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ABSTRACT

Using multilayer coated mirrors to provide high reflectivity at large graze angles, we have proposed to launch a
small (< 50 kg) telescope that is capable of measuring the linear polarization of the soft X-ray fluxes from many
astronomical sources. Three identical mirror-detector assemblies are designed for maximum efficiency at 0.25
keV, where the photon spectra of many celestial targets peak. In observations lasting 1-3 days using this low
risk instrument with proven heritage, we can detect polarizations of 5-10% at 5σ due to Compton scattering or
synchrotron processes in the relativistic jets of BL Lac objects, accretion disks or jets in active galactic nuclei
and atmospheres of isolated pulsars. Pulsar data can be binned by pulse phase to measure the orientation of
the neutron star rotation and magnetic field axes and constrain the mass to radius ratio. This project has been
selected for technology development funding by the NASA Explorer Program.
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1. INTRODUCTION

Astronomical observations at all wavelengths have revealed the existence of numerous types of objects where
extremely energetic and exotic phenomena occur. These include X-ray binaries and active galactic nuclei (AGN)
among others, where accretion onto a compact object (collapsed star or massive black hole) is thought to be
the basic mechanism for the release of large amounts of energy. In accretion processes, energetic radiation is
emitted that can be detected in the soft X-ray region. The processes that lead to polarized X-ray emission
are nonthermal radiation and electron scattering of thermal X-rays in geometries that deviate from spherical
symmetry. The degree and position angle of polarization from a source is highly dependent on the geometry of
some feature of the source (e.g., the magnetic field or scattering disk). Polarimetric observations in the X-ray
band will help to determine the nature of the physical processes powering these and other exciting objects.

Tens of thousands of soft X-ray sources are now known from the ROSAT all-sky survey. Most studies of
these sources have been limited to forming broad-band spectral ratios and or examining temporal behavior. The
use of solid state detectors (e.g., ASCA) and grating spectrometers on the Chandra1 and the XMM-Newton2

telescopes has made it possible to obtain spectra for hundreds of these sources from comets to quasars. By
contrast, however, polarization studies have been limited to the brightest few sources, which consist of X-ray
sources in the Galactic bulge and the Crab Nebula.

The X-ray polarization of only one source has been detected at better than 3σ to date: the Crab nebula.3

The nebula was found to be 19.2 ± 4.0% polarized at an angle of 156◦, consistent with the optical polarization
angle, confirming that the nebular light results from the synchrotron process. Galactic bulge sources (mostly
low mass X-ray binaries) have been observed but the polarizations were undetectable (often < 20%) or were
marginal 2-3σ results. One reason for these sparse results is that the observations were made at fairly high
energy, based on Bragg reflection from crystals, which have a very narrow bandwidth and low sensitivity.
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Figure 1. Schematic layout of the three PLEXAS mirror-detector units. The top view shows each 40◦ mirror assembly
focusing onto a microchannel plate detector. The side view shows the cross-sectional shape of an off-axis parabolic mirror
segment.

We have developed a low-cost, compact polarimeter design, which can obtain ground-breaking scientific
results based on observations of several new classes of soft X-ray sources. Our innovative technical approach is
a breakthrough for celestial X-ray polarimetry, achieving high sensitivity in a simple and robust instrument – a
Polarimeter for Low Energy X-ray Astrophysical Sources (PLEXAS). PLEXAS uses multilayer-coated mirrors
that provide high reflectivity at large angles of incidence which is strongly dependent on the orientation of the
polarization of the incident radiation, operating near 0.25 keV with a total peak effective area of about 60 cm2

and bandwidth of about 0.025 keV. With single element optics, imaging is sacrificed for higher efficiency and
reduced attitude requirements, making the instrument compact, lightweight, and easy to control. The multilayer
coatings provides a narrow bandpass so the detectors needn’t have high spectral resolution. The detectors are
coated microchannel plate devices that are simplified versions of the Chandra High Resolution Camera (HRC)
detectors.4 A sketch of the instrument layout is shown in Figure 1.

