
Part I: Instrumentation
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Chapter 2

The Chandra X-ray Observatory and

ACIS

2.1 Overview

The Chandra X-ray Observatory (CXO; formerly the Advanced X-ray Astrophysics

Facility [AXAF]) was launched by the Space Shuttle Columbia on 1999 July 23. After

an Inertial Upper Stage boosted the satellite out of a low-earth orbit and separated

from the telescope, Chandra fired its own Integral Propulsion System several times to

put telescope in a highly elliptical orbit. The final orbit has a perigee of 1.0× 104 km

and an apogee of 1.4× 105 km (approximately one-third the distance to the moon)

and an orbital period of 64 hr (Weisskopf et al. 2000).

Chandra is an incredibly complex telescope, with many subsytems for pointing,

stability, data processing, telemetry and spacecraft control. Figure 2-1 is a schematic

of the telescope with just a few of these components identified. Below, I concentrate

on the scientific instruments, which can be classified as optics, detectors, and gratings.
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Figure 2-1 View of the Chandra X-ray Observatory showing the HRMA, four sci-
entific instruments (two types of gratings, HRC, and ACIS) and major satel-
lite components. From the “Chandra Propers’ Observatory Guide, Rev.2.0”,
http://asc.harvard.edu.

2.2 Scientific Instruments

2.2.1 HRMA

At energies above ∼10 eV, photons scatter at incident angles greater than ∼1◦. Mir-

rors constructed for any imaging X-ray application then must utilize grazing incidence

reflection. Figure 2-2 (top) illustrates the principles of one such design, the Wolter-I

optic that consists of a parabolic primary and a hyperbolic secondary. To provide

sufficient collecting and good angular resolution requires very smooth, large, nearly-

cylindrical pieces of glasses, a difficult and (usually) prohibitively expensive endeavor.

The High Resolution Mirror Assembly (HRMA) gives Chandra unprecedented an-

gular resolution at X-ray energies (HPD < 0.3′′) and is arguably one of the finest

optics ever fabricated. Figure 2-2 (bottom) is an exploded view of the four concen-

tric shells of the HRMA. The 10 m focal length results in the enormous size of the

observatory.
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Figure 2-2 Top: Principle of Wolter-I optics as it pertains to Chandra. Incident light
reflects of one of the four primary mirrors (parabolas), reflects again of the surface of
the secondary mirrors (hyperbolas) and is focused to a spot 10 m away. Bottom: View
of the High Resolution Mirror Assembly (HRMA), showing a cross section of each of
the four concentric pairs of mirrors and the location of the focus spot. Courtesy of
Martin Weisskopf.
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2.2.2 Imagers

Chandra has two focal plane instruments, the Advanced CCD Imaging Spectrome-

ter (ACIS) and the High Resolution Camera (HRC). Both detectors consist of two

sub-arrays, one capable of wide field imaging and the other intended to be used in

conjunction with the retractable gratings for spectroscopic studies.

HRC

The HRC utilizes microchannel plates and shares a technological heritage with the

HRI instruments that flew on both Einstein and ROSAT. Figure 2-3 shows the lay-out

of the HRC and gives the relevant dimensions for the detectors. The imaging array

(HRC-I) is a monolithic square microchannel plate (MCP) with a 30′ × 30′ field of

view (FOV). The spectroscopic array (HRC-S) consists of three smaller rectangular

arrays abutted together to a make a single, long array. While it is possible to image

with this sub-array, its design (e.g., its narrow width and optical blocking filters)

has been optimized for use as a readout detector for the Low Energy Transmission

Grating (LETG).

While the HRC has no spectral resolution and only modest quantum efficiency

when compared to ACIS (see Figures 1-2 and 1-3), it has two important advantages

over ACIS. First, its pixels are twice as small as those of ACIS, giving it a plate

scale of 0.13 arcsec pixel−1, allowing it to better sample the intrinsic resolution of

the HRMA. Thus, the HRC will produce the X-ray images with the highest spatial

resolution ever.1 Second, the HRC has time resolution of 16 µs, compared to 3.3 s

resolution of ACIS.2 Resolution on these time scales can benefit several types of

science, most noticeably the study of pulsed emission from rotation-powered pulsars.

1All of the X-ray missions now being planned only require ∼5′′ resolution.
2ACIS can be operated in a 1-D mode that provides millisecond resolution, although complications

exist with the analysis of this data format.
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Figure 2-3 Schematic diagram of the HRC, showing both the imaging and spectro-
scopic arrays. Courtesy of Steven Murray.

ACIS

ACIS consists of ten individual charge coupled devices (CCDs), with a flight heritage

based on the Solid-state Imaging Spectrometer (SIS), the CCD cameras on ASCA.

