The X-ray Telescope (XRT) for the Solar-B Mission

L. Golub', G. Austin , J. Bookbinder, D. Caldwell, P. Cheimets, J. &irt
M. Cosmo, E. DelLuca, P. Reid, A. Sette, M. Weber, T. Sakao,ddK.
Shibasaki, J. McCracken, J. Carpenter, H. Haight, R. Sievyright, J.
Tucker, H. Rutledge, M. Barbera, G. Peres and S. Varisco

Received: date

Abstract.

The X-ray Telescope (XRT) of the Solar-B mission will progidn unprecedented com-
bination of spatial and temporal resolution in solar cot@tadies. The high sensitivity and
broad dynamic range of XRT, coupled with the spacecraftsoand memory capacity and the
planned downlink capability will permit a broad range of @oal studies over an extended
period of time, for targets ranging from quiet Sun to X-flar€sis paper discusses in detail
the design, calibration and measured performance of theik®fiument up to the focal plane.
The CCD camera and data handling are discussed separatetpmpanion paper.
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1. Introduction to XRT and Solar-B

The solar outer atmosphere presents a unique set of profdeths observer:
the temperature varies from 5800 K to more than KQwith a consequent
range in primary emission wavelengths; the target has & langjular size
while much of the relevant physics takes place on very snpallial scales;
the aspect of most interest, the variability of the atmosphis due to the
presence of strong and intermittent magnetic fields roetéldd photosphere.
The B-field traverses a broad temperature regime from the visibteace to
the corona. The wavelengths which need to be observed ca@mparable
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range, from visible to X-ray, while the spatial scales whieed to be re-
solved range from a fraction of an arcsecond at the surfasel@® km in the

corona,; the time scales which need to be studied range framossconds to
years (Golub, 2003). The combination of instruments chésethe Solar-B

mission has been selected with these considerations in mind

2. Brief Science Overview

Because the solar outer atmosphere is at a temperature exabenillion
Kelvins (MK) its primary emission is in the soft X-ray speitrange. X-ray
images display the spatial distribution of this high-tenapere plasma, and
diagnostics are available to determine the distributiom &mction of tem-
perature of the coronal material. The X-ray Telescope (XRill)provide an
unprecedented combination of spatial, spectral and temhpoverage, which
will allow a broad range of scientific investigations to beral out, as listed
in Table I. In addition to the inherent capabilities of the KRhe spectral
data provided by EIS and spectroheliograms andBihmeasurements from
SOT/FPP will greatly extend our analytic capability in segdof the structure
and dynamics of the solar atmosphere.

Table I. Scientific Objectives of the XRT

Objective Representative Questions

1. Coronal Mass Ejections  How are they triggered? What &ioel toB
structure? What is relation between large-scale
instabilities and dynamics of fine structure?

2. Coronal Heating. How do coronal structures brighten?tAeee
waves, and do they correlate with brightness?

Do loop-loop interactions cause significant heating?

3. Reconnection and Jets Where and how does reconnectionindbe
corona? What is its relation to B?

4. Flare Energetics. Same as 1. above.
5. Photosphere-Corona Can a direct connection betweenaland
Coupling photospheric events be established? How is energy

transferred to the corona? What determines coronal
transverse fine structure?

The XRT will provide several “firsts" in capability in compson with
previous X-ray imagers. Some of these are summarized belvfurther
details are presented in DelLuebal. (2005).

XRT1.tex; 22/03/2006; 9:02; p.2



3

— Unprecedented combination of spatial resolution, fieldietwand im-
age cadence.

— Broadest temperature coverage of any coronal imager to date
— High data rate for observing rapid changes in topology angbegature.

— Extremely large dynamic range to detect corona from corboéds to
X-flares.

— Flare buffer, onboard storage and high downlink rate pmwidique
observing capability.

2.1. INSTRUMENT FLOWDOWN REQUIREMENTS

The scientific objectives which have been specified for thd Xé¢ad to a
set of flowdown requirements, as shown in Table Il. Theselarartinimum
performance requirements needed to meet the objectiveapgt cases the
as-built XRT exceeds these requirements, as will be disculsslow.

These requirements lead to the choice of a grazing-inceléGd) X-
ray telescope, with a design chosen to meet the specificresgents. We
note that the XRT design provides image quality in the céptvaion of the
field which is consistent with the manufacturing toleranddse design and
fabrication of the XRT are discussed in detail in Sec. 3.1.

XRT Temperature SensitivityRequirements 3. and 4. in Table Il may be
singled out as involving more of the telescope design elésngimultane-
ously than any of the other requirements. There are a numbactors
involved in determining the temperature range of a Gl telpec and addi-
tional factors determine the temperature sensitivity.i@@eslements include:
the reflectance of the telescope as a function of incomingophenergy E;
the transmission of the entrance aperture prefilters as)ati&transmission
of the focal plane analysis filters as a f(E); and the respafighe focal
plane detector as f(E). We see that each of the major subsysitthe XRT
contributes to this requirement.

In the following sections we first discuss the major subagdiesof the
XRT separately. The overall temperature response and tawtope discrimi-
nation of the XRT is discussed subsequently.