During flight, the entire payload would rotate at up to several revolutions per minute while holding the
pointing axis to within 0.1◦ (3 sigma) of the desired target direction. PLEXAS would have the sensitivity to
search for polarization at the level of a few percent at the 5σ level for many extragalactic sources, particularly
AGN and BL Lac objects. With < 100 µs time resolution, the polarization direction and amplitude can be
measured as a function of pulse phase for many Galactic pulsars, whether in binaries or isolated. This instrument
can open up a new observational window and may herald new astrophysical discoveries. Because PLEXAS has
greater sensitivity than any previous instruments (notably OSO-85), PLEXAS would observe dozens of targets
sampling a variety of astronomical objects from neutron stars to distant quasars in a one year mission.

2. INSTRUMENT DESIGN

The PLEXAS design is an outgrowth of a concept suggested in 19946 in which a paraboloidal mirror is coated
with a multilayer to increase reflectivity for 25◦-40◦ graze angles and center the bandpass at 0.25 keV. The
detector was placed out of the focal plane in order to produce a ring image around which the intensity would
vary as cos 2θ. In the PLEXAS design, segments of an off-axis parabolic mirror focus with graze angles within
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7◦ of 45◦, so that the difference in s- and p-polarization reflectivity is maximized. As with the first concept,
a multilayer coating on the mirror increases the 0.25 keV reflectivity to about 10% (depending on the surface
roughness) and defines the bandwidth of the telescope. As shown in Figure 1, we use three mirror segments
of 40◦ each, mounted within a 1 meter diameter structure. This arrangement maximizes the collecting area of
the telescope and gives independent position angle orientations sufficient to measure polarization at any time
given sufficient counts. By rotating the instrument, we can examine and remove possible (but unanticipated)
systematic effects due to the instrument. In addition, each mirror assembly can be used independently to
measure polarization after one half revolution, providing redundancy against instrument failure. Each mirror
assembly is viewed by a separate imaging microchannel plate (MCP) detector, with spatial resolution better
than 0.1 mm FWHM. The detectors are simplified versions of the Chandra HRC.4, 7 Each detector is contained
in a small housing with a simple door mechanism. Independent processing electronics and power supplies are
provided with each detector providing redundancy and reducing risk. The interfaces between the instrument
and the spacecraft are kept to a minimum to allow the greatest flexibility when selecting a spacecraft vendor.
For example, the instrument is mechanically and thermally isolated from the carrier using a low conductance
kinematic mount. The electrical interface is through a standard bus. Figure 2 shows an overview of the
instrument package, including the thermal pre-collimator, auxillary star tracker and the base plate.

The energy band for PLEXAS was selected to maximize the sensitivity of the instrument for observations of
extragalactic sources. In general the intrinsic photon spectra of AGN and BL Lacs are such that there are many
more photons at low energy than at high energies; a typical power law photon spectrum (nE ∝ E−Γ) for an
AGN has Γ = 1.5 – 4. Competing with the intrinsic source spectrum is the opacity of the interstellar medium
which absorbs soft X-rays. A column density of 2 × 1020 cm−2 results in an optical depth of about 1 at 0.25
keV. Thus, for many extragalactic sources where the line of sight column density is not too high, the observed
photon spectrum will peak near 0.25 keV, which is where we will tune the multilayers. In fact, we have selected
our targets on the basis of their known ROSAT low energy fluxes to assure that there is an adequate count rate
for detecting polarization or setting extremely low upper limits.

2.1. Mirrors

The focal length and azimuthal opening angle of the mirror assemblies were determined by maximizing the total
collecting area of three mirrors placed at 120◦ points around the system axis. Additional constraints on the
location of the detector and on the central graze angle (45◦) were used to obtain the optical system parameters
for each assembly: F , the parabolic focus length is 0.33 m, the mirror vertical extent is 0.33 m, the inner and
outer distances from the focal point are 0.50 and 0.83 m, respectively, the mirror assembly subtends 40◦ about
the focal point, and the height of the focal point above the mirror base plate is 0.14 m.