Four of the chips are abutted into a 2 by 2 array (ACIS-I), which has a 17′×17′ FOV

and is intended for imaging of extended sources. The other six chips are arranged in

a 1 by 6 array (ACIS-S), intended primarily to be used as the read-out for the High

Energy Transmission Grating (HETG). However, as two of the chips in this array

are back-illuminated (BI) detectors and have superior low-energy quantum efficiency

compared to the chips in the ACIS-I, imaging observations with ACIS-S will be com-

mon. Figure 2-4 is a photo of the engineering model of ACIS, clearly showing the

arrangement of the ACIS-I and ACIS-S arrays.
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Figure 2-4 The engineering model of ACIS, clearly showing both the 2 by 2 imaging
and 1 by 6 spectroscopic arrays.

2.2.3 Transmission Gratings

Chandra has two grating assemblies that can be inserted into the optical path between

the HRMA and focal plane instruments to obtain high resolution (E/∆E > 1000)

spectra. The gratings diffract X-rays at an angle β, dispersing the incident radiation

analogous to the way a prism spreads white light into the familiar rainbow of colors.

The energy of the photon is determined from the well-known grating equation sin β =

mλ/p (where m is the order number, λ is the photon wavelength and p is the period

spacing) and the location of the photon-interaction on the imager, not the intrinsic

energy resolution of the detector.
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HETG

The High Energy Transmission Grating (HETG) consists of two sub-sets of gratings,

the High Energy Grating (HEG) and Medium Energy Grating (MEG). Each grating

assembly consists of hundreds of different facets fixed in a circular support structure.

The HEG facets have spacing period p half that of the MEG and provides better

resolution at high energies. Figure 2-5 shows the HETG and sketches the way it

disperses X-rays focused by the HRMA. The individual facets that comprise the

HEG and LEG are rotated with respect to one another, so that the dispersed spectra

occupy different parts of the detectors and can be analyzed separately. As the HETG

was designed for high-energy spectroscopy, ACIS is the read-out detector of choice.

Figure 2-5 Sketch of the High Energy Transmission Grating (HETG), showing the
grating elements and basic principles behind dispersive spectroscopy. From the
“Chandra Propers’ Observatory Guide, Rev.2.0”, http://asc.harvard.edu.

LETG

The Low Energy Transmission Grating (LETG) operates on the same principles of the

HETG. Unlike the HETG, though, the LEG consists of only type of facet, which has a

41



much larger period p than either the HEG or MEG. The HRMA+LETG combination

provides the highest resolution spectra capable with Chandra. Because the LETG

is optimized for low-energy (E < 0.5 keV) spectroscopy, the HRC is the read-out

detector of choice.

2.3 ACIS

2.3.1 Basic Description

Effectively, CCDs are a series of Metal Oxide Semiconductors (MOS) capacitors

ganged together for operation as a single array. Charge generated through photoab-

sorptions are collected in a potential well. The charge is then transferred (clocked)

from neighboring capacitors to an amplifier stage, where the resultant output is con-

verted from an analog to a digital signal by read-out electronics. For a general review

of semiconductor devices, the reader is referred to the books by Grove (1967) and

Pierret (1989). The PhD thesis of Gendreau (1995) on the ASCA SIS is an excellent

source for details specific to X-ray CCDs and is particularly useful, given the simi-

larities between the detectors employed for ACIS and the SIS. Below, I only discuss

those aspects of CCDs particularly relevant for this thesis.

The CCDs fabricated by MIT Lincoln Laboratory for ACIS (CCID-17) have

been optimized for high detection efficiency (0.2 − 0.9), excellent energy resolution

(E/∆E ∼ 20 − 50), and precise spatial resolution (0.′′5, when the 24 µm × 24 µm

pixel is coupled with the HRMA) in the 0.2− 12 keV band-pass (Burke et al. 1997).

X-ray photons with energies above 4 keV have characteristic absorption lengths in

silicon on order of tens of microns, and to ensure that most photoabsorptions occur

in the depleted region of the detector, the devices are fabricated of high resistivity

(ρ=7000 Ωcm) bulk, p-type silicon3. To image and resolve the energy of individual

3Measurements of the flight devices reveal that depletion depths of 70 µm are achievable with

the combination of high ρ silicon and appropriate bias voltages.
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photons requires the use of a shielded framestore architecture. This design allows a

fast transfer of charge from the image section to the framestore section; the latter is

then slowly read out during the next integration cycle to minimize the introduction of

read noise. The actual framestore architecture consists of two separate sections that

feed into two independent serial registers which provides great flexibility in clocking

out the charge from the CCD. See Figure 2-6 for a detailed schematic of the CCD.

Charge Transfer

Direction

BA C D

Split readout registers

Framestore Section

Amplifier Node

Image Section

Figure 2-6 Schematic of a MIT Lincoln Laboratory CCID-17 CCD.

The three phase clocking scheme used to transfer charge in the ACIS CCDs re-

quires three distinct gates. Each gate consists of a polysilicon layer deposited above

a dielectric layer of Si3N4 and SiO2. Gates are separated by differing amounts of

insulating SiO2, and slight variations in thickness, width and shape exist between the

three types of gates. The gates run the length of the CCD parallel to the interface of

the image and framestore sections. Three neighboring gates define one pixel, with the
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boundary location dependent on the biasing of the gates. Channel stops, consisting

of implanted p+ regions and their insulating oxide layer, run perpendicular to, and

lie beneath, the gate structure. These structures confine the charge clouds created by

the photoelectric absorption and define the horizontal boundaries of a pixel. These

structures are described in detail in Chapter 4.

