
Chapter 1

Introduction

1.1 The Connection Between X-ray Astronomy

and Radio Pulsars

The X-ray study of rotation-powered or radio pulsars has had a close link with X-

ray astronomy from its very beginning. After the discovery of Sco X−1 as the first

extra-solar X-ray source by rocket-borne Geiger counters (Giacconi et al. 1962), the

next source of celestial X-rays identified was the Crab nebula (Gursky et al. 1963;

Bowyer et al. 1964). With the detection of radio pulsar NP 0532 inside the Crab

nebula (Staelin & Reifenstein 1968) and the subsequent detection of optical (Cocke,

Disney, & Taylor 1969) and X-ray (Fritz et al. 1969; Bradt et al. 1969) pulsations,

it became clear that a rapidly spinning neutron star is not only responsible for the

pulsed emission, but is also powering the nebular emission as well.

In general, X-ray observations of rotation-powered pulsars offer a unique opportu-

nity to simultaneously resolve fundamental questions about neutron stars. Studying

the spectrum and morphology of the pulsar’s synchrotron nebula (or plerion [Weiler

& Panagia 1978]) is crucial for determining basic properties about the relativistic

pulsar wind and probing the density of the surrounding medium. Measuring the tem-

perature of the cooling surface of the pulsar (T ∼ 105 − 106 K for ages less than
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one million years) provides a way to understand the thermal evolution of NSs and

to constrain the equation of state (Ögelman 1995). Detecting pulsed magnetospheric

emission and comparing it to the pulsations seen at other wavelengths allows study of

the pulsed-emission mechanism (i.e. Polar-cap or Outer gap models; see, e.g., Hard-

ing et al. 2000). Lastly, searching for the remnant of a supernova (SN) that created a

pulsar is vital for not only quantifying the fraction of neutron stars borne in SNe, but

for providing an independent distance and age estimate for the pulsar and measuring

its velocity and magnetic field (e.g., Frail, Goss, & Whiteoak 1994).

Although the properties of the Crab generated great interest in studying rotation-

powered pulsars in the X-ray band, it was only with the launch of Einstein in 1978

that more than just the most energetic and closest objects (like the Crab) could

systematically be studied. This major advance in observational capabilities resulted

from Einstein’s optics, the first orbiting X-ray telescope for astronomy.1 with true

focusing optics (Giacconi et al. 1979). These mirrors with their FWHM of ∼5′′

could not only resolve small-scale features but also greatly reduced the contribution

of the diffuse X-ray background (XRB), allowing detection of relatively faint (i.e.,

< 10−12 ergs s−1 cm−2) sources.

Among the significant observations made with this satellite were the discovery of

two young, highly energetic pulsars PSRs B0540−69 and PSR B1509−58 (Seward,

Harnden, & Helfand 1984; Seward & Harnden 1982). PSR B0540−69 is located in the

LMC, and with similar age, energy and spin period, is often referred to as the twin

of the Crab. PSR B1509−58 was discovered inside SNR MSH 15−52, and although

it has a relatively long period of 150 ms, has an age under 2000 years old and a large

magnetic field of ∼1013G due its huge period derivative (B ∝ [PṖ ]1/2). More than ten

pulsars were detected with Einstein, and Seward & Wang (1988) found an empirical

relationship between X-ray luminosity Lx and spin-down luminosity (Ė ∝ Ṗ P−3)

1Prior to Einstein, focusing optics were employed in sounding rocket payloads that made five-

minute long astronomical observations. Reflecting mirrors were also used in X-ray telescopes flown

on Skylab for Solar observations.
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indicating Lx ∝ Ė.

The X-ray study of pulsars continued with launch of the ROSAT in 1990 (Trümper

1983). Its large collecting area and high spatial resolution allowed detection of syn-

chrotron nebulae, all with linear size of a few parsecs, around several Galactic radio

pulsars, including PSRs B1706−44, B1951+32, and B1823−23 (Finley et al. 1998;

Safi-Harb, Ögelman, & Finley 1995; Finley, Srinivasan, & Park 1996). In total, more

than twenty radio pulsars were detected with ROSAT, and Becker & Trümper (1997)

found a relation between Lx and Ė similar to that of Seward & Wang (1988), although

with a slightly different correlation between the two quantities.