Integrating all counts over a 40◦ azimuthal mirror arc reduces the polarization modulation factor, µ, to
70%, so the mirrors were divided azimuthally into 4 equal segments for a total of 12 identical mirror elements
arranged as shown in Figure 1. The polarization modulation factor remains at 90% with a tradeoff that the
images from each segment must be separable in the focal plane. We achieve this by slightly offsetting each
mirror segment so that the focus falls on a different part of the MCP active area. The focused image spot size
for each segment is small: about 0.1 mm × 0.1 mm. Raytraces of the mirror design show that images degrade
rapidly for sources off axis by more than 0.1◦, well within the pointing accuracy of many inexpensive spacecraft.
Even at this angle, images are only about 0.5 mm on a side. The total area of all four images on a single MCP
is < 1 mm2 (corresponding to about 25 arcmin2). The background in this size region is very low: < 3% of the
count rate of our faintest targets (see section 2.4.2). By adding a star tracker to the instrument payload, the
attitude system error is small enough that we can allow for a 3′ mirror images, so the optical figure specification
is rather soft by comparison to the surface finish.

The twelve mirror substrates are to be machined from solid aluminum blocks using standard numerically
controlled machining techniques. Intermediate stress relieving will be performed to avoid distortions resulting
from the large quantity of material removed. When the initial machining is completed, each substrate will have
all of its mounting and structural features in final form with only a few thousandths of an inch of material left
to be removed from the optical surface. Due to the relaxed optical figure requirements, the segments can be
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Figure 2. Exploded view of the instrument package showing the three mirror assemblies, detectors, auxillary star tracker,
support structure and the thermal pre-collimators.
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Figure 3. a) (Left) The dotted line gives the reflectivity in the case where the multilayer spacing is constant over
the entire mirror surface. The bandpass is very broad because the angle of incidence increases from center to edge so
the energy at peak reflectivity increases. The solid line gives the multilayer reflectivity at for a multilayer where the
layer spacing varies with graze angle so that the Bragg condition is satisfied at about 0.25 keV everywhere across the
mirror. The bandpass is much more well defined. b) (Right) The effective area of PLEXAS versus energy, accounting
for all effects mentioned in the text, including variations of the multilayer spacing due to the geometry of the multilayer
deposition.

polished to a surface roughness level of 3 − 5Å separately. The smooth finish is required to provide a good
substrate for multilayer coating.

2.2. Multilayers

The maximum difference in reflectivity for s- and p-polarization is obtained when the angle of incidence is 45◦.
However, for 0.25 keV X-rays at this angle of incidence, the reflectivity of most materials is rather low. To
improve throughput, we will apply a multilayer coating to the optical surface. Multilayer coatings consist of thin
layers of contrasting materials - usually one with a high index of refraction and the other with a low value. The
input wave is divided at each layer into transmitted and reflected components. When many layers are placed
on a surface, then the reflected components may constructively interfere, enhancing the overall reflectivity of
the optic. The Bragg condition must be satisfied: λ = 2D cos θ where D = da+db is the thickness of the bilayer
consisting of one layer of material A with thickness da, and one layer of material B with thickness db; λ is the
wavelength of the incident radiation; and θ is the angle of incidence. For θ = 45◦ and λ = 50 Å (E ∼ 0.25
keV), the required thickness is D = 35 Å. Increasing the thickness of one layer relative to the other improves
the throughput.

The bandwidth of a multilayer is determined predominantly by the number of layers, N . The reflectivity
increases as ∼ N2 for small N while the bandwidth decreases as N−1. At N ∼ 40, we achieve optimal
performance for a broad-band polarimeter, for which the sensitivity improves as the product of the bandwidth
and the reflectivity.6 Using a Ni/C multilayer, and taking standard optical constants,8 we have computed
the reflectivity of a mirror element as shown in Figure 3a where dNi/D = 0.4. The multilayer reflectivity is
shown for a single angle of incidence (45◦) and compared to the broadening of the bandpass when the multilayer
spacing is constant over the mirror surface. Although the peak reflectivity is reduced, the bandpass is broader,
giving about the same sensitivity to polarized fluxes. The interfacial roughness was set to 5 Å because this
value is typical of multilayers produced at the SAO Multilayer Laboratory.9

Our reflectivity code integrates over the telescope aperture and accounts for reflection angle variations. We
have also considered the details of the multilayer deposition process using the facilities at SAO, and the geometric
arrangement of the mirror segments relative to the sputtering head. The telescope segments are curved pieces so
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Figure 4. a) (Left) PLEXAS effective area when optimized for a narrow bandpass shown over a large energy range.
The high order throughput is apparent as effective area peaks at multiples of 0.25 keV. A thin Al-coated Lexan filter
is used to decrease the UV and optical sensitivity. b) (Right) Polarization modulation factor as a function of energy
near the center of the 0.25 keV bandpass. The modulation factor is defined as the fraction of the signal that varies with
rotation angle for a source that is 100% polarized. For this design, the modulation factor is never less than 90%, so the
system very efficient at measuring small polarizations.

