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ABSTRACT

The SWIFT X-ray Telescope (XRT) is designed to make astrometric, spectroscopic and photometric observa-
tions of the X-ray emission from Gamma-ray bursts and their afterglows, in the energy band 0.2-10 keV. Here
we report the results of the analysis of SWIFT XRT Point Spread Function (PSF) as measured during the end-
to-end calibration campaign at the Panter X—Ray beam line facility. The analysis comprises the study of the
PSF both on—axis and off-axis. We compare the laboratory results with the expectations from the ray—tracing
software and from the mirror module tested as a single unit. We show that the measured HEW meets the
mission scientific requirements. On the basis of the calibration data we build an analytical model which is able
to reproduce the PSF as a function of the energy and the position within the detector.
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1. INTRODUCTION

The XRT! is a sensitive, autonomous X-ray CCD imaging spectrometer designed to measure the flux, spectrum,
and light curve of GRBs and afterglow over a wide flux range covering more than seven orders of magnitude in
flux. XRT utilizes the third flight mirror module (FM3) developed for the JET-X program?: it consists of 12
nested, confocal and coaxial mirror shells having a Wolter I configuration. The mirror diameters range from
191 mm to 300 mm, the nominal focal length is 3500 mm, the total field of view is about 40 arcminutes (at
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Figure 1. The left panel shows the different positions used to study the PSF on- and off-axis in the case of the Al-K:
it is produced summing different images taken at different times. The right panel shows the mosaic of different images
and represents the grid of the energies and positions we used in our study.

50% vignetting level) and the effective area at 1.5 keV is ~ 165 cm?. The XRT imaging array is a MAT-22
CCD consisting of 600 x 600 pixels, each 40um x40um with a nominal plate scale of 2.36 arcseconds per pixel,
which makes the effective field of view of the system ~ 24 arcmin.! The instrument response of 1 counts sec™!
corresponds to a source flux of ~ 1 mCrab. The JET-X flight modules FM1 and FM2 have already been tested
during the JET-X end-to-end calibration® in March/April 1997 at the Panter laboratory of the Max-Plank-
Institut flir Extraterrestrische Physik. The spare FM3 mirror module has been calibrated as a single unit in
July 2000* at the same facility. A ray-tracing code has been developed to evaluate the response of the telescope
for the purpose of the JET—X mission. This software takes into account the nominal geometry of the telescope
and the main physical effects of the focusing process: gold reflectivity and scattering microroughness.®

The Panter end-to-end calibration campaign of the SWIFT XRT has been carried out in the period September
23rd - October 4th 2002. In particular the PSF calibration aimed to confirm that the mounting of the mirror
inside XRT did not introduce distortions.

Table 1. The values of the 5 calibration energies used for PSF calibration.

source C-K | AI-K | Ti-K | Fe-K | Cu-K
energy [keV] | 0.28 | 1.49 | 4.51 | 6.40 | 8.05




2. THE DATA

PSF calibration data have been collected at five energies (Tab.1) both on—axis and at four off-axis angles in
two perpendicular directions (Fig.1). The left panel of this figure shows how the sources have been moved along
a grid of position within the detector and the right panel represents the grid of energies and positions we used
in our analysis. The data for PSF calibration have been taken in imaging mode. This operational mode is
suited to determine the position of the GRB immediately after the spacecraft has slewed and settled on the
target: the charge produced by the X-ray events is read directly without the event reconstruction, keeping the
spatial information and losing most of the energetic information of the accumulated events. This allows us to
observe bright sources without any distortion of their surface brightness profile in a very large range of fluxes
and therefore it is the fastest way to accumulate data keeping the spatial information (however it does not allow
to collect meaningful spectra). In an imaging frame the value registered in each pixel is the amount of charge
accumulated in the frame interval and can be all the charge of one event, or a fraction of a splitted event or the
sum of different events: this implies that the calculation of the number of the observed events without any event
reconstruction procedure is not a trivial task. The histogram of the pixel values of the images is characterized
by the peak of the single pixel events which contains all the charge of one event and has a typical value for
each monochromatic energy (Fig.2). Dividing the value of the accumulated charge in each pixel by the typical
value of the single event gives a good approximation of the number of the events accumulated in the image of a
source. In imaging mode the data are reliable without any PSF distortion up to ~ 30,000 counts sec™!. Beyond
this point the out-of-time events effect cannot be ignored: this effect can slightly modify the PSF profile (it
does not affect the calculation of the centroid). For the PSF calibration we selected the observations with more
than 1,000 total counts in the image, taken with a count rate lower than 10,000 counts sec™! at the CCD: in
Fig 3 we report for each bin in the Energy-Position plane the numbers of reliable observations we used for our
analysis.