The mid 1990’s saw the commissioning of three major X-ray telescopes, ASCA

(Tanaka, Inoue, & Holt 1994), RXTE (Bradt, Rothschild, & Swank 1993), and

BeppoSAX (Boella et al. 1997), each of which has significant sensitivity to hard

(E > 2 keV) X-rays. The discovery of additional young pulsars at high energies

has continued, most notably the 16 ms PSR J0537−6910 with RXTE (Marshall et

al. 1998) and the 69 ms and 65 ms PSRs J1617−5055 and J1811−1926 with ASCA

(Torii et al. 1998; Torii et al. 1997). PSR J0537−6910, located in the LMC, is

remarkable not only for having the fastest spin period of any known non-recycled (i.e.

not a millisecond pulsar) rotation-powered pulsar, but also being the most energetic,

with Ė slightly larger than the Crab. PSR J1617−5055, located near (but probably

unrelated to SNR RCW 103), is very energetic (Ė ∼ 1037 ergs s−1) and is a known

radio emitter (Kaspi et al. 1998) Although PSR J1811−1926 has a characteristic age

of 20 kyr, its association with SNR G11.2−0.3, which has been claimed to be the

remnant of a historical supernova observed in 386 AD, would indicate its true age

is less than 2000 yr (Torii et al. 1998). Another important result was the report

by several authors of large, 10 − 20′ size pulsar wind nebulae (PWNe) around most

rotation-powered pulsars observed with ASCA (Kawai & Tamura 1996; Shibata et al.

1997; Kawai, Tamura, & Saito 1998). Surprisingly, these putative PWNe were more

than an order or magnitude larger than those seen with either Einstein or ROSAT.
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1.2 Historical Overview of Imaging X-ray Tele-

scopes and Their Instrumentation

The steady progress in X-ray observations of pulsars, and at the same time, their

limitations (e.g., the Crab still remains the only pulsar whose X-ray emission is well-

modeled [Kennel & Coroniti 1984; Gallant & Arons 1994; Hester et al. 1994]) is best

understood by examining the properties of each of the major observatories. As men-

tioned above, a new era began with the launch of Einstein, the first X-ray telescope

with focusing optics (5′′ FWHM angular resolution in the 0.2 − 4.5 keV passband;

Giacconi et al. 1979). Einstein’s imaging focal plane detectors consisted of three High

Resolution Imagers (HRI), microchannel plate devices with intrinsic resolution better

than 1′′ (Kubierschky et al. 1978) and two Imaging Proportional Camera (IPC), flow

proportional counters with 1.′5 resolution (Gorenstein et al. 1975). Einstein also had

three non-imaging spectroscopic instruments: the Solid State Spectrometer (SSS), a

Si(Li) detector (Joyce et al. 1978), the Focal Plane Crystal Spectrometer (FPCS), a

Bragg crystal spectrometer (Canizares et al. 1977), and the Objective Grating Spec-

trometer (OGS), a dispersive grating used with the HRI (Giacconi et al. 1979). How-

ever, the focal plane instrumentation on Einstein had serious limitations. Although

the powerful spectrometers had resolution as high as E/∆E ∼ 1000, they had no

spatial resolution. The HRI had limited spectral resolution with E/∆E ∼ 0.5 − 1

and relatively low quantum efficiency (QE) of order 10 − 20%. The IPC had better

efficiency, with QE above 50% over a significant part of their operating range, but

comparable spectral resolution and at best, modest spatial resolution.

The next major advancement for X-ray astronomy came in 1990 with the launch of

the German-led X-ray satellite ROSAT (Trümper 1983). ROSAT used X-ray mirrors

similar to those flown on Einstein, with larger collecting area and a slightly softer

0.1− 2.4 keV passband (Aschenbach 1988). Focal plane instruments were limited to

three imagers, the Position Sensitive Proportional Counters (PSPC-B and PSPC-C)

and the microchannel plate High Resolution Imager (HRI) (Pfeffermann et al. 1986).
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These cameras were nearly identical to their Einstein analogs, with improved spatial

resolution (30′′ for the PSPCs and 1.′′7 for the HRI) and similar quantum efficiencies.