that the distance from the mirror to the source is not constant. The multilayer spacing decreases as the distance
from the anode, so we computed the optimum tilt of the mirror segment so as to give the narrowest possible
band. In addition, there is some small jitter in the rotating chamber that holds the mirrors as the multilayer
is applied. These geometrical variations cause slight thickness variations in the multilayers. As a result the
bandwidth of the mirror increases relative to the ideal case, and the peak reflectivity decreases. However, the
integrated reflectivity remains approximately constant. The calculated bandpass for a 40 bi-layer Ni/C coating
taking these effects into account as well as the detector efficiency is shown in Figure 3b, where we plot the net
effective area of the three PLEXAS 40◦ segments as a function of energy. The effective area over a wide energy
range is shown in Figure 4a, which illustrates how there are peaks in the throughput at multiples of 0.25 keV.
The modulation fraction is effectively constant at 90% over the bandpass, as seen in Figure 4b.

2.3. Detector

The MCP detectors make use of low internal background MCPs of the type used in the Chandra HRC where
the measured internal MCP background is 0.01 cnt cm−2 sec−1. The three PLEXAS detectors are identical.
Each will have a 25mm diameter active area MCP which is overcoated with KBr to improve the 0.25 keV
response. The readouts for these detectors will be simple resistive anodes with four amplifiers each. This
arrangement provides better than 0.1mm FWHM spatial resolution, while using a minimum number of electronic
components. All of the analog electronics are derived from the Chandra HRC experience including low power
hybrid charge sensitive preamplifiers, sample and hold units, peak detection circuits, and analog to digital
converters. A standard instrument to spacecraft data interface will be used for commanding the detectors and
transferring events to the mass data storage and telemetry system. We estimate that the total steady state
power consumption for the detectors is under 20 Watts (as compared with the more complex Chandra HRC
where average power is about 40 Watts).

A thin aluminized plastic filter will protect the MCP from ions and UV radiation (UV/Ion Shield or UVIS).
Based on Chandra HRC experience we will use 1500-2000 Å thick polyimide as the filter material and a 300 Å
overcoat of Aluminum on one side only of the film. Free standing filters of this design and size (and larger) were
used for Chandra,10, 11 easily meeting all mechanical requirements associated with a variety of launch vehicles.
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Each detector will be contained in a housing to provide protection for the UVIS and MCP coating. A wax
actuator of the type used on Chandra will open the housing entrance door after the experiment is inserted
into orbit. While on the ground, the detector housing will be back filled with dry nitrogen to protect the KBr
coatings. The detector electronics and power supplies are mounted in two small electronics boxes that are
attached to the detector housing to make a single integrated detector unit. This simplifies the mounting of the
detectors inside the instrument package, and minimizes the interfaces to the spacecraft.

2.4. System Performance

2.4.1. Detecting Polarization

The sensitivity of our polarimeter is given by the minimum detectable (fractional) polarization (MDP) is

MDP = n

√

2(F+B)
T

µF
(1)

where n is the number of sigmas of significance desired; F is the source count rate; B is the background count
rate; T is the observation time; and µ is the polarization modulation factor, giving the system response to a
100% polarized signal relative to the average signal. For PLEXAS, we calculated the modulation factor in detail
as a function of energy. The modulation factor is about 0.90 (see Figure 4b) and nearly independent of energy.

For a telescope of effective area Aeff , energy bandwidth δE, the source rate is F = Aeff [δE]fE where fE is
the flux density of the source at energy E in photon cm−2 sec−1 keV−1. Similarly, the background count rate
is B = Aeff [δE]ΩbE where Ω is the solid angle of sky in a source detection region, and bE is the background
emissivity at energy E in photon cm−2 sec−1 keV−1 sr−1. We set n = 5, so all of our quoted MDPs will be 5σ
detections. The uncertainty on the polarization position angle is well approximated by σφ = σP /(2P ), where
σP is the uncertainty in the polarized flux fraction. For a MDP of 5%, the position angle uncertainty is about
6◦.

