
Open Research Online
The Open University’s repository of research publications
and other research outputs

Modelling the impact of radiation damage effects in
in-flight and on-ground irradiated Gaia CCDs
Journal Item
How to cite:

Ahmed, S.; Hall, D. J.; Skottfelt, J. M.; Dryer, B.; Holland, A.; Crowley, C. and Hernandez, J. (2022). Modelling
the impact of radiation damage effects in in-flight and on-ground irradiated Gaia CCDs. Journal of Instrumentation,
17(08), article no. C08010.

For guidance on citations see FAQs.

c© 2022 The Author(s)

https://creativecommons.org/licenses/by/4.0/

Version: Version of Record

Link(s) to article on publisher’s website:
http://dx.doi.org/doi:10.1088/1748-0221/17/08/C08010

Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data policy on reuse of materials please consult the policies
page.

oro.open.ac.uk

http://oro.open.ac.uk/help/helpfaq.html
https://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/doi:10.1088/1748-0221/17/08/C08010
http://oro.open.ac.uk/policies.html


Journal of Instrumentation
     

PAPER • OPEN ACCESS

Modelling the impact of radiation damage effects in in-flight and on-
ground irradiated Gaia CCDs
To cite this article: S. Ahmed et al 2022 JINST 17 C08010

 

View the article online for updates and enhancements.

This content was