Unfortunately, like the Einstein microchannel plates, the ROSAT HRI had no spectral

resolution, and although they had a factor of two improvement over the Einstein IPC,

the PSPCs still only had a energy resolution of E/∆E ∼ 2.

Einstein and ROSAT dramatically demonstrated the power of focusing X-ray op-

tics. It became clear that continuing the level of advancement made possible by

these two observatories required focal plane instruments that would not only fully

utilize the spatial resolution of the mirrors, but would have spectral capabilities be-

yond those of imaging proportional counters or microchannel plate detectors. Even

before the launch of these telescopes, the X-ray community recognized the need for

such instruments and began exploring the use of charge coupled devices (CCDs) to

fill this role. With the promise of near unity quantum efficiency, gain linearity, and

good temporal, spectral, and spatial resolution, they represented what Fraser (1989)

called the “all-singing, all-dancing detector.” During the 1980’s several groups began

developing CCD technology optimized for X-ray detection (see Fraser 1989 and ref-

erences therein), and with the 1993 launch of ASCA, the fourth Japanese satellite for

astronomy, CCDs were finally employed on an X-ray astronomy telescope.2

A joint Japanese-US collaboration, ASCA consists of four co-aligned mirrors with

moderate angular resolution (half power diameter or HPD ∼3′) (Serlemitsos et al.

1995), each with its own focal plane instruments: two Gas Imaging Spectrometers

(GIS-2 and GIS-3), gas scintillation proportional counters (Ohashi et al. 1996), and

two Solid-state Imaging Spectrometers (SIS-0 and SIS-1), X-ray CCD cameras (Burke

et al. 1994). Both types of detectors have excellent detection efficiency, with QE

∼ 10 − 95% over their large passbands. The GIS has modest energy resolution

(E/∆E ∼ 1−15), while the SIS energy resolution (E/∆E ∼ 9−40) approaches that

of some of the purely spectroscopic instruments flown on Einstein. ASCA ranks as a

2The first non-solar X-ray observation using CCDs occurred during a five-minute rocket flight in

1990 (Berthiaume et al. 1994).
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milestone mission not only for employing the first X-ray CCDs, but also for having

the first focusing optics with significant effective area above 2 keV. In fact, with the

SIS providing softer energy response and the GIS providing higher energy response,

ASCA has imaging capabilities spanning a wide 0.4− 12 keV passband.

Although ASCA observations have contributed to significant advances for X-ray

astrophysics, the limitations of its mirrors did not allow the full potential of the CCDs

to be exploited. For example, the precise localization possible from the small pixel size

(27 µm×27 µm) was not utilized, as the 1 mm arcmin−1 plate scale requires ∼10,000

pixels to enclose the PSF. The 1.′5 angular resolution results in a large background,

dominating the low instrumental background inherent to CCDs and preventing de-

tection of sources fainter than ∼10−14 ergs s−1 cm−2. Uncertainties in the mirror

calibration and response, significantly larger than those of the better constrained

CCD models, are the main contributor to systematic uncertainties in astrophysical

parameters obtained from spectral fitting. With the launch of the Chandra X-ray

Observatory (CXO) and its CCD cameras, the full capabilities of these remarkable

detectors are finally being demonstrated.