3. Major Subsystems

The components of the XRT are shown schematically in Fig.He XRT
is, in principle, a simple instrument: a grazing incidenpéimfocuses solar
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Table Il. Instrument Flowdown Requirements

Requirement Definition Required Value

1. Exposure time Shutter-open time 4dms-10s

2. Cadence Time between exposures 2 s (reduced FOV)

3. T-range Limits of temperature .B<logT <75
coverage

4. T-resolution Ability to discriminate lo§ =0.2
temperatures

5. X-ray optical Diameter of 50% 2 arcsec PRF

resolution enclosed energy

6. Field of view Angular coverage of > 30 arcmin
telescope

7. WL Rejection Reduction of Solar > 1012
visible light @ focal plane

8. Data rate Maximum bit transfer 2.4 Mb per sec
rate out of XRT

9. Data volume Maximum volume per 60 MB/one orbit
memory fill cycle

10. Coordination Coalign X-ray and WL One XRT pixel

X-ray/WL (Spatial)
11. Coordination Coalign XRT to SOT One XRT pixel
XRT/SOT (Spatial)
12. Coordination Coalign XRT to EIS One XRT pixel

XRT/EIS (Spatial)

soft X-rays onto a CCD array. Separation between the two istaiaed by

a stiff, lightweight, low-expansion carbon fiber reinfadcpolymer (CFRP)
tube. The front of the telescope is covered with thin filtevysréduce the
visible light entering the telescope, and additional fdtare positioned in
the optical path ahead of the CCD camera, along with a shagssgmbly. A
focus mechanism allows the camera to be mo¥ddmm along the optical
axis. A visible light optic is included in the center of theray mirror to

provide aspect information for the XRT and for the Solar-Bssion as a
whole. The telescope (i.e., the mirror) is shown schemigtioa Fig. 2. Its

design is discussed in detail in Sec. 3.1.

3.1. MIRROR
Grazing-incidence optics used for soft X-ray imaging gatigrequire a min-

imum of two surfaces in order to meet the Abbé sine conditian the mag-
nification be constant over the full aperture of the telescaffolter used a
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Figure 1. Components of the XRT; the optics are located inside theanoér aperture door.

paraboloid-hyperboloid design, and the more complex W@&@tdhwarzschild
design improves image quality slightly by exactly satisfyithe condition.
Werner Werner (1977) recognized that for a wide-field insteat the field
averaged point spread function (PSF) is a better figure oit teeuse, and
modern computer polishing methods permit the implemesradf designs
using high order polynomial surfaces which deviate fromrttege standard
conic sections. These designs generally trade on-axisamaglity for off-
axis improvements. This is acceptable because perfecdcasfcannot be
manufactured, so that there is relatively little loss oisawhereas the off-
axis gain can be considerable. In addition, the detectorbeapositioned
slightly out of focus and thereby achieve a better PSF agfifiid angle,
at the cost of on-axis performance; this was done, e.g.h®¥YohkohSXT
(Nariai, 1987; Nariai, 1988; Tsuneg#t al., 1991).

The XRT uses a generalized asphere for each mirror elemenalan
has a focus mechanism which allows images to be obtaineck diest on-
axis (Gaussian) focus and at a range of defocus positioresiriidge quality
as a function of field angle can be varied by changing the ilmcaif the
camera along the optical axis, as shown in Fig. 3.
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Figure 2. A schematic diagram of the grazing-incidence XRT includimg entrance filter as-

sembly and the centrally-located visible light telescdfee Gl telescope is shown in section,
cross-hatched. The shutter, filter wheel and focus meadmaisS. portion) are shown at right.
Note that the central part of the CFRP metering tube has beétted and that the camera is
not shown.

3.1.1. Goodrich Mirror Fabrication

As-built. The telescope as delivered to SAO met all of the design requir
ments except for knowledge of the focal length, as shown bieTHl. The
stated encircled energy diameter requirement was for thieabmesign it-
self, while the delivered performance matches the requrgrfor 2 arcsec
imaging.

Table Ill. As-built XRT Performance Parameters

Parameter Requirement As-Built

Optical Design Single Mirror-Pair  Generalized Asphere
Wavelength Range 6 —60 A Bare Zerodur

Entrance Diameter  34140.1 mm 341.7 mm

Focal Length 27082 mm 2707.5 mm

Focus Knowledge +0.050 mm +1.4 mm

Field of View 35 arcmin Optimized over 15 arcmin
Encircled Energy 68% @ 0.5 keV 68% @ 0.56 keV
(diameter) 1.57 arcsec 2.3 arcsec

Effective Area 1.0 crh@0.53keV 1.9 crh
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Performance Predictions. Measurements of the as-built telescope at Goodrich
were used to calculate the expected optical performanceeoXRT. Fig. 3
shows the predicted as-built RMS point response functidRFH)Pvs. field
angle at different field angles. Comparison with the meas&eF will be
presented in Sec. 4 of this paper.
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Figure 3. The predicted point response function of the XRT as a functibfocal plane
location, based on Goodrich measurements of the mirroasgighape.

The size and shape of the PRF are functions of position inefeedind of
focal plane location along the optical axis. This is illas&d by Fig. 4 (top),
which shows the PRF at several off-axis locations for a fptahe located
200um ahead of the best Gaussian focus. The corresponding ledcgrergy
plots are shown in Fig. 4 (bottom). These plots are againigiieds based on
the measurements of the as-built XRT.

