turning to ~20 A, sub- 4 A RMS finish
aluminum bar plate. micron figure accuracy

Shell Fabrication

6. Ultrasonic clean and passivation 7. Multilayer deposition 8. Electroform Ni/Co
to remove surface contaminants on mandrel shell onto mandrel
+ O &

U ]

= L =) O

9. Optic separation from
mandrel in cold water bath

I » This step is for ML addition only.

Adapted from: Kilaru, Kittps://wwwastro.msfc.nasa.gov/lynx/docs/meetings/TOM/Xray Optics_at MSFC.pdf

Optical design & analysis

i

4 4
Replication Direct fabrication
v %
Mandrel fabrication Substrate fabrication
7 2
Mandrel polishing Substrate polishing
A 4
Shell replication

v

Figure correction

\ 4
Coatings

v

Mounting / assembly

v
X-ray testing



https://wwwastro.msfc.nasa.gov/lynx/docs/meetings/TIM01/Xray_Optics_at_MSFC.pdf

Wolter TelescopesMirror Fabrication

Lappolishing mandrel ZeekoPolishing

Credit: Kilaru, Kqttps://wwwastro.msfc.nasa.gov/lynx/docs/meetings/TOM/ Xray Optics_at MSFC.pdf

Optical design & analysis

i

| '

Replication Direct fabrication
Mandrel fabrication Substrate fabrication
Mandrel polishing Substrate polishing

v

Shell replication

v

v

Figure correction

Coatings

v

Mounting / assembly

v
X-ray testing



https://wwwastro.msfc.nasa.gov/lynx/docs/meetings/TIM01/Xray_Optics_at_MSFC.pdf

Wolter TelescopesMirror Fabrication

Credit: NASAMSFC

Arrangement of mandrels
and shells 5600 mm) for
HERO balloon payload.

. Credit: NASAMSFC

Optical design & analysis

i

h 4 Y
Replication Direct fabrication
Mandrel fabrication Substrate fabrication

Mandrel polishing

Substrate polishing

v

Shell replication

v

v

Figure correction

h 4

Coatings

v

Mounting / assembly

v

X-ray testing




Wolter TelescopesMirror Fabrication

Optical design & analysis

ADirect Mirror Fabrication:

A Surface profile with correct optical prescription ground and Rep,ic'ation ——
polished directly into a full shell substrate. i 1
A Mirrors are thicker, need to be stiffer/resilient. Mandrel fabrication SUbSt’at‘l fabrication
v
Mandrel polishing Substrate polishing
Chandra direct shell fabrication. LefSingle raw blank prior to grinding and polishi@gnter. Polished ¢ \
element.Right Coated element prior to insertion into fixture. Sl et l

All image credit: NASA/CXC/SAO
One of the Chandra paraboloid mirrors during rough grinding



Wolter

Differential Deposition Chamber

VLTP Metrology test stand wifl915X shell

uncorrected
.‘.'_

measured
desired

mask with slit

sputtered material

target rod

Kilaru et al. Optical Engineeririg)(10),106501(2011). https://doi.org/10.11171.3631851
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Telescopes Mirror Fabrication

Optical design & analysis
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https://doi.org/10.1117/1.3631851

KirkpatrickBaez Optics

A 2-D image by KirkpatricRaez inL948[1]

A Easy to assemble, modular, can be bent to improve curvature
A Can nest, but this introduces aberrations

A Requires longer focal length / telescope

A 1-D KBO successfully flown in rocket tdgis

A VanSpeybroeck3] designed several telescope configurations
which would have good applications in astronomical
observations such as higdensitivity surveys, photometry and
spectroscopy due to large effective area.

A Increasing spacing between plates maximizes effective area
over FoV

A Spurious images present but can be eliminated with
collimators/baffles.

. P.Kirkpatrick and A. V. BaéZprmation of optical images byrdys¢ Journal of the Optical Society of Americal.38, no.9, pp.766¢773 1948

‘o,
i
\.@

\'\-\,\ Front set of plates
<. Optical axis

Detector at
focal plane

Rear set of plates

The KB optics design studied for HEA[].