1.3 The Chandra X-ray Observatory and This Thesis

Chandra, formerly the Advanced X-ray Astrophysics Facility (AXAF; Weisskopf,

O’Dell & Van Speybroeck 1996), is the third of NASA’s Great Observatories.3 Chan-

dra represents the culmination of more than twenty years of planning and prepa-

ration and is arguably one of the most ambitious astrophysical observatories every

built. The power of the telescope results from a grazing incident optic (the High

Resolution Mirror Assembly, or HRMA) that allows spatial resolution of better than

half an arcsecond. To fully utilize these remarkable mirrors, an equally impressive

3The Great Observatories are a suite of four spaced-based telescopes, each designed for studies

in a particular energy band: the Space Infrared Telescope Facility for infrared, the Hubble Space

Telescope for optical and UV, CXO for X-rays, and Compton Gamma Ray Observatory for γ-rays.
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detector is required. The Advanced CCD Imaging Spectrometer (ACIS) is one of two

primary focal plane instrument employed by Chandra (Burke et al. 1997). The ACIS

detectors have excellent spatial resolution (one pixel corresponds to 0.′′5) and spectral

resolution4 (E/∆E ∼ 20− 50) with high detection efficiency (∼20− 90%) across the

0.1−10 keV X-ray band. Chandra’s second focal plane instrument is the microchan-

nel plate High Resolution Camera (HRC), a successor to the HRI cameras flown on

Einstein and ROSAT with similar characteristics (Zombeck et al. 1995; Murray et al.

1997). Both the HRC and ACIS have two separate arrays, an imaging array (HRC-I

and ACIS-I) intended for wide field imaging and a spectroscopic array (HRC-S and

ACIS-S) to be used in conjunction with transmission gratings that can be inserted

into the optical path. Figure 1-1 compares the spatial resolution of the four telescopes

discussed above, while Figures 1-2 and 1-3 compare the QE and energy resolution of

the imaging focal plane instruments of these telescopes. The most striking feature

among the observatories is the superior imaging quality of Chandra and the excellent

performance characteristics of ACIS.

Part I: Instrumentation

This thesis consist of two distinct parts. In Part I, I discuss various aspects of the

calibration of ACIS. In Chapter 2, I first give a brief description of Chandra and

all its instruments before explaining in detail those facets of ACIS germane to this

thesis. Chandra scientific objectives demand extremely accurate knowledge of the

instrumental response; for example, the goal for knowledge of the detection efficiency

is of order 1%, and the corresponding goal for the energy-scale is of order 0.1% (Weis-

skopf et al. 1996). To meet these requirements, a multi-faceted calibration approach

was conceived and implemented. A crucial first step is the absolute calibration of

flight-quality CCDs that serve as the reference standards for the actual flight devices.

In Chapter 3, I describe the calibration performed at the PTB beamlines at the

4After Chandra’s launch, some of the ACIS detectors suffered radiation damage, degrading their

resolution compared to pre-flight performance.
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Figure 1-1 Encircled energy plots for four different X-ray telescopes. ROSAT, Ein-
stein, and ASCA performance measured at 1.49 keV, Chandra performance measured
between 0.5− 2 keV. References– ROSAT and Einstein: Aschenbach (1988); ASCA:
Serlemitsos et al. (1995); Chandra: Dewey et al. (1999).

BESSY synchrotron facility in Berlin, where the CCDs were exposed to undispersed

synchrotron radiation, whose intensity is known to better than 1% in the 0.3− 4 keV

band, providing a primary standard for the absolute detection efficiency calibration

of the reference standards (see also Bautz et al. 2000). I present the analysis of the

raw data and discuss the fit of a parameterized model of the CCD to the well-known

synchrotron spectrum.

In the course of reviewing the best-fit values, it became clear that the synchrotron

data could not uniquely constrain all the model parameters. In particular, degenera-

cies exist in the structural parameters of the channel stop, an implant of SiO2 and

p+-type Si that defines the horizontal boundary of the CCD pixels. Determination of

the channel stop dimensions is crucial for an accurate measure of the CCD detection

efficiency at low energies, as the characteristic absorption length of soft X-ray (E . 2
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Figure 1-2 Quantum efficiency (QE) as a function of energy for the imaging focal
plane detectors on different X-ray telescopes. For clarity, we do not include all in-
struments. However, we note that the QE for the HRI cameras on both Einstein
and ROSAT are similar to that of the Chandra HRC, the QE for the ASCA SIS
is similar to that of the Chandra ACIS, and the Einstein IPC is similar to that of
the ROSAT PSPC. References– Chandra ACIS: this work; Chandra HRC: Patnadue
(1999); ROSAT PSPC: Pfeffermann et al. (1986); ASCA GIS: Ohashi et al. (1996).
N.B. Calibration information does not exist for the PSPC above 2 keV.