2.4.2. Background

The main source of background for the PLEXAS detectors comes from the soft galactic background. This
background emissivity at 0.25 keV is about 1000 photon cm−2 sec−1 keV−1 sr−1. In a 1 mm2 area of detector
(25 arcmin2) the single detector rate is about 10−3 cnt/sec, comparable to the internal background rate. The
extragalactic background contribution at this energy is at least 10 times lower. Thus, in one day the total
background in a single detector summed over all four mirror segments is less than 200 cnts.

2.5. Instrument Ground Calibration

The detectors will be calibrated at our X-ray test facility at SAO. We will measure the flat field response at
several energies bracketing the 0.25 keV operating band of the mirrors. We will measure independently the
UVIS and MCP performance and then make fully integrated measurements to verify our results. We require
accurate knowledge of the detector response on a spatial scale of 0.1mm, with a precision of about 1%. This
requires that we count at least 104 photons in each 0.1 mm × 0.1 mm region of the detector. The active area
of the detector is about 500 mm2, so a total of 5 × 108 photons are required. The detector can operate at a
maximum rate of 104 events/sec, thus in 5 × 104 seconds we can accumulate sufficient data to meet the 1%
precision requirement. During the Chandra HRC calibration activity we consistently operated the X-ray source
and vacuum system for several days, thus these requirements are well matched to our existing capabilities. The
calibration of the three PLEXAS detectors at three energies will require about one month including setup time.
During this phase we will accumulate more than 100 hours of operating time on the detectors.

3. SCIENTIFIC GOALS AND OBJECTIVES

There are many types of targets that can be observed with our proposed instrument. Here we survey the current
state of expectations for measuring and using X-ray polarization measurements.
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3.1. Extragalactic Targets

Some of the most promising new targets would be the BL Lac objects, whose spectra appear to be dominated by
synchrotron and synchrotron self Compton (SSC) emission from relativistic jets oriented nearly along the line of
sight. Many are polarized at levels up to ∼ 40% at radio and optical wavelengths, supporting the synchrotron
interpretation. Both synchrotron and SSC processes yield high degrees of polarization, so in order to account
for the moderately low optical and UV polarizations.12 This model has been applied with great success to
the spectra and flares of PKS 2155-304. No polarization has ever been measured in BL Lac objects above the
Lyman limit so the inhomogeneous synchrotron and inverse Compton models are essentially untested at X-ray
energies. A half-day observation with PLEXAS will give a minimum detectable polarization (defined as a 5σ
detection) of 4% or measure the polarization to ± 0.8%. If the polarization is as large as 30%, then we will be
able to measure position angle and polarization fraction changes on a time scale of an hour at the 10σ level.

In AGN, the geometry and dominant X-ray emission mechanism is largely unknown. As in BL Lac objects,
quasars may show large X-ray polarization if there is jet that contributes significantly to the X-ray emission
due to inverse Compton scattering of UV light. Finding a jet by its high polarization would be an extremely
important result because only a few X-ray jets have been observed in AGN by spatially resolving them on kpc
scales.13 A measurement of 3C 273 will tell us if there is a relativistic jet in the core. Although the 10 arcsec
scale jet will not be detected (nor resolved), the pc scale jet may contribute significantly to the core soft X-ray
emission. This jet shows superluminal motion, so the beam must nearly align with our line of sight as in BL
Lac objects, so again the soft X-ray emission could be highly polarized.

For the radio quiet AGN, the X-ray emission could arise in an accretion disk corona or from inverse Compton
scattering of the thermal emission from the disk. In the latter case, information on the inclination of the disk
would be imprinted on the X-ray photons in their polarization. Predictions range up to 10-30% for highly
inclined systems.14 Observations of sources such as NGC 5548 may tell us if the inclination of the accretion
disk model inferred from Fe-Kα measurements15 is valid. PLEXAS observations of narrow line Seyfert 1 (NLS1)
galaxies could give us the critical data we need to determine why these objects are more highly variable and
have softer X-ray spectra than active galaxies with broad lines.16 Inverse Compton scattering likely dominates
their soft X-ray spectra, which may arise at the innermost marginally stable orbits where general relativistic
effects are greatest. The inclinations of these inner regions with respect to the line of sight has not even been
estimated so polarizations could be very large if a few of these targets are highly inclined. It has recently
been shown17 that such fluctuating inner regions should also produce significant polarization variability. NLS1s
dominate the soft X-ray catalogs due to their extremely steep spectra, so there are many good candidates for
PLEXAS observations. One target, Mkn 478, is brighter than 3C 273 at 0.25 keV.

