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ABSTRACT

The X-ray Imaging Spectrometer (XIS) on the Astro-E2 mission contains X-ray CCDs fabricated at MIT Lincoln
Laboratory. We present results from CCD subassembly calibration of these detectors. Absolute detection
efficiency and spectral resolution in the 0.3-10 keV band are presented for four front-illuminated and two back-
illuminated flight candidate devices. In addition, we characterize the charge injection capabilities of these devices.
The quantum efficiency measurements have been used to model the various dead layers in the gate structure and
to constrain the depletion depth of the detectors. Noise levels of 2 electrons, RMS, and spectral resolution better
than 50 eV (FWHM) at 525 eV have been achieved. The small but measurable charge transfer inefficiency ( less
than 1e-5 per transfer at 5.9 keV) of these devices has been characterized as a function of X-ray energy.
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1. INTRODUCTION

As part of our work developing the X-ray Imaging Spectrometer (XIS) 1 for the joint Japanese/US mission Astro-
E2 2 we have characterized a number of X-ray CCDs. These CCDs, designed and fabricated at MIT Lincoln
Laboratory, include a novel charge injection structure and are described in greater detail in two companion
papers in these proceedings. 3 4 The work we describe here is one part of the XIS calibration program. It was
carried out at the MIT Center for Space Research. Additional calibration of these sensors, performed at Osaka
University and Kyoto University, will be described elsewhere.

2. SETUP AND MEASUREMENTS

The calibration facilities used in the measurements have been described elsewhere 5 6 and we present only a
brief summary here. Two kinds of X-ray sources are used: the High Energy X-ray Source (HEXS) is an X-ray
fluorescence source excited by a tungsten anode electron-bombardment source. A number of targets are available
and lines at energies between 1.49 and 9.9 keV have been used here. At lower energies, a tritium source is used
to excite fluorescence from targets of Teflon and boric oxide.

Quantum efficiency measurements are made by comparing the XIS devices to a reference CCD that has been
calibrated absolutely using undispersed synchrotron radiation at a PTB beam line of a BESSY synchrotron
storage ring. The reference detector and the test detector are both mounted on a translation stage so that they
can be exposed to the X-ray source with the same illumination geometry.

Each of the flight candidate devices was calibrated at MIT relative to an ACIS flight spare front-illuminated
device, w168c2r. In order to minimize the possible effects of pileup to the relative quantum efficiency mea-
surements, the reference chip was clocked with the same frame time, 8 seconds, as the flight candidate devices.
Despite this, pileup effects are likely relevant at the lowest energies for the back-illuminated devices because of
their much higher quantum efficiency.
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System Energy or Band Total Counts No. of
(keV) (/energy/ccd quad.) Frames

HEXS 2.622 (Cl-K) 2 × 105 per energy 500
6.404 (Fe-K) 450
9.886 (Ge-K) 900

4.952 (V-K) 2 × 105 per energy 400
6.930 (Co-K) 600
7.478 (Ni-K) 550
8.639 (Zn-K) 900

Table 1. Spectral Resolution Measurements

Spectral resolution measurements were made at the energies listed in Table 1. We characterize the FWHM
by fitting a single Gaussian function to the recorded pulse height spectrum. For each of the four detector output
nodes typically at least 2.5E5 counts were detected under the peak of the primary line at each energy.

The quantum efficiency measurements were made at the energies listed in Table 2. Typically at least 1E6
counts were collected at each energy over the array. While we have enough data to map the quantum efficiency on
scales smaller than the telescope PSF (about 2.5 mm half power diameter) we present only the median quantum
efficiency for each detector.

System Energy Total Counts No. of
(keV) (/energy/) Frames

ccd quad.)

Tritium 0.277 (C-K) 2.5 × 104 2000
0.525 (O-K) 2.5 × 105 800
0.677 (F-K) 1200

HEXS 1.489 (Al-K) 2.5 × 105 500
1.740 (Si-K) 450
2.014 (P-K) 500
4.511 (Ti-K) 500
5.899 (Mn-K) 2000
8.048 (Cu-K) 750

Table 2. Quantum Efficiency Measurements in timed-exposure mode (at 8s per frame) with CCD at -90C.