keV) in Si and SiO2 is comparable to the thickness of the channel stop components. In

Chapter 4, I describe a technique I refined to non-destructively measure these struc-

tures in situ (Pivovaroff et al. 1998; Pivovaroff et al. 1999). The experiment uses a

thin metal film with periodically spaced holes placed in front of the CCD. This mesh

is slightly misaligned with the orientation of the CCD pixels, and when illuminated

with X-rays, a moiré pattern results. I then fit a model of the channel stop to the

deconvolved moiré data and adjusted the parameters using a best fit minimization

technique similar to the one employed for the analysis of the synchrotron data.

Another important aspect of calibration is to characterize the redistribution or re-

sponse function, the output of the CCD when exposed to X-rays. For example, when
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Figure 1-3 Energy resolution (E/∆E) as a function of energy for the imaging focal
plane instruments of four X-ray telescopes. In general, there has been a steady
improvement in energy resolution from microchannel plates (HRI & HRC) to gas
counters (IPC, PSPC, & GIS) to CCDs (SIS & ACIS). References– Chandra ACIS:
Bautz et al. (1998); Chandra HRC: Patnadue (1999); ASCA SIS: Gendreau (1995);
ASCA GIS: Ohashi et al. (1996); ROSAT PSPC and HRI: Pfeffermann et al. (1986);
Einstein IPC and HRI: Giacconi (1979).

illuminated with monochromatic X-rays, in addition to a Gaussian peak, additional

features in the CCD spectrum may include low energy tails or shoulders as well as

fluorescence and escape lines. The mesh data discussed in Chapter 4 clearly demon-

strate that some of the redistribution features are localized to particular regions of

the pixel, including the channel stops (see also Prigozhin et al. 1999). Guided by the

results of the mesh experiments, I performed additional measurements to study and

constrain the mechanisms responsible for certain response features, including recom-

bination effects in the p+-type Si and the existence of surface traps at the Si–SiO2

interface. In Chapter 5, I present the results of these experiments.
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Part II: Astrophysics

The spatial and spectral capabilities of the HRMA-ACIS combination are ideally

suited for the detailed study of X-ray emission from rotation-powered pulsars. The

“first light” observation of the young SNR Cas A beautifully demonstrates the truly

amazing results possible with this telescope. The Chandra observations also revealed

the existence of a previously unknown point source at the center of the SNR. In

Appendix E, I reprint a recently accepted paper (Chakrabarty et al. 2000) I co-

authored on analysis of this data. Unfortunately, since Chandra’s successful launch

in July 1999, very few observations of rotation-powered pulsars are publicly available.

Instead, I analyzed data from ROSAT and ASCA, including observations with the SIS,

which employs MIT-developed CCDs that are the predecessor to the ACIS detectors.

Sufficient archival data exist from both the CCD cameras and the GIS detectors to

systematically study many rotation-powered pulsars.

In particular, I discuss observations of four young radio pulsars. PSRs B1046−48

and B1610−50 are energetic (∼1036 ergs s−1) pulsars with only limited previous X-

ray work. In Chapter 6, I present detailed analysis of ASCA data on both objects,

with an emphasis on image analysis. In marked contrast to other authors (Kawai &

Tamura 1996; Shibata et al. 1997; Kawai, Tamura, & Saito 1998), I find no evidence

for large, spatially extended emission from either pulsar. I interpret the emission from

PSR B1046−58 as that from a spatially unresolved synchrotron nebula. This evidence

also supports the results of Kaspi et al. (2000) who suggest that PSR B1046−58 is

the counterpart to the previously unidentified γ-ray source 3EG J1048−5840. No

X-ray emission is seen from PSR B1610−50. The derived luminosity upper limit is

used to constrain the pulsar’s velocity, which provides evidence against a previously

claimed PSR/SNR association (Pivovaroff, Kaspi, & Gotthelf 2000).