3.2. Pulsars and Low Mass X-ray Binaries

The X-ray pulsar Her X-1 is very bright in the soft X-ray band and produces sinusoidal 1.24 sec pulses. The size
of the region is too large to arise from the neutron star surface so it is thought to relate to reprocessing at the
inner edge of an accretion disk.18 For the portion of the emission that is directly related to the pulse from the
surface, vacuum birefringence would polarize the X-rays.19 If the reprocessing region were optically thick to
electron scattering the pulses would be washed out, so the soft X-rays should still retain information about the
relative plane of scattering in the polarization position angle. The system is known to be highly inclined because
the pulsar is eclipsed every 1.7 days and there is a 35 day activity cycle that may be related to precession of
the inner disk,20 so the polarization fraction may be large and be useful for constraining the precessing disk
model. A previous X-ray polarization observation of Her X-1 using OSO-8 gave a weak limit of 60% to the
polarization fraction at 2.6 keV, which would be dominated by the pulsar cap emission.21 The polarization
amplitude and position angle can be tracked through the pulse because the pulse profile is sinusoidal with an
amplitude of order 50% in the PLEXAS band.

There are several isolated neutron stars that are bright enough for PLEXAS observations. They fall into two
categories depending on the strength of their radio emission. The active radio pulsars, such as the Vela pulsar
and PSR 0656+14, have strong magnetic fields and are spinning fast. Their strong soft X-ray fluxes are likely
to be dominated by thermal emission and are pulsed with the radio pulsar period.22, 23 Their X-ray radiation
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Figure 5. Phase dependences of the degree of linear polarization and the position angle at E = 0.25 keV for radiation
emergent from a neutron star with the surface temperature of 106 K and a dipolar magnetic field24 (B = 1012 G at the
magnetic pole). The different curves correspond to different combinations of the viewing angle ζ and magnetic inclination
α: 90◦ and 90◦ (solid), 45◦ and 45◦ (long dash), 56◦ and 60◦ (dash-dot), 40◦ and 10◦ (short dash), 16◦ and 8◦ (dots).
The polarization percentage and the position angle vary dramatically with pulse phase and the patterns are strongly
dependent on the two angles α and ζ.

is expected to be strongly polarized due to the strong magnetic fields. The radio-silent isolated neutron stars,
may indicate low magnetic fields. Soft X-ray polarimetry of these objects will allow us to evaluate or constrain
their magnetic fields, which would be very important for understanding their atmospheres.

Detailed models of magnetized neutron star atmospheres in strong gravity were used to estimate the polar-
ization fraction24 that would be observed in the PLEXAS band. For example, for angles of 40−90◦ between the
magnetic axis and the line of sight allowed by the radio polarization of the Vela pulsar, the peak polarization
fraction is 10–20% at 0.25 keV averaged over the visible surface of the star.24 The polarization fraction and
the position angle (Fig. 5) vary dramatically with pulse phase, so soft-X-ray polarization measurements can
constrain the geometry. Furthermore, the pulse shape depends on the M/R ratio for the thermally emitting
neutron stars. With increasingM/R, the gravitational bending of photon trajectories enables us to see a greater
fraction of the back hemisphere of the neutron star, which leads to additional depolarization of the radiation
averaged over the visible surface and changes the shape of the polarization pulse profiles. Constraining M/R
is extremely important for elucidating still poorly known equation of state of the superdense matter in the
neutron star interiors. Due to low surface temperatures, thermal emission is detectable primarily below 1 keV,
so PLEXAS will be the ideal instrument for testing polarization predictions from neutron star atmosphere
calculatoins.
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3.3. Sample 3 Month Observing Program