Normally, radiation is incident to the surface of the CCD that has the gates. Pho-

tons thus must first pass through the gate structure and channel stops before they

can interact in the depleted silicon. At low energy (E < 2 keV), the characteristic

absorption length of photons is comparable to the thickness of these structures, re-

ducing the low-energy detection efficiency. One approach for increasing the QE is to

reverse the orientation of the device, such that the radiation does not have to propa-

gate through the gates to interact in the depleted silicon. A device operated in this

fashion is referred to as back illuminated (BI), compared to the more common front

illuminated (FI) CCDs described above. In order for this method to be effective, ad-

ditional processing steps must be performed, including thinning the undepleted bulk

silicon. However, this step introduces non-linearity and diminishes the spectral reso-

lution of the detectors. Furthermore, as these thinned devices have smaller depletion

depths, the BI CCDs have lower high-energy (E > 5 keV) QE than the FI CCDs.

Thus, the best type of device depends critically on its intended application and the

scientific objectives. ACIS employs both types of detectors, with two BI chips (S1

and S3) and four FI chips comprising the ACIS-S array, and four FI chips comprising

the ACIS-I array.

2.3.2 Event Detection and Grading

An event is registered when the charge generated by photoelectric absorption is drawn

into the electrostatic potential well created by the gates. If the charge is confined to

one pixel, a single pixel event results. If an interaction takes place close to a pixel

boundary, the charge will be collected by two neighboring pixels (a split event), and

if an interaction takes place near a pixel corner the charge can be divided between
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three or four pixels (also a split event). Our standard analysis technique considers

a 3 × 3 island of pixels in which the center pixel is the local maximum and is also

above an event threshold value, Te. If surrounding pixels are above a split threshold

value, Ts, where Ts < Te, their signal is added to the central pixel’s and the event is

classified according to the distribution of charge in the 3× 3 island.

The relative proportion of a particular event type or grade to all events is referred

to as the branching ratio. Using the nomenclature from the ASCA SIS instrument

(Tanaka, Inoue, & Holt 1994), a grade 0 event refers to a single pixel event, grade

2 refers to events split between vertical neighbors, grade 3 and 4 refers to events

split between horizontal neighbors, and grade 6 refers to both three and four pixel

events. Table 2-1 presents the mapping between ASCA grades and event types. The

proportion of events in each event grade is a strong function of photon energy. As the

initial charge cloud size and the mean interaction depth increase with photon energy,

the probability of a split event increases. The larger the interaction depth, the larger

the contribution of diffusion to the charge cloud size, and therefore, the larger the

probability that the event will occupy more than one pixel.

Table 2-1: ASCA grades and their corresponding event type for X-rays

ASCA GRADE Event Type
0 Single Pixel
2 Vertically Split

3,4 Horizontally Split
6 L-shaped and Square

In addition to providing a convenient method to classify the way charge is dis-

tributed among pixels, event grades also contain information about the origin of an

event. As high-energy particles (e.g. electrons and protons) pass through a CCD,

they deposit a significant amount of ionizing radiation, generating in some cases as

many as several hundred events. However, these events usually have charge deposited
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in at least five or six pixels of the 3 × 3 detection islands discussed above. As the

grade of these types of events (grades 5 or 7) are not part of the standard sub-set

of grades listed in Table 2-1, particle-induced background events can be effectively

discriminated purely on the basis of event grade.

Throughout this thesis, event grade and event type are used interchangeably. For

example, a photon interaction that has all its charge collected in one pixel is referred

to either as a single-pixel event or grade 0, or g0.

2.3.3 Electronics

Two types of read-out electronics were used for all the experiments described in this

thesis. The first generation of electronics is referred to as LBOX, so dubbed because

of the similarity of the stacked PC boards to a lasagna. The second generation is

called the DEA (Detector Electronics Assembly). While the operating principles are

the same, there are several differences in the basic design of each system that translate

to differences in CCD performance. Because the LBOX was designed for low power

consumption and this was less of a concern for the DEA, the DEA can read-out the

same detector in a shorter time (3.3 s compared to 7.0 s for clocking the entire detec-

tor). Thus, for a given source flux, DEA-driven CCDs are less susceptible to pile-up,

that is two distinct X-ray events mistaken as one. (See §3.4 for a complete discussion

of pile-up.) The other difference is in the noise characteristics of the electronics. The

LBOX has RMS noise of ∼4–5 electrons, while the DEA has RMS noise of ∼2–3

electrons. At low energies (E < 0.5 keV), the energy resolution becomes dominated

by the contribution to read-out noise. Hence, DEA-driven CCDs have the highest

spectral resolution.
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