In Chapter 7, I continue discussing young pulsars and present analysis of PSR

J1119–6127, an extremely young pulsar recently discovered in an on-going search of

the Galactic plane for radio pulsars. Data include both pointed ASCA and serendip-

itous archival ROSAT observations. Each telescopes detects emission, ∼15′ in extent
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and centered on the position of the radio pulsar. This high-energy emission is spa-

tially coincident with G292.2−0.54, a similarly sized shell of radio emission (Crawford

2000; Crawford et al. 2000). Taken together, this evidence supports the interpreta-

tion of G292.2−0.54 as the SNR associated with PSR J1119−6127. The interesting

high-energy morphology of G292.2−0.54 and its emission are discussed. Pulsed X-

rays from PSR J1119−6127 may be present, although the emission may also be an

enhancement in the SNR or a chance superposition of an unrelated object with the

position of the radio pulsar. I discuss models supporting these various scenarios.

In Chapter 8, I discuss another recently discovered radio pulsar PSR J1814−1744.

While this pulsar has a rather modest spin-down luminosity (Ė ∼ 1032 ergs s−1) and

an age approaching 100,000 yr, it has the highest known magnetic field of any radio

pulsar. In fact, its spin parameters are very similar to those of anomalous X-ray

pulsars (AXPs; see, e.g., Mereghetti & Stella 1995 and Gotthelf & Vasisht 1998),

suggesting that this may be a transition object between the radio pulsar and AXP

populations, if AXPs are isolated, high magnetic field neutron stars as has recently

been hypothesized. I present archival X-ray observations of PSR J1814−1744 made

with ROSAT and ASCA (Pivovaroff, Kaspi, & Camilo 2000). X-ray emission is not

detected from the position of the radio pulsar. The derived upper flux limit implies

an X-ray luminosity significantly smaller than those of all known AXPs. This con-

clusion is insensitive to the possibility that X-ray emission from PSR J1814−1744 is

beamed or that it undergoes modest variability. When interpreted in the context of

the magnetar mechanism, these results argue that X-ray emission from AXPs must

depend on more than merely the inferred surface magnetic field strength. This sug-

gests distinct evolutionary paths for radio pulsars and AXPs, despite their proximity

in period–period derivative phase space.
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1.4 Publications

A large fraction of the work presented in this thesis has previously appeared in ref-

ereed journals or in conference proceedings. Below, I give a complete list of these

publications.
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1.5 Acronyms

Below, I list all the acronyms used throughout this thesis. For convenience, I repeat

this list in Appendix A.

ACIS Advanced CCD Imaging Spectrometer: detector on Chandra
ASCA Advanced Satellite for Astronomy and Cosmology: X-ray telescope
AXAF Advanced X-ray Astrophysical Facility, renamed Chandra
AXP Anomalous X-ray Pulsar
BESSY Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung
CCD Charge Coupled Device
Chandra Chandra X-ray Observatory: X-ray telescope
DEA Detector Electronics Assembly
Einstein Einstein Observatory: X-ray telescope
FHWM Full-width at Half Maximum
GIS Gas Imaging Spectrometer
HETG Low Energy Transmission Grating: spectroscopic instrument on Chandra
HPD Half-power Diameter
HRC High Resolution Camera: detector on Chandra
HRI High Resolution Imager: detector on Einstein and ROSAT
HRMA High Resolution Mirror Assembly: Chandra mirrors
IPC Imaging Proportional Camera: detector on Einstein
LBOX Lasagna-box Electronics
LETG Low Energy Transmission Grating: spectroscopic instrument on Chandra
MOS Metal Oxide Semiconductors
PSPC Position Sensitive Proportional Counter: detector on ROSAT
PSF Point Spread Function
PSR Pulsar
PTB Physikalisch-Technische Bundesanstalt
ROSAT Röntgensatellit: X-ray telescope
RP Representative Pixel
SEM Scanning Electron Microscope
SIS Solid-state Imaging Spectrometer
SN Supernova
SNR Supernova Remnant
SRF Spectral Redistribution Function
XRT X-ray Telescope: ASCA mirrors
XSPEC X-ray Spectral Fitting Package
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