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Abstract. We report on the results of an experiment to determine the effects of radiation dam-
age caused by high-energy protons on an x-ray hybrid CMOS detector. This detector was utilized
in a previous proton radiation experiment, which delivered a total dose to a selected region of
~3 krad (Si). With updated hardware and experimental procedures, we further irradiated the
detector with 7-MeV protons, delivering an additional 1.5 krad (Si) (2.78 X 10° protons/cm?
10 MeV equivalent) with increased uniformity to an overlapping region. The effects of this radi-
ation on several important detector characteristics were analyzed after delivering doses of 0.5 and
1.0 krad. After 16 h of annealing at room temperature, detector performance was found to be
unchanged in both cases. © 2020 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOL: 10
1117/1.JATIS.6.1.016002]
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1 Introduction

To properly design and plan for future x-ray space telescopes, it is necessary to understand the
long-term effects of operating a sensitive imaging device in a high-energy radiation environment.
The precise effects of radiation damage on various solid-state imaging devices is a well-
documented field, with many methodical studies and thorough simulations over the past several
decades.'® The relevant physics and damage mechanisms will not be discussed in-depth in this
work, but a high-level overview can be found in Srour et al.’ The interaction process being
explored by this experiment is that of displacement damage in the silicon lattice. In orbit, this
damage is typically caused by high-energy protons and electrons, and is the primary cause of
performance degradation in space-based solid-state imaging arrays.” For a device in low-Earth
orbit, the largest fraction of total damage comes from energetic protons (1 to 100 MeV) that
are capable of penetrating through the detector shielding. Although the effects of radiation dam-
age in silicon tend to follow a general trend, precise results are a strong function of device
architecture.

Of particular interest are radiation damage studies performed on the current generation of
x-ray telescopes, including the Chandra X-ray Observatory,®"' XMM-Newton, ' and the Neil
Gehrels Swift Observatory.'*!* After the launch of Chandra, it was found that low-energy
(~100 keV) protons were unexpectedly being focused by the x-ray optics into the focal plane
of the instrument.'>'® This led to a rapid increase in charge transfer inefficiency of the front-
illuminated CCDs on board and motivated a change in procedure to translate the Advanced CCD
Imaging Spectrometer (ACIS) out of the focal plane during passages of the Earth’s radiation
belts. By closely monitoring the performance of the devices in the focal plane of these instru-
ments, we gain a better understanding of the practical consequences of radiation damage in space
telescopes. This knowledge can then be used to perform ground-based experiments that will

*Address all correspondence to Evan Bray, E-mail: Bray.EvanP @ gmail.com

2329-4124/2020/$28.00 © 2020 SPIE

J. Astron. Telesc. Instrum. Syst. 016002-1 Jan-Mar 2020 « Vol. 6(1)


https://doi.org/10.1117/1.JATIS.6.1.016002
https://doi.org/10.1117/1.JATIS.6.1.016002
https://doi.org/10.1117/1.JATIS.6.1.016002
https://doi.org/10.1117/1.JATIS.6.1.016002
https://doi.org/10.1117/1.JATIS.6.1.016002
https://doi.org/10.1117/1.JATIS.6.1.016002
mailto:Bray.EvanP@gmail.com
mailto:Bray.EvanP@gmail.com
mailto:Bray.EvanP@gmail.com

Bray et al.: High-energy proton radiation damage experiment on a hybrid CMOS detector

Bray et al. 2018

Fig. 1 A single frame taken by HIRG-161, with the regions damaged by proton radiation overlaid.

more accurately reflect the characteristics of a detector in orbit. While a satellite’s radiation
environment can vary significantly depending on its orbital parameters, a common region of
interest is that of low-Earth orbit, just below the radiation belts. For a telescope in this orbit,
such as Hubble or Swift, 1.5 krad corresponds to ~9 years of cumulative radiation damage from
high-energy protons.!”

The detector used in this experiment is an engineering-grade HyViSI HIRG hybrid CMOS
detector (HCD) fabricated by Teledyne Imaging Sensors, which we are characterizing for the
purposes of x-ray astronomy. It comprises 1024 x 1024 pixels with an 18-um pitch and a
100-pum-thick silicon absorber layer. Prior to this work, this detector was irradiated at the
Edwards Accelerator Laboratory using a different technique and received a cumulative dose of
3 krad (Si). The results of this irradiation are described by Bray et al.'® (hereafter paper 1), and
the overlap in irradiated regions between works is shown in Fig. 1. To achieve a higher degree of
radiation uniformity, the experimental procedure from paper 1 was improved upon in order to
guarantee an even exposure of the device. Simultaneously, this work utilizes a different set of
detector hardware and a more optimized set of data taking procedures to better determine detec-
tor characteristics. Recent progress in characterizing HCDs for x-ray astronomy applications is
discussed in several recent papers.'*>*