. P.GorensteinB. Harris, Hsursky and RGiacconjdA rocket payload using focusinga§ optics for the observations of soft cosmicays¢ Nuclear Instruments and Methodsol.91, pp.451¢459,1971

1
2
3. L. P.VaspeybroeckR. C. Chase, and TZEhnpfennigéOrthogonal mirror telescopes forpdy astronomy Applied Opticsvol.10, p.537,1971
4

. J. W. KastiScanningirkpatrickbaezx-ray telescope to maximize effective area and eliminate spurious images; deSjgiied Opticsvol.14, no.2, pp.537¢545, 1975



LobsterEye Optics

A Lobstereye optics based off a lobster eye, naturally developed fo
hlgh’ eﬁICIent Ilght CO”eCtlon In dark’ demean enVIronmentS Fig. 8.14 Comparison of ray paths in a refracting (a) and reflecting (b) superposition eye. Both

A Square channels roughBOx20x60 microns in size with reflecting walls. redirect the ravs as reauired bv Fia. 8.3,
Image is formed by corner reflections from adjacent channel walls.

A

A Lobster eye resembles a spherical mirror. Although a spherical mirror produces a
virtual image while a Lobster eye produces a real image.

A

Lobster eyes use naturally organic, multilayer coatings perfectly suited to work in
visible light.c How do we adapt this for Xays?

A Two configurations:
A Schmidt {975
A Angel@979

Land and Nilsson, Animal Eyes, Chapt€ABS002
http://www.softouch.on.ca/kb/data/Animal@0Eyes.pdf

Fig. 8.15 (a) The principle of the corner reflector. Whatever the angle of incidence, incoming rays
are reflected through two right angles, and so emerge parallel to their original path. (b) In the
mirror box of a shrimp, the incident and reflected rays are not in the same horizontal plane, but
viewed along the axis of the structure (below) the corner reflector behaviour is evident. (c) Ray
1 mm 1 mm paths for rays that are not in the central plane of the eye (unlike Fig. 8.14b). The mirror boxes act as
‘ ‘corner reflectors’ in which rays reflected from two sides emerge in the same plane as the incident
rays to reach a focus at F. This is the condition for obtaining a clear image over a wide angular
field. See text for further explanation. Cis the eye’s centre of curvature.

—

Credits: Courtesy of J. Carhfips://www.nasa.gov/feature/goddard?017proposednasamissionemployslobstereyeopticsto-locate-sourceof-cosmicripples



http://www.softouch.on.ca/kb/data/Animal Eyes.pdf
https://www.nasa.gov/feature/goddard/2017/proposed-nasa-mission-employs-lobster-eye-optics-to-locate-source-of-cosmic-ripples

SchmidLobstereye Opitics:

A 1-D Schmidt LE optics:
A Very wideFoV/(half sphere)

A Flat reflectors, arranged uniformly in radial pattern around cylinder perimeter

A Finite image size (not perfect), 10" degree or better.

A 2-D Schmidt LE optics:

A Orthogonal stacks of reflectors in sequence (two); dotdblusing.
A FoVof up to 1000ded at moderate angular resolution (several arcmins)

Schmidt Lobster Eye 2D vs. 1D

2D Lobster Eye — composed of two 1D LE modules. 2
reflections, energy range optical to 10 keV

Hudeg R., et al. Proc. SFA&1Q 9510A (015);
https://doi.org/10.111712.2177792

sub-module A sub-module B

~

module
(Schmidt arrangement)

Pina, L. et al2019; DOI10.111712.2543412

LuningSu et al. Appl. Opt6, 6267-6271(2017)

Hudeg R. X-Ray Optics and Instrumentatid39148 2010 https:// doi.org 10.115%2010 139148


http://dx.doi.org/10.1117/12.2543412
https://doi.org/10.1117/12.2177792

AngelLobstereye Opitics:

ASquare micropore optics tiled
Into a sphere to emulate a
Lobstereye.

ACommon configuration
sought for Xray
Instrumentation given its
high sensitivity, excellent
spectral line resolution,
reasonableé~oV(several
degrees sg.) and spatial
resolution ovel0.2to 5 keV.

Peng et al., Optical Expreg8, 12, 2018 15138

1-D diagram for multiple poinrlight sources at finite (a)
and infinite (b) object distances in Lobster Eye Optics.