The focal length of the XRT (and of grazing-incidence tetgss in gen-
eral) is dependent on field angle due to focal plane curvaiure predicted
values at field angles of 0, 5, 10 and 15 arminutes are (in mn707.3,
2707.0, 2706.8 and 2707.2, respectively. The spot centooithese off-axis
point source images is locategd.78553 mm/arcmin from the on-axis field
center; this quantity is the plate scale.

The measured performance of the XRT will be discussed indBabere
we present results of the extensive calibration and teshagwere carried
out at the X-Ray Calibration Facility (XRCF) of the Marsh&pace Flight
Center.
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Figure 4. The predicted PRF of the XRT for off-axis angles at a focustjmrs200um forward
of best-focus. Top image shows the focal spot and bottomedighows the corresponding
encircled energy curves. (courtesy Goodrich - Danbury)

3.2. HLTERS

The XRT utilizes both entrance aperture prefilters and fptahe analysis
filters; these are discussed in the next two sections. We mere that the
visible light-blocking requirement for the XRT is 1&, which translates
into a requirement for the prefilter and analysis filters of ®l@ach. This
requirement determines the minimum acceptable thickregssdch filter. It
also drives the mechanical design when launch vibrationaaodistic loads
are taken into account, since the filters must remain liigjfit-into orbit.
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Figure 5. One of the six annular aluminized Polyimide entrance filtdrthe XRT.

3.2.1. Prefilters

Thin prefilters cover the narrow annular entrance aperttitlesoXRT. These
prefilters serve two main purposes: 1.) to reduce the vifitié entering the
instrument, and 2.) to reduce the heat load in the instrument

Taking into account the amount of visible light attenuatimeeded in
order to allow soft X-ray detection at the focal plane CCDd afso tak-
ing into account the available methods for reducing visigét entering
the telescope, we find that requirement 2. above is autoafigtimet when
requirement 1. is met. We will therefore discuss only the fiesn.

Ideally, the prefilter will reduce the visible light as much possible
and will reduce the X-ray throughput as little as possiblgpdtience has
shown that the material best suited for this purpose is aumiand we
will treat only this choice. However there are several addal factors to
consider: Aluminum oxidizes from the moment of manufacumél launch.
The rate is strongly affected by humidity, so that handlingdiy nitrogen
is important. Additionally, Al filters exposed to full Sun imcuum will be-
come hot. Thermal conduction along the filter to the framectvisiupports it
will cool the filter, and the path length is a major factor intetenining the
temperature on orbit. Finally, in order to strengthen therfihgainst launch
loads, the aluminum can be mounted on a mesh, on a thin orfiemisuch
as Polyimide, or both.

The severity of the vibration and acoustic loads for the SBlaunch,
combined with the availibility of thin, strong, highly tramissive Polyimide
from the Luxel Corp., determined the choice of substratktig#ss. The amount
of Al need to provide the required visible light blocking €ehined the Al
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thickness. The XRT entrance filters consist of 1200A Al an@@@5of Poly-
imide, with an estimated 100A of ADs. A photo of one entrance filter is
provided in Fig. 5.

3.2.2. Focal Plane Analysis Filters

The analysis filters serve two purposes: 1.) to reduce thigeilsght reaching
the focal plane, and 2.) to provide varying X-ray passbandgtasma diag-
nostics. The analysis filters are held in two filter wheelgraped in series
and located in front of the CCD camera, near the focal plarg @7.

The analysis filters greatly extend the dynamic range of tRa Xif-
fering in thickness by nearly a factor of 4.0For faint targets, which also
tend to have relatively low temperatures, the thinner 8ltare used. For
flare observations the thickest filters are used. In additioere is a focal
plane filter used with the visible light telescope, whichperated separately
from the X-ray channel. This glass filter may also be inseddng X-ray
observations in the rare event that the flare intensity els#ee instrument
saturation level.

Inserting the analysis filters into the optical path altérs throughput
of the telescope as a function of wavelength. Combined vdftware that
calculates the spectral emissivity of the coronal plasma fasction of its

Figure 6. One of the two XRT filter wheels, each of which holds five filtargl has one open
position.
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Figure 7. The total XRT temperature response, for all of the X-ray Fgitane filters. Each
curve plots the combination of the total instrument respdiasf(wavelength)) with a coronal
plasma emission model (ATOMDB/APEC) for a columnar emissiteasure of 13 cm>.
The labels indicate which filter is in the path, as follows: AAkmesh, B = Al-poly, C =
C-poly, D = Ti-poly, E = Be-thin, F = Be-med, G = Al-med, H = Ahitk, and | = Be-thick.

temperature (Smitet al,, 2001), we may calculate the response of the XRT
for the various analysis filters. This calculation is showrFig. 7, in which
the throughput of the telescope is shown for an assumedesauittt constant
emission measure (amount of material) as a function of teatye of 1x
10%° cm° over the entire XRT sensitivity range. The units are erg€sec !

at the focal plane, so that the CCD conversion to electromdtisncluded.
These curves represent the basic first step in the quarditatialysis of XRT
images; a typical next step might be the type of analysisrdestin Sec. 5.5

in order to determine the distribution of the EM in a targefioa of interest.