It is relatively straightforward to develop a list of candidates for an observing program using the ROSAT all-sky
survey bright source catalog.25 In the public release, they define a hardness ratio, which is the difference in the
count rates from the PHA channels 11-41 (about 0.1 to 0.28 keV) and channels 52-201 (about the remainder of
the ROSAT band) divided by their sum. Using the total count rate as an approximation to the denominator,
we can estimate the counts in the 0.1 to 0.28 keV band. A separate effective area function was developed for
this band and compared to the effective area function for our proposed instrument. We find that the count
rate in our soft X-ray polarimeter is very well approximated by 2% of the ROSAT 0.1 to 0.28 keV band count
rate. Using this ratio, we determined predicted polarimeter rates for the RASS sources that are brightest in
this band. We then used SIMBAD and NED to identify the sample and pick out the best candidates.

Some of the brightest sources are isolated white dwarfs and late type stars (including RS Cvn binaries)
but these are not included in the observing plan except as null calibrators because their X-ray emission is
predominantly thermal and should be unpolarized. The table gives a listing of the brightest sources in several
categories and the estimated polarization uncertainty, σP , for the strawman observing program. Examples of
several classes are given and the actual observation times are merely suggestive. We assume that only 60% of
flight time will be available for science integrations due to source occultation by the Earth, SAA passages, etc.

Table 1. Strawman Observing Plan for Three Months of Observing

Category Example Rate Obs. time σP MDP Visits
(cnt/s) (days) (%) (%)

Pulsar Her X-1 0.65 0.5 1.21 6.1 4
Pulsar Vela 0.1 5 0.98 4.9 1
BL Lac PKS 2155-304 1.3 0.5 0.86 4.3 6
BL Lac Mkn 421 0.8 0.5 1.09 5.5 6
BL Lac Mkn 501 0.11 1 2.08 10.4 3
BL Lac 1H1023 0.14 1 1.84 9.2 3
AGN/Quasar Mk 478 0.25 1.5 1.13 5.6 4
AGN/Quasar 3C 273 0.2 2 1.09 5.5 10
AGN/Quasar NGC 5548 0.14 3 1.06 5.3 10
AGN/Quasar 1H0419-577 0.17 3 0.97 4.8 3
WD HZ 43 3.5 0.3 0.67 3.4 3
WD WD 1502 0.9 0.7 0.87 4.3 3
WD Sirius 0.63 1 0.87 4.3 3

Table 1 shows that MDPs of 5-6% can be reached for most extragalactic targets in only 0.5-2 days. Over
a three month period, many of the targets can be revisited or more objects of the same class can be observed.
Thus, PLEXAS could be used to measure the X-ray polarizations at the 5-10% level for dozens of AGN and
BL Lac objects in a one year program.

4. DEVELOPMENT WORK AND PROSPECTS

The mirrors will be characterized using a new facility at SAO. The multilayer reflectivity versus energy as well
as the polarization modulation factor will be measured. An SAO summer intern built and tested an X-ray
polarization source at SAO (figure 6a) for use in testing PLEXAS and the prototype instrumentation. The
apparatus contains an X-ray source with a Be anode; the X-rays reflect off of multilayer-coated flats placed at
45deg to the source, sending polarized X-rays down the vacuum pipe to the detector. For testing, another flat
is used with a detector at right angles to the direction of the polarized X-rays. Figure 6b shows the results from
testing the polarization modulation of the test setup. The modulation fraction is close to 100%, so it is ideal
for testing PLEXAS.
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Figure 6. Left: A photograph of the polarization source and instrument test facility built at SAO that will be used for
PLEXAS calibration. This setup was used to measure the modulation curve at right. The SAO summer intern Emily
M. Laubacher is shown working on the experimental apparatus. Right: Polarization modulation factor for the SAO
polarization test facility.

We have initiated a pathfinder optic using technology development funding obtained after proposing to
fly this instrument under the NASA University Explorer program. A prototype for a mirror segment was
fabricated and will be coated at SAO using a multilayer coating facility developed to prototype coatings for the
Constellation-X program. The mirror segment will be tested with an prototype detector and tested using the
new polarization source. Any problems in the manufacturing process can be identified. The instrument cost is
very low, due to use of existing facilities and instrument designs with proven space-flight heritage so it should be
ideal for flight funding under the NASA Small Explorer program. We are investigating how to add additional
bandpasses as part of a new flight mission.
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