Multi-layers

AReflectivity for noamultilayer (ML)
coatings are high up to the critical

angle (.

A.xpmn. ¢ IE

A E= photon energy in keV
A = density of reflecting material in g/é&n

A _decreases with increasing energy.
A . 0.04cfor Plexiglas aB5keV
A . 0.1Ccfor Plexiglas atl7.4keV (MoK )
A . 0.55cfor Plexiglas aB.4keV (WL )

Critical grazing

angle as a function -

— 600 |

of energy for
popular Xray

and optic mirrors

T 400

telescope coatings -

| 200 |

1000 [

U osoof )\ |\

0.1

S. Romaine et al., Applied Optids, 2, 185189,2007

Credit: NASA (D. Swartz),

i
L

https://heasarc.gsfc.nasa.gov/docs/xraysch@0l03opt 03.pdf

Reflectivity
measurements of Iridium
(thickness 30 nm), at
various energies as a
function of graze angle.


https://heasarc.gsfc.nasa.gov/docs/xrayschool-2003/opt03.pdf

3

Multi-layers

A Extend energy range using ML coatings using Madawy:

6_=* ¢Qi Q& —

A ML coatings with deptigraded dspacings:

A By varying the bilayer thickness through the stack, a range of ener

for a single incident angle can be realized.

A Width of energy can be extended but lose reflectivity;
Broader energy response means lower overall reflectivity.

D.Windtet al.:http://www.rxollc.com/windt/papers/2015 SPIE960342.pdf
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http://www.rxollc.com/windt/papers/2015_SPIE_9603-42.pdf

2. Detectors and
Gratings

Credit: CXC/SAO/NASA/SRON/MPE Left: Chandra LETG



Detectors for Xay Astronomy

A Usually designed/configured for a
particularly energy band using technology
at the time (limiting).

A Examples:

A Proportional counter (gaseous ionization
detector/GPD- i.e. EXOSAT, Ariel, IXPE,
etc.)

A Scintillation detectoriincommoncg Vela,
KONUS, older missions).

A Solidstate detector CdTéCdZnTESDD)

A ChargeCoupled Detector (CCD) / Active
pixel sensor (Complementary metal
oxidegsemiconductor /CMOS) Popular

A Microcalorimeters (singleounting
mode).

A TransitionEdge Sensors (TES)
(superconducting, stateof-the-art).

Credit: NASA Credit: CXC NASA/SAO

Incident X-ray

Photoelectron Track V.

Chandra ACIS

(Advanced CCD Imaging Spectrometer)

Credit: NASA

NUSTAREdZnTealetector

Suzaku CCDs (XIS)

https://heasarc.gsfc.nasa.gov/docs/suzaku/gallery/instruments/xis.ht

ICarmelo] 3 NIoc SPIEL0397(2017); https://doi .org/10.111712.2273922



https://doi.org/10.1117/12.2273922
https://heasarc.gsfc.nasa.gov/docs/suzaku/gallery/instruments/xis.html

CCDOand other ionization detectors)

AX-ray photon is absorbed, creates primary photoelectron and
secondary electrons which are amplified/multiplied.

ATotal charge (Q) proportional to photon energy (not true for optical
CCDs).

AStatistical fluctuation on Q due to Poisson/Shot noise.
AVariance, Material (Si), dark noise, paieation energy, etc.

ADrawbacks:
AUsually the limiting factor in energy resolution
A Slow readout (loss of informatior} classical CCDs.
ADeadtime-> Saturation (blooming) and pulse piie (reduces dynamic range)
AHigh background (temp. dependent).