3.2.3. Filter specification

A summary of the nominal physical properties of the focahplanalysis
filters is provided in Table IV. The measured values for th@ponent thick-
nesses are discussed in the next section.

3.2.4. Palermo Testing

Several of the flight focal plane filters for the XRT were telsé the X-Ray
Astronomy Calibration and Testing (XACT) facility of INABsservatorio
Astronomica di Palermo. The goal of these calibrations waketermine the
spatial uniformity of the filters and the transmission pmtips (Barberaet

al., 2004). Of the nine filters tested seven are installed in tR&. X he results
show that the spatial uniformity is 2% or better for the metlPolyimide
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Table IV. Physical Characteristics of the XRT Focal Planalisis Filters.

AnalysisFilter Characteristics

Filter ID Material  (A) | Filter Support | Oxide (Total, A)
A. Al-mesh | Al 1600 - 82% | Al,O3 150
B. Al-poly Al 1250 | Polyimide | 2500 | Al,0O3 100
C. C-poly C 6000 | Polyimide | 2500 | N/A N/A
D. Ti-poly Ti 3000 | Polyimide | 2300 | TiO; 100
E. Be-thin Be 9E4 N/A N/A | BeO 150
F. Al-med Al 1.25E5 N/A N/A | Al,O3 150
G.Be-med | Be 3.0E5 N/A N/A BeO 150
H. Al-thick Al 2.5E5 N/A N/A | Al,O3 150
I. Be-thick Be 3.0E6 N/A N/A | BeO 150

filters and better than 3.3% for the single metal filters. Thagmission tests
showed that the results were within 5-10% of the predictéddesa

After launch of the XRT the witness samples for the flight fétéen-
trance and focal plane) will be measured for transmissiaheaXACT. This
will provide the final transmission calibrations.

3.2.5. XRCF Testing

The transmissions of the focal plane filters listed in Tablevere also mea-
sured during the End-to-End test at the XRCF. The measuaagrrissions
are within 5-20% of the predicted values for all of the expesuwith a
high photon flux. Table VI shows the sources that we had aleite us for
these tests, and Table VII shows the comparison of measutgradicted
transmissions.

3.3. HUTTER

The focal plane shutter used in the XRT is a modifed versicim®fTRACE

shutter (Fig. 8). It can be operated in two modes: a contiswweep at fixed
rotation speed, or a start-stop mode in which the large ogeasibrought into
the path and kept there for the desired length of time. Theowaopenings
may be employed in a multiple-pass mode, so that a large setpufsure
times can be generated. The set of exposure times choseaitiglraperations
is given in Table V.

3.4. WL TELESCOPE

The XRT includes a visible-light imager coaxial and confagdh the X-ray
telescope. It is a simple achromat designed to image therSine i400-500
nm band with 2 arcsecond spatial resolution. The lens nadgefused silica
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Figure 8. The XRT shutter is a thin rotating blade with two narrow sfids 1 ms and 8 ms
exposures, plus a slot for exposure time$t ms.

and SF16, are chosen for their insensitivity to radiatiorkeiaing, and are
used to correct axial color between 405 and 495 nm; the dedsgpncorrects
for spherical aberration at 430 nm.

The nominal focal length of the doublet is 2705 mm, and thetape
is 50 mm, giving an f-number of f/54. The optic is mounted in anmer
that permits adjustment along the optical axis so that thible+-light focal
plane is positioned coincident with the as-built X-ray fopkane, to within
the depth of focus of the XRT. The WL depth of focus is subsitiptlarger
than the XRT’s.

The WL Telescope is fitted with an entrance aperture filter ufean
tured by the Andover Corporation and having a passband reehtan the
G-band at 430.7 nm with a FWHM of 18.9 nm. A similar filter is qza
in one of the focal plane filter wheels, with a tested centralelength of
430.3 nm and FWHM of 17.7 nm. The peak transmissions of therdilare
49.3% and 29.6%, respectively, including a built-in ndutkansity coating
on the focal plane filter for off-band rejection. The addiabneutral density
filter, of ND=1.3, was selected to provide a nominal exposume of 1/100
second. The correct ND value was chosen by calibrating theT@léscope
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Table V. Initial Table of Available XRT Exposure Values.
Available XRT Exposure Times.

ID# Texp (S€C) ID# Texp (S€C)
0 0.001 18 0.71
1 0.002 19 1.00
2 0.003 20 1.41
3 0.004 21 2.00
4 0.005 22 2.83
5 0.008 23 4.00
6 0.012 24 5.66
7 0.016 25 8.00
8 0.024 26 11.3
9 0.032 27 16.0

10 0.044 28 22.6
11 0.063 29 32.0
12 0.086 30 45.2
13 0.125 31 64.0
14 0.177 32 64.0
15 0.250 33 64.0
16 0.354 34 64.0
17 0.500 35 64.0

at Williams College using their 0.6 m solar telescope andiobtg images at
varying elevations, so that an extrapolation to zero airswasld be obtained.