2 Experimental Setup

This experiment was performed at the Edwards Accelerator Laboratory, which is operated by the
Department of Physics and Astronomy at Ohio University. The detector setup was mounted on a
beam line at the tandem electrostatic accelerator, as shown in Fig. 2. Protons of 8§ MeV were
incident on a 25-um-thick tungsten scattering foil. After Rutherford scattering at an angle of
60 deg, the proton beam is degraded to 7 MeV with an energy spread of 0.7%. A silicon detector
used for calibration was placed at an angle of 168 deg (calibration detector 1 in Fig. 2), and a
second silicon detector was placed at the position that would later be occupied by the HCD. Once
the flux scaling relation was determined between these two devices, the second silicon detector
was replaced with the HCD. Dosimetry at the location of the HCD could be determined by
measuring the flux incident on calibration detector 1. The final absorbed dose was delivered
at a rate of 0.25 krad/h and was controlled by facility staff. Total uncertainty in the proton flux
arriving at the center of the irradiated region is calculated to be 2%.

The incident protons impart a fraction of their energy at many points along their travel path as
they inelastically scatter off atoms in the silicon lattice of the detector. However, a majority of
their energy (and hence, the displacement damage) is delivered immediately before the incident
particles come to rest. This is known as the Bragg peak and is a property of ionizing radiation that
is traveling through matter. For the 7-MeV protons used here, the stopping distance in silicon is
386 um, which is located within the readout integrated circuit (ROIC) layer of this backside-
illuminated detector. An illustration of this phenomenon is shown in Fig. 3.

During irradiation, the detector was masked with tungsten sheets, cooled to a temperature
of 130 K, and left unbiased. Because the SIDECAR used in this setup is a cryogenic model,
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Calibration detector 1

Fig. 2 A schematic representation of the experimental setup used for exposing the detector to
high-energy protons via Rutherford scattering. The HCD was located at 60 deg to the beam axis,
and a separate Si detector used for calibrating the required exposure length was located close to
the tungsten foil at an angle of 168 deg.
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Fig. 3 Two plots generated using SRIM-20082* showing (a) stopping range and (b) displacement
damage events per unit travel distance for 7-MeV protons in silicon.

the detector must be cooled to this level in order for the SIDECAR to reach its operating temper-
ature of 180 K through a longer thermal path. Previous hardware setups that did not utilize a
cryogenic SIDECAR showed detector performance that did not change appreciably between oper-
ation at 150 versus 130 K. After the radiation was delivered, the detector was allowed to warm up
overnight before being cooled the following day to begin postirradiation characterization.

3 Postirradiation Characterization

The detector was irradiated with the methods described in Sec. 2 on two separate visits, separated
about one month. The first visit delivered 0.5 krad, while the second delivered an additional
1 krad. In both cases, detector performance was characterized at several epochs after irradiation.
The properties that were examined in this fashion include read noise (Sec. 3.1), dark current
(Sec. 3.2), gain, and energy resolution (Sec. 3.3). Our results show that, after ~16 h at room
temperature, detector characteristics have returned to preirradiation levels after both doses.
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After the radiation is delivered, detector characteristics are expected to change over time
through a process called “annealing.” This is the result of the mobile vacancies and defects pro-
duced in the silicon lattice reorganizing themselves into less harmful and more stable configu-
rations. This process is highly temperature dependent and is often aided by baking out the
detector at temperatures as high as 100°C. The effectiveness and potential of annealing during
space missions is still a subject of ongoing study and is strongly dependent on detector archi-
tecture and fine details of the spacecraft design. One well-known example is the case of ACIS on
board Chandra, where overall instrument performance was found to decrease after annealing at
30°C for 8 h. The cause of this behavior is likely due to a combination of factors, including
charge trap reorganization, secondary defect generation, and increasing contaminant outgassing
and accumulation rates.>® Because these factors can be difficult to predict, the most reliable
way to determine how a particular instrument will respond to radiation and the subsequent
annealing process is through direct experimentation.

3.1 Read Noise

Read noise is evaluated for each individual pixel by analyzing pixel values for a large sample
of images. By calculating read noise in this way, we can identify regions of the detector that
are intrinsically noisier than others, as well as determine which precise region of the detector
was irradiated. Examples of this technique at several epochs are shown in Fig. 4. After a large
initial shift, read noise gradually returned to preirradiation levels over the next 24 h. A histogram
comparing the pre- and post-irradiation values is shown in Fig. 5.