Gratings

A Transmission or Reflection?
A You want to be able to

distinguish/resolve the energies of key
elements in astrophysical xay sources

SILICON SULFUR CALCIUM

HIGH ENERGY X-RAYS

Image Credit: NASA/CXC/SAO

Brightness of iron Ka X-rays

Brightness of iron Ka X-rays

X-ray Fingerprints of Supernova

Remnants

Tycho

White dwarf
detonation
Type la supernova

Peaks at energies
[ below 6.55 keV

i 1

Fe76+
10 electrons

6.4 6.6
Energy (keV)

6.4

1
6.6
Energy (keV)

Core collapse

Type Ib/c and Type Il
supernovae

Peaks at energies
above 6.55 keV

l

Fe24+
2 electrons

6.4 6.6
Energy (keV)

Credit: NASA's Goddard Space Flight Center

credits: Tycho, NASA/CXC/Rutgers/K Eriksen et al /DSS; Kepler. NASA/CXC/NCSU/M. Burkey et al /DSS:

6.8

image
\W49B, NASAICXC/MITIL. Lopez et al./Palomar/NSF/NRAOIVLA; Cas A, NASAICXC/SAO/STScl/JPL-Caltech/Steward/O. Krause et al.
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Transmission Gratings NsHens R Blazed Reflection Gratings
Grating normal
Oth order Facet normal +; -
po | +1
ANV S T Y
7 +1%torder 4 L
L Bl
& .
] -]
e el
 Relaxed alignment & surface flatness tolerance + High diffraction efficiency
 Low diffraction efficiency (absorption, etc.) » Requires precise alignment, flat & smooth surface
generally has a higher will have the highest

diffraction efficiencydbumpe at shorter wavelengths reflectivity at shorter wavelengths.
(higher energies).

Image credit: Ralf Kdeilmann et al., 009 https://pcos.gsfc.nasa.gov/studies/rfi/lHeilmarRaltRFINNH1ZDA18. . pdf(White Paper).



https://pcos.gsfc.nasa.gov/studies/rfi/Heilmann-Ralf-RFINNH11ZDA018L.pdf

X-ray Gratings

Transmission Grating

A Dispersion Equation (Constructive interference):
QOE+ & _

A Increase the diffraction grating distance for increaseﬁn
wavelength.

A Take differential to find resolution:
QAT-O— ay_
A Resolving power:
oAl _ —
Y— Y_  Y—

—0 i 0 wadcx o

A High resolving power: small—and/or large—

Reflection Grating

Dispersion Equation:

Blazed Reflection Gratings |

ATrO AllO o Ty A
| ) p | 0

Spectral resolution:

+ High diffraction efficiency

* Requires precise alignment, flat & smooth surface

. ’Q L Credit:Heilmannr+ 2009
. (2)oes

Telescope blurY ): suppressed by large
dispersion.

Large dispersion due to small incidence angle;
offsets telescope blur; have to align gratings to
high angular tolerance.
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CanizaresC., et al. . Publications of the Astronomical Society of the Pddifi; 836 (2005, 1144
Flanagan et al2004 ApJ 605, 230
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Diffraction Gratings for-bay Spectroscopy
XMM-Newton
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https://www.cosmos.esa.int/documents/332006/566294/brinkmanb.pdf
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Credit: NASA

3. Assembly and
Calibration

Integration of IXPE at Ball, NASA



Assembly and Calibration | .
' ™ &’ |

ANest carefully into the spider, and glue using
clips instead of epoxy due to shrinkage and
distortions

AMake sure each shell is-@digned/axial and =N U e
confocal 1 \/ LG,
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+ PROXIMITY SENSOR

AVibration and environment (thermal) testing
(Shake and Bake).

Mikhail Gubarewet.al, Proc. SPIE360 EUV and-Ray Optics:
Synergy between Laboratory and Spat2600A (April30,
2009; https://doi:10.111712.823848



https://doi:10.1117/12.823848

X-ray Testing

A Straylight Test Facility (SLTF)
A 100m vacuum tube107 torr)
A Clean room
A Accommodatelm mirrors

A X-ray and Cryogenic Facility (XRCF)

A World® largest optically clean
cryogenic and Xray test facility.

A 520m Xray guide tube, instrument
chamber, clean rooms.

A Smaller cryogenic test chambers for
smaller instruments.

A Use suite of Xay sources within
dynamic range of telescope.

A Check for straylighioptical noisé

Credit: Kilaru, Kattps://wwwastro.msfc.nasa.gov/lynx/docs/meetings/TOM/Xray_Optics_at_ MSFC.pdf All images: NASA



https://wwwastro.msfc.nasa.gov/lynx/docs/meetings/TIM01/Xray_Optics_at_MSFC.pdf
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