3. THE POINT SPREAD FUNCTION

The analysis of the XRT PSF has been performed assuming a radial dependence of the PSF. The radial profile
PSF(r) has been built counting the charge contained within annuli of different width. In the inner PSF regions,
close to the centroid, where the slope of the profile is very steep we sample the PSF with annuli of 1/5 pixel
of width. In the external part of the PSF, where the number of counts is low we sample the profile on scale of
10 or 20 pixels. For each choice of monochromatic energy and position the PSF profile can be well fitted by a
model composed by a Gaussian function that takes into account the very central part of the profile and a King
function which describes the external faint wings (Fig. 4):

PSF(r) = We 57 + (1 — W)(1L + (Z)2)8). (1)

Te
The model has 4 free parameters (plus the total normalization) W, o, r., 8 which are functions of the energy
E and position §: W=W(E,#), o = o(E,0), r. = r.(E,0), 8 = B(E,f). Typical values of the parameters for the
on—axis PSF at different energies are reported in Tab. 2. One of the main advantages of this function is that
it is analytically integrable in rdr and therefore the integral profile (or Encircled Energy Fraction, EEF) and
correspondingly the total flux of a source are also analytically characterized.
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Figure 2. Imaging mode allows photon pileup to occur and no event reconstruction is performed. In this way most of
the energy information of the original event is lost. But when all the charge is concentrated in one pixel the value of
this pixel is well defined and it is a linear function of the energy (lower panel). In the upper panel the histograms of the
pixel values from different images (arbitrarily normalized) at the five different calibration energies are plotted. In the
lower panel the linearity of the relationship charge vs.energy is shown.
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Figure 3. The numbers of reliable observations for our purpose binned in the Energy-Position plane. The bin referring
to the Cu-K measurments at 10 arcmin off-axis angle is empty because the data do not match the selection criteria.
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Figure 4. For each choice of energy and off-axis angle the PSF is well described by an analytical model which is the
sum of a Gaussian plus a King function. Here as an example we plot the data and the model both for the differential
and integral profile of the Al-K PSF (1.49 keV) on—axis.

EEF(00) =27Wao? +ar2(1-W)/(B—1)

In Fig. 5 we plot the surface brightness profile for different energies on— and off-axis.

Table 2. The parameters of model (Eq. 1) which best describe the on-axis PSF at different energies.

C-K | ALK | Ti-K | Fe-K | Cu-K
W 0.34 | 0.29 | 0.25 | 0.19 0.15
olarcsec] | 2.53 | 2.47 | 1.98 | 1.95 | 1.91
re[arcsec] | 7.90 | 6.49 | 6.20 | 6.04 | 6.08
B8 1.89 | 1.59 | 1.51 1.47 1.45

4. THE HALF ENERGY WIDTH

The Half Energy Width (HEW), defined as the diameter that contains 50% of the total flux, is a very useful
parameter to test the quality of our optical system and to study the dependence of the PSF on the different
energies and positions in the focal plane (Tab. 3). In the left panel of Fig. 6 the HEW values measured on—axis
at the 5 calibration energies are reported: they range from ~ 16 arcsec for C-K (0.28 keV) to ~ 22 arcsec for
Cu-K (8.05 keV). In the right panel of the same figure the HEW of the C-K line is plotted at different off-axis
angles: the HEW on—axis is a local maximum and the HEW decreases for off-axis angles up to 7 arcmin. This
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Figure 5. Examples of PSF profiles for two different energies in two different positions In both panels the diamonds are
the data and the black solid line is the fit (Eq. 1).

is due to the fact that the CCD is intentionally offset slightly along the optical axis from the best on—axis focus:
comparison with the HEWSs expected from the ray tracing code indicate that the offset is about -2 mm. The
consequence is that the PSF is slightly blurred on—axis and slightly better at ~ 7 arcmin off—axis. Because
of the particular operational procedures of the satellite, many XRT observations will be performed with the
source not perfectly on—axis: the detector position represents a good trade-off between having a good spatial
resolution and a larger field of view (this solution was also adopted by JET-X). In Tab. 3 we report also the
HEWSs measured during the calibration performed in July 2000 (with the CCD in focus) before the integration
of the mirror module in the XRT tube. From the comparison with the actual values we measure the effect of
the misalignment on the PSF. The actual measurements on-axis are somewhat worse, but still well under the
scientific mission requirements. Moreover, from the right panel of Fig. 6 we can observe that the system is
highly uniform on the central ~8 arcmin region.