3.2 Dark Current

We measured the dark current by performing nondestructive reads of the detector during a series
of 1-h ramps. No x-ray source was on while the images were being collected, and the ramps are
strung together end-to-end so that the accumulated dark signal can be distinguished from the
noise floor. We then determine dark current for each individual pixel by performing a linear fit to
the measured pixel values across the entire data run. Dark current images are shown in Fig. 6.
Due to time requirements, it was not possible to obtain a measurement of dark current immedi-
ately after irradiation, and the soonest that was feasible was the following day.

Removal of cosmic rays is performed by flagging pixel values that exhibited a sudden large
increase in signal between frames. These data, along with the values in the eight surrounding
pixels, are then removed prior to performing linear fits. This allows a relatively accurate
measurement to be obtained even for pixels that had a portion of their data spoiled by back-
ground radiation. After an overnight anneal at room temperature, dark current was found to
be unchanged from preirradiation levels.
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Fig. 4 A map of the read noise across the detector as measured at the Pennsylvania State
University (PSU) (a) before receiving a 1-krad dose, (b) 5 min after receiving a 1-krad dose, and
(c) 18 h after receiving a 1-krad dose, measured at Ohio University. A large initial shift can be seen
immediately after irradiation, which then becomes increasingly faint over the course of the next
24 h. Differences between the 16 readout channels appear as vertical stripes in all images. It is
worthy noting the increased number of background radiation events in the middle panel.
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Fig. 5 Distribution of (a) read noise and (b) dark current values before and after receiving a 1-krad
dose. Median values remain unchanged from preirradiation levels in both cases. Preirradiation
curves were taken at PSU, while the postirradiation curves were obtained shortly after irradiation
at Ohio University. The slightly elevated tail on the dark current histogram is likely due to the
increased background radiation present at the radiation facility and its imperfect removal in the
data analysis.
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Fig. 6 A map of the dark current across the detector as measured (a) before receiving a 1-krad
dose and (b) 24 h after receiving a 1-krad dose. The irradiated region on the bottom half of the
detector remains unchanged from its preirradiation levels. The bright region in the top half of the
detector is a voltage-dependent defect that leads to higher dark current in a localized area for
this particular engineering-grade detector and is not caused by radiation damage.

3.3 Energy Resolution

Detector gain and energy resolution were measured by mounting an 3Fe source on a movable
shutter inside the vacuum chamber which allowed the source to be moved in and out of the
detector field of view. Immediately after irradiation, a distinct shift in the digital number
(DN) value of the centroid peak was observed. We believe that this is due to an actual shift
in the gain of the readout amplifiers in the ROIC, as opposed to a decrease in the number
of electrons that are produced by each x-ray that is reaching the collection node, due to a lack
of “trailing charge” seen in event pixels during subsequent frames. After being allowed to warm
to room temperature overnight, the energy resolution was found not to be significantly degraded
from its preirradiation value. Because the HIRG architecture exhibits a significant amount of
interpixel capacitance (IPC), the energy resolution of this detector at 5.9 keV is limited to ~7.5%.
It should be noted that the problem of IPC has been solved in new generations of HCDs by
utilizing capacitive trans-impedance amplifiers in the ROIC design, and that x-ray HCDs have
achieved an energy resolution as low as 2.5% at 5.9 keV.*>*
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Table 1 A summary of detector characteristics before and after the radiation dose described in
this work. Additional cumulative dose refers to the dose of radiation that was applied to the lower
half of the detector, as shown in Fig. 1. A portion of that region had received an earlier dose of
~3 krad.

Dark current

Additional Read noise (e”) (e™/s/pixel)

cumulative Gain AE/E at
dose (krad) Median sp? Median sD? (DN/e7) 5.9 keV (%)
0 9.68 +0.02 2.06 0.009 =+ 0.001° 0.010 0.588 7.5

0.5 (after 24 h) 9.65 +0.02 2.14 0.009 + 0.001° 0.008 0.594 7.6

1.5 (after 24 h) 9.71+£0.02 2.13 0.009 + 0.001° 0.011 0.585 7.6

2Denotes standard deviation of the population of pixels within the irradiated region.
bTotal uncertainty is dominated by systematic uncertainty due temperature control of the test stand.

4 Conclusion

After analyzing the data taken both pre- and post-irradiation, our findings show results that are
consistent with previous experiments on similar devices. Specifically, the detector shows an ini-
tial degradation of read noise, dark current, and gain, followed by a slow annealing process that
occurs on the timescale of ~12h. After being warmed to room temperature overnight, no mea-
surable amount of performance degradation was realized in read noise, dark current, gain, or
energy resolution. These results are summarized in Table 1 and appear to indicate that only
a modest level of annealing is necessary to preserve performance characteristics of detector.
By continuing to test new generations of detectors using the methods described here, we can
determine the extent to which x-ray HCDs can reliably operate in a space-like environment to
meet the science goals of future large-scale missions.
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