3.5. VISIBLE LIGHT IMAGER AND X-RAY TELESCOPECONFOCALITY

The XRT and VLI share a CCD camera and a focus mechanism tlsad ha
range of motion oft1 mm. Therefore, in order to achieve the required optical
performance, it is necessary that their respective besixenfocus positions
both lie within the range of the focus mechanism. In orderetaspnably
minimize cadences and the frequency of mechanism motibissdesirable
that the best on-axis focus position for the VLI lie within®&icrons of that
for the XRT. This value is substantially smaller than thettey focus of the
VLI, so that refocusing in switching from XRT to VLI would nbe needed.
Observations were taken at the XRCF of a visible light peaayp at
the same distance along the facility axis as the X-ray solMeasurements
were taken across the range of focus mechanism positioris, the VLI
shutter in both the open and closed states. At this pointenghd-to-End
test, the telescope configuration included a spacer to atdouthe finite
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source distance and the consequent shift in location ofdted plane image.
The prefilters were not included, so that images taken wigh\Mthl shutter
open registered light traversing both the XRT and VLI oplinages taken
with the VLI shutter closed registered light traversing XiT optic. In order
to isolate an image focused solely by the VLI optic, eacharldmage is sub-
tracted from its corresponding open image. This subtra@iso compensates
for dark current in the image.

The images of the visible light source were fitted with a 2D &&&an
model, which is valid for focus positions near best focuse RES Gaus-
sian widths are then plotted as a function of focus positiéig.(9). The
best on-axis focus position is defined to be where the RSSd@auwidth
is a minimum. However, analysis indicates that, over thgyeaof motions
available in the XRT, the data are well-fit with a horizontmhigyht line. This
result corresponds to an instrument that has a broad defticus, in which
case all (on-axis) focus positions produce images withvadgmt focus. Note
that the size of the spot includes the finite size of the langalus produce
the WL image at the XRCF.

The VLI data are consistent with the prediction that it woblve a
depth of focus (2.2 mm) broader than the range of motion ofdbes mech-
anism (1.0 mm). Therefore, any VLI focus position within 2%icrons &
500 steps in the diagram) of the XRT best focus position & fBicrons will
give acceptable focus of the VLI.

VLI spot width versus focus position
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Figure 9. The spot size of a visible-light source imaged through tkéie light imager (VLI)
as a function of distance along the optical axis of the XRT.
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3.6. VISIBLE LIGHT IMAGER AND X-RAY TELESCOPECO-ALIGNMENT

The visible light source was placed adjacent to the X-raycmat the same
horizontal distance (530.6 m) from the front of the XRT instient along the
facility axis, but laterally offset by 14.1 cm.

For the X-ray measurements, the Cu-L source was used. Narmages
were taken at the Best Focus position, and the XRO peak fluxaids were
located to+ 0.5 arcseconds, i.e. one pixel on the CCD. For the VLI measure
ments, normal images were taken at the nominal 430.5 nm foasision,
and the VL peak flux centroids were also located-t0.5 arcsecond.

The measured offset between the XRT and VLI centroids wasciad
for the physical offset of the sources and an estimate ofttog @ the mea-
sure of the offest. The VLI and XRT axes net alignment offset7.0+ 5.0
arcseconds, with the uncertainty dominated by+Hé4" uncertainty in the
location of the visible light source. This alignment acoyrégs well within
the required coalignment tolerance of one arcminute. Tdi requirement
on knowledgeof the coalignment will be determined after launch during th
commissioning phase of the satellite.

4. XRT Mirror Imaging Performance

Two major test sequences of the XRT were carried out at NASREF.
In the first (mirror calibration test), the imaging propestisuch as point
response function, effective area as a function of wavétenagd off-axis
response of the XRT were determined. The XRT was then reduimehe
XRCF after assembly into flight configuration, specificallyestablish the
focal length via an end-to-end test. Image performance fiata both the
mirror calibation and end-to-end test are presented insiision. The total
telescope throughput is discussed in the following secBatails of the CCD
camera calibration are discussed in the companion XRT capsger in this
volume.

4.1. TESTPLAN.

The XRCF consists of an X-ray source located at one end of arbddcuum
pipe, with a large vacuum chamber at the other end of the pif®id the
test article and associated test equipment. Our tests msEtbetron Impact
Point Source, in which an electron beam is focussed ontgattat a voltage
chosen to excite a characteristic line; typicallyoker L-a lines are chosen,
for strength and spectral purity. A thin metallic filter, afly of the same
material as the target is then placed in the path to filter outamted X-ray
energies while permitting the characteristic X-rays tospd$e primary lines
used in this test are listed in Table VI. The mirror calitwattests carried out
were:
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Table VI. Available X-ray lines for
the XRT Calibration at the XRCF.

Line Energy Wavelength

(keV) A
C-K 0.277 44.7
O-K 0.525 23.6
Cu-L 0.933 13.3
Al-K 1.49 8.3
Mo-L 2.29 54

Focus determination The mirror is aligned with the source-detector line. A
scan through the focus range was performed and 2-D Gaussiaa ¢
fits were applied to images. The best on-axis focus (BF) weatdal
by the minimum in the polynomial fit of the RSS sigma width val-
ues for the FWHM. The focus position that provides the bestaye
imaging across the field of view (FOV) is called the FOV Optied
Focus (OF), defined as the position where the on-axis FWHMjisle
to 2”. This yields the largest extent of field angles meethgresolution
requirement.

On-axis PSF and encircled energy Characterization of the performance of
the XRT mirror was performed after completion of the opteeab align-
ment of the mirror to the X-ray beam. Data was collected usiegCu-L
source using both the CCD and proportional counters. Theégwtion
of these data was used to find the PSF and encircled energy.

On-axis effective area A flow proportional counter (FPC) with a wide pin-
hole aperture was used to alternately measure the photant cate
through the effective area of the X-ray optic and through uheb-
structed visible light aperture along the same optical.aki® ratio of
the on-axis effective area to the calibrated pinhole aperdrea is equal
to the ratio of the photon count rate through the respectieasa In-
dependent measurements of the source flux rate providecdatiation
against time variations. Proportional counter data wekertawith the
five different energy sources (Table VI).

Off-axis PSF and encircled energy This test was performed with the Cu-L
(0.933 keV) source, using an off-axis configuration of 15dranutes.
The X-ray beam center was measured with an FPC and an arraji-of ¢
brated pinhole apertures from pfh to 20 mm. These data were used to
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characterize both the off-axis PSF and encircled energpipeance of
the XRT optic.

Off-axis effective area The XRT off-axis effective area was measured at an
angular displacement of 15.6 arcminutes (immediately esgipsnt to
the off-axis PSF measurements). The 20 mm pinhole aperhdeana
FPC detector were used to sample the beam center for bothute C
(0.933 keV) and O-K (0.525 keV) X-ray sources, in conjunctigith
measurements through the VLI. In other respects, the tesedure was
identical to that described for the on-axis effective aremsurements.

Wings of the PSF To determine the contribution of the wings of the PSF, 89
normal and dark images were collected at best on-axis f@cgsbset
of these images were calibrated and summed. Fluxes witmualiazp-
proximately 3 CCD pixels thick were summed with the midpoadius
of each annulus expanding toward the edge of the CCD in dessteps
of 3 CCD pixels.

Thermal response of thetelescope Images were collected at three differ-
ent chamber temperature configurations?@522C, and with a 1C
temperature gradient around the mirror circumference.

4.2. BESTON-AXIS FOCUSPSF

The BF was found as described above. During the mirror clior tests,
data involving sub-pixel motions were collected to helpedeine the az-
imuthal location of best focus. In this procedure, imagesviaken after the
CCD position was shifted 7 micronsz(1/2 pixel) in both thez'and they”
directions. An estimate of the point spread function (PS&3 derived from
these data via an interpolation method (Fig 10), after wismirections for
the finite source distance and the effect of gravity wereiegph order to
derive the PSF as it will appear in flight configuration (Fig.11

After constructing the PSF, annuli of successively indreasner radii
were formed, with the peak of the PSF taken as the origin affalie annuli.
The fluxes contained within these 2-pixel thick annuli wevensed and
plotted as a function of diameter of the annuli. The resgltot is shown
as one of the curves in Fig. 12. This plot shows that the mimeets the
NASA requirement that 50% of the encircled energy be coethiwithin a
diameter of 27 microns (2 arcsec).

The PSF was also measured via a series of pinholes positammedis
at the plane of best focus, with a proportional counter kedtaiehind the
pinholes. These measurements confirmed the size and shieeimher core
of the PRF, and were also used to measure the large-angls wiitige PRF;
those results are presented in Sec. 4.3.
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Figure 10. The PRF of the XRT before correction for the finite sourceatise during XRCF
testing and for the deformations due to gravity. The FWHM#s|than one XRT CCD pixel.

The PSF as measured contains two contributions which arprasént
on-orbit: the XRCF source is of necessity located at a finistéadce from
the telescope, and the optic is distorted due to the effegtanfity. We have
modelled both of these effects and corrected the measuigdvitB the result
shown in Fig 11.

Mirror contribution. The experimentally-determined encircled energy func-
tion of the XRT is shown in Fig. 12, which compares the predictvith two
measurements, one using a CCD and one using a nested seqfipimtmles.
The only discrepant data point is that using the largelfs) pinhole; this is
being investigated. The CCD contribution to the instrunf®RE is discussed

in the companion paper in this volume.

4.2.1. Performance across the FOV

Images taken at Cu-L (0.933 keV) across the field of view of Xk are
used to determine the PSF when the camera is positioned gighe of
best focus. The results are summarized and compared to @ sluowing the
variation in RMS spot size vs. field angle obtained using anage program
which takes the measured telescope surface figure. Compasfshe spot
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Figure 11. The PRF of the XRT corrected for the finite source distancenduKRCF testing
and for the deformations due to gravity. The FWHM-i8.8 arcsec, less than one XRT CCD
pixel.
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Figure 12. The predicted vs. measured encircled energy function oK& for the on-axis

Gaussian focus position. Dashed line is the Goodrich ptiediand the diamonds and brackets
indicate the experimental values.
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size data obtained at the XRCF after finding the location it iecus to
the predictions is shown (Fig. 13). We find excellent agregrbetween the
predicted performance and the measured values.