3. RESULTS

3.1. Spectral Resolution

The spectral resolution of the front-illuminated flight candidate devices ranges from around 50eV to 180eV over
the energy range of 0.3 keV to 9.9 keV as shown in Figure 1. The measured resolution at the lowest energy,
277 eV, suffers both from a very low count rate and spectral contamination in the X-ray source. At the highest
energies the resolution suffers slightly from the parallel charge transfer inefficiency (CTI) described in section
3.3.
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The spectral resolution of the back-illuminated flight candidate devices ranges from around 60eV to 170eV
over the energy range of 0.3 keV to 9.9 keV as shown in Figure 2. The resolution at the lowest energies, 277 eV
and 525 eV, suffer from spectral contamination in the X-ray source and, possibly, pileup of events.

The best fit to the FWHM as a function of energy as described by

FWHM(E) =
√

(FWHM0)2 + 2.352G × E (1)

for each device is overplotted as solid lines in both Figures 1 and 2. Here FWHM0 is the (readnoise
limited) minimum FWHM, and G is expected to equal the product of the Fano factor and w, the ionization yield
in silicon. Values of FWHM0 and G fit for each devices are listed in Table 3.

We define the effective readout noise,

σeff = FWHM0/2.35/w (2)

Taking w = 3.65eV/e−, we obtain values for σeff listed in Table 3. We note that σeff exceeds the measured
readout noise of 1.5 - 2.5 e- RMS, probably because many X-ray events occupy more than one pixel. This effect
is larger, at low X-ray energies, for the back-illuminated devices.

Chip FWHM0 G σeff

w1.7c5 31.34 0.529 3.65
w1.7c6 28.08 0.510 3.27
w1.3c6 29.27 0.510 3.41
w1.14c7 31.51 0.508 3.67
w1.8c5 49.89 0.439 5.82
w1.8c2 55.17 0.437 6.43

Table 3. FWHM Fit Values for Flight Candidate Devices

The spectral resolution for the front-illuminated devices was calculated from the 1-, 2-, and 3-pixel events
with a split threshold of 13 adu (one adu is approximately one electron). The same grade selection was used for
the back-illuminated devices, but a split threshold of 7 adu was applied in order to improve the resolution. The
values plotted are the average of all four readout nodes for each device.

3.2. Quantum Efficiency

The median absolute quantum efficiency of each front-illuminated flight candidate is plotted in Figure 3. The
solid lines are the best fit to a simple dead layer model.

The dashed line in Figure 3 is the best fit to the model for a back-illuminated device, w1.11c6. This device
is an engineering rather than a flight device. The quantum efficiency analysis for the flight back-illuminated
detectors is in process at this writing.

3.3. Charge Transfer Inefficiency

At the nominal operating temperature of -90C, the flight candidate devices all have a small but measurable
charge transfer inefficiency (CTI) which is plotted, as a function of energy, in Figure 4.

The CTI at each energy is determined by binning the center pixel pulse heights of X-ray events according to
their row location and then calculating their centroid. A straight line fit to the centroids yields the amount of
charge lost to each transfer.
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Figure 1. Resolution of Flight-candidate Front-illuminated Devices

3.4. Charge Injection
The charge injection study on the devices is described in more detail elsewhere in the proceedings. 3 4

Charge injection was characterized for each of the flight candidate devices. The charge was injected in a
checkerboard pattern such that each column got a single injected packet separated from other injected charge
packets to allow the standard event processing analysis to detect the charge as if it were an X-ray event.

The injected charge is then treated precisely like X-rays would be, including event grade selection and pulse
height summation.

The injected charge as a function of commanded input gate volts for each flight device appears in Figure 5.
Note that we can inject charge with amplitudes ranging from a few hundred to a few thousand eV.

The charge injection capabilities and characteristics are described in much greater detail in Reference 3.
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Figure 2. Resolution of Back Illuminated Devices
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Figure 3. Absolute Quantum Efficiency

Figure 4. Parallel Charge Transfer Inefficiency
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Figure 5. Injected Charge (in units of Equivalent X-ray Energy) for Flight Candidate Devices
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