Table 3. In the table the HEW values on- and off-axis at different energies are reported. In the last column (FM3) the
values measured for the mirror as a stand-alone unit during previous calibration tests are reported. All the values are
in arcseconds.

on-axis | off-axis(7 arcmin) | FM3 (on axis) | requirements

C-K 15.9 £0.3 14.9 +£0.4 - -
Al-K | 17.6 +£0.5 17.3 £0.7 14.0 20
Ti-K | 194 £04 19.3 £0.2 17.3 -
Fe-K | 20.7 £0.3 20.4 £0.3 - -

Cu-K | 22.2 +£0.3 22.1 £0.5 20.3 30




ON—-AXIS HEW OFF—=AXIS HEW (0.28 keV)
L AL L L B b L L A A
24 mean value B r ® Panter data
e each value Cu-K| 20; ]
i Fe—-K ] r Ray tracing 1
22 I b I
_ | Ti-K ® _ 18f ]
g | ‘ 2 |y
o 20+ B o
57 ! Se R t
= | Al—K R s ¢
w w [ * *
T 18- B T
I 1 14+ g
C—-K r
161 § 1 12 1
14l ] 100 e
0 2 4 6 8 -10 -5 0 5 10
energy [keV] off—axis[aremin]

Figure 6. In the left panel the HEW on—axis measurements are plotted as a function of the energy. In the right panel the
HEW of the C-K line is plotted for different off—axis positions. The negative values of the off-axis angle are conventionally
assumed for the data taken in the left part of the detector. The laboratory data show a qualitative agreement with the
results of the ray—tracing simulations for an out of focus position of -2 mm.

5. THE ANALYTICAL MODEL

The last step in our PSF analysis is the construction of an analytical model which describes the PSF as function
of (E,). The main goal of building this model is the calculation of the PSF correction, which gives for a
generic observed source the fraction of the flux contained in a given box. This is a fundamental ingredient in
the photometric measurements and also in the construction of the Ancillary Response File (ARF) necessary
for the spectroscopic analysis. As we can see from Tab. 2 the weight of the Gaussian W decreases with the
energy. The core radius of the King function r. increases with energy and the exponential 8 decreases allowing
a steeper decrease for lower energies.

We performed a fit with the model (Eq. 1) on each element of the 5x5 grid of energy and off-axis values:
for each of the 25 different sampling points in the energy—position plane we derived its four PSF parameter
values (W, o, r¢, 8). In order to have an analytical model describing the PSF of sources with different spectra
in different positions each parameter par(FE,#) has been fitted with a plane function of (E,f) as illustrated in
Fig.7:

par(E,0) =a+bx0+cx E+dxEx§6 (2)

The final aim of building the analytical model is to be able to give an accurate description of the PSF profile
of a source with a generic spectrum in a generic position of the detector. In order to test if our model reaches
this goal, we used the observations taken during the calibration campaign with a bremsstrahlung spectrum: they
represent the most realistic test for our model because in the input spectrum all energies are sampled and it is
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Figure 7. For each tested energy and position within the detector the PSF can be accurately described by the analytical
model reported in (Eq. 1). This model has 4 free parameters and they are all functions of the energy and the off-axis
angle. In order to provide an analytical model for a source with an arbitrary spectrum located at an arbitrary position
on the detector, we fit each of the four parameters to a plane which is a function of energy and off-axis angle (Eq. 2).

In this plot as an example we report the 25 different values (left panel) and the fit (right panel) of the parameter W,
which gives the relative weight of the Gaussian function.

more similar to real astronomical sources. Using the model PSF=PSF(E,f) for a grid of energy values we built
a series of monochromatic images and summed them with the proper weights calculated from the normalized
spectrum (for the energy grid we used a step of 100 eV ranging from 0.3 keV to 10.0 keV). The results of this
procedure is reported in Fig.8. In the left panel the observed image is compared with the profile calculated with
the model showing a very good agreement. More important, for our future work in the right panel we compare
the integral profile of the test image with the model. As we can see from the residuals plot if we take a circle

with the radius larger than 3 pixels (~ 7 arcsec) the model always describes the data with a precision better
than 2%.

6. CONCLUSIONS

The PSF end-to-end calibration demonstrated that the XRT meets the mission requirements in terms of PSF and
spatial resolution. Moreover through the detailed study of the PSF and the analytical model we demonstrated
that we can calculate the PSF correction of the instrument with high accuracy for astronomical sources.
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