® XRCF
—— SAO Raytrace

RMS Diameter at BF (Arcsec)

Angle (Arcmin)

Figure 13. The measured vs. predicted off-axis spot size in test camdfiigun, i.e. without the
1G and finite source distance corrections.

4.3. WINGS AND SCATTERING

The wing response is defined as the ratio of the off-axis flikdamn-axis flux
for a point source. The off-axis angle must also be specifielfar the XRT
the requirement was specified for an annular ring of widthcker located
at a radius of 60 arcsec. The wing response was measured ¥RtDE for
the full range of angles from 0 to slightly more than 60 arasgng the CCD
images for the bright inner portion of the PSF and the pinnodasurements
for the faint outer portion. Ten long-exposure CCD imagesewaeraged
for the core determination and the result was spliced orggpthhole data
in their overlap region. The wing response of the XRT PSF.(E®) was
sampled with an FPC using 100 and 300 micron calibrated fereaquertures,
at a range of positions between 0 and 1000 microns from the camter. A
2D Lorentzian model was fit to this dataset. The PSF core wagplsa with
an FPC using a 10 micron pinhole, in &7 array of positions within 22
microns of the core center. A 2D Gaussian model was fit to #itierl dataset.
The Gaussian core and Lorentzian wing models were matcH&iratcrons,
and together normalized to the core peak value. The measuatsrshow that
the scattering isc 10~° at 1 arcmin off-axis, at an energy of 0.93 keV.
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Figure 14. The wing response of the XRT PSF at a range of positions bet@ead 1000
microns from the core center. A 2D Lorentzian model was fihts dataset; see text for details.

5. Throughput

5.1. MIRROREFFECTIVE AREA

The effective area of the XRT depends upon the geometricarddhe re-
flectance of the mirror surfaces. The latter quantity is wenvgth-dependent
and enters twice because the XRT is a two-bounce teleschgepredicted
effective area agrees well with the measured area, as showig.i 15. The
effective area at an off-axis angle of 15.6 arcminutes wss aleasured, as
shown on the figure; the lower reflectance indicates the degirgignetting
at this angle. The overall XRT response also includes theece filter and
the focal plane analysis filter transmissions, and the CG@Diafcy.

5.2. HLTER TRANSMISSION

As a check on the thickness of the analysis filters, theirstrassion at X-
ray wavelengths was tested at the XACT facility in Palermiogishe same
set of emission lines which are available for the XRCF tgstthe energies
associated with these emission lines were shown in Table VI.

The results of the measurements are shown in Table VII. Tlerun
tainties in the measured transmissions are dominated bytiogustatistics.
For some of the thick filters measured with the weaker emisbkies, the
time available for testing determined the number of photehigh could be
collected, so that the error bars are relatively large. Veetisat, to within the
measurement uncertainties, there is acceptable agreanadirdases between
the predicted and the measured values.
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Figure 15. The effective area of the XRT optic as a function of energyhlom- and off-axis.
The predicted on-axis areas for two reflections on the m{dashed line) are consistent with
the on-axis measurements (asterisks and diamonds onisel#).|Off-axis measurements are
also shown (triangles and squares on solid lines) for a figdtieaof 15.6 arcminutes.
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Figure 16. The nominal quantum efficiency curve for the XRT CCD camehnays here for
illustrative purposes only.
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Table VII. Analysis Filter Measured (upper) vs Predictamgr) Transmissivities.

Emission Line: C-K O-K Cu-L Al-K Mo-L
Energy (keV): 0.227 0.525 0.933 1.49 25
Filter Measured Transmissioa Uncertainty
Predicted Transmission
Al-mesh 23.8:6.9 80.8:t85 93.46.2 945+52 77.47.0
21.2 72.1 91.9 97.6 92.0
Al-poly 24.0+8.3 51.5:8.6 77.4+7.0 94.5+5.2 89.6:7.3
194 50.3 82.0 94.6 91.2
C-poly 64.1+£5.5 7.9:+4.8 60.6:4.8 79.223.0 94.17.0
65.3 10.0 57.9 86.3 95.6
Ti-poly 41.8+7.2 5.5:3.2 33.93.1 68.8:4.4 91.0:6.4
34.0 3.1 33.0 71.7 89.3
Be-thin 5.6 — 26.14+3.5 77.8:5.6 90.%46.6
0.0 0.1 27.8 72.6 91.1
Be-med 6.8 — 4527 48.9-6.8 77.2£5.3
0.0 0.0 1.5 32.6 73.7
Al-med — — 2.3+1.7 22.6:44 25+1.9
0.0 0.0 0.6 23.6 0.2
Al-thick — - - 5121 —
0.0 0.0 0.0 6.0 0.0
Be-thick — - - - 7.8£2.9
0.0 0.0 0.0 0.0 6.7
5.3. CCDQE

The calibration of the XRT camera is described in detail in@panion paper
in this volume. For reference purposes we provide a caldraturve here,
Fig. 16, since this is part of the throughput calculationtfer XRT instrument

as a whole.

XRT1.tex; 22/03/2006; 9:02; p.24



25
5.4. TOTAL TELESCOPETHROUGHPUT

The total throughput is the convolution of all relevant terrmcluding pre-

filter transmission, mirror effective area, analysis fittensmission and CCD
guantum efficiency. These contributions are summarized affective area,

and the curves for all of the nine XRT filter channels are shiowFig. 17.

5.5. DEMANALYSIS
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Figure 17. The total telescope throughput of the XRT for each of the Mrray filter chan-
nels. The labels indicate the filter channels as follows: A<m&sh, B = Al-poly, C = C-poly,
D = Ti-poly, E = Be-thin, F = Be-med, G = Al-med, H = Al-thick, drl = Be-thick.

The next step after one is able to see the coronal structsitesdeter-
mine their physical basic properties. Among these is thesoreanent of the
amount of material present in the corona as a function of ézatpre — the
differential emission measure, or DEM. The procedure wefasdinding
the best-fitting DEM for a given set of observations in seivgpactral chan-
nels has been described in Wele¢ral. (2004). We consider a set of images
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taken of an active region (AR), and we estimate the DEM in &mipixel.
Our procedure then produces an iterative least-squarestfietobservations
using a DEM represented by a spline with evenly spaced kmolsg{Te)
space. With the forward modeling approach, we assume adtitial emis-
sion measure and compare the predicted observations foffitac with the
real observations, iterating the DEM until an acceptablis fibund.

The corona is known to be highly inhomogeneous in temperatien-
sity, and magnetic field — the isothermal approximation terofinadequate
for describing the optically thin solar atmosphere acresgth scales com-
parable to the span of an XRT pixel. The actual DEM distrilnutin an
active region is thus expected to include material acrosg&la temperature
range. We analyzed our DEM procedure using a realistic DEMeahthat
is included in the CHIANTI database in order to evaluate thethmds em-
ployed and to establish the number of observing channeldedei@ order to
reproduce the input data. There is, in principle, no limitite complexity of
the model DEM which could be chosen. However, the physichefsitua-
tion — primarily the Boltzmann width of the spectral linegusing them to
be formed over a fairly wide temperature range in the coropaovides a
fundamental limitation to the resolving power of any spestopic analysis
(Craig and Brown, 1976). The amount of structure presenhismrodel is
reasonable for these tests.

Figs. 18a and 18b suggest how well the input DEM can be rexatstl
as a function of the number of observing channels used. In1dg, four
XRT channels have been used to perform fits. The figure shavsaddel AR
DEM (solid line with two humps), the distribution of fitted DM (grayscale),
and the median values of the 100 DEM runs (diamonds). The D&fitted
over the log temperature range 5.5-8.0 and 3% noise is adsUinese rela-
tively high-T XRT filter channels determine the presencéefhiotter peak of
material, as indicated by the convergence of the mediantfiggonodel DEM
curve, but fail to detect the cooler material. The narrowentainty bands
indicate that the fits are robust or, in the words of one autheliably bad”.

In Fig. 18b, the same model is fitted with seven channels;ithatie
have included thinner filters in the analysis. It is obvicuet the fitted DEMs
more accurately reproduce the model DEM curve across the éamper-
ature range. Even though the uncertainty bands are not agraioed as in
Fig. 18a, they adequately indicate the presence and tetapeiaf the cool
component. To achieve good results in DEM reconstructich WRT data,
it is thus important to have observations in many (indepet)dghannels.

The Number of Channels.The physics of ionization fraction formation un-
der coronal conditions combined with the range of tempeeattound in the
corona leads to a definite requirement on the number of indkgre channels
that need to be recorded in order to reconstruct the emigsg@sure distribu-
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Figure 18. Two attempts at reconstructing an input model (solid histog of the DEM from

a solar active region: a) at left, uses four XRT channels andyzes a poor fit, b) at right,
uses seven channels and yields an acceptable fit. Each paae $00 runs, with noise added
for realism.

tion. The narrowness of the temperature range over whicpieahionization

state is formed in the corona, combined with the requiren@iiave com-
plete but non-redundant coverage, means that at least ahnels must be
used. This is shown explicitly in Fig. 18, where we examin ftoe removal

of even a single channel affects the quality of the DEM rettanton for a

typical active region.

DEM reconstruction thus requires observations in at leasndepen-
dent channels, most of which should record a useful numbeowfits. This
is the major reason for the choice of up to nine channels,rspgra large
temperature range, in the XRT.

This analysis indicates that DEM determinations are datnsive, since
they require that a large number of channels be used. Beteleseetry is
limited, as is onboard storage, and because some scieltjfictves require
high cadence (i.e., the use of a single channel or a small euailchannels),
the multi-channel DEM programs will need to be specificatligexduled when
needed.

6. Conclusions

The X-ray telescope for Solar-B will be the highest resolutsolar X-ray
telescope ever flown. The optical design and mirror qualitsuee excellent
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imaging performance across the FOV and low scattering fraghbflaring
regions. In combination with the observations from the S@Qd &IS, the
XRT'’s broad temperature response, large dynamic range igihdtirough-
put will achieve breakthrough science in the areas of CMEsdt coronal
magnetic field structure), coronal heating (loop tempeeatiynamics, waves,
loop-loop interactions), flares, reconnection and jete fthle of magnetic
topology, energetics) and the relationship of the photesphmagnetic field
evolution to coronal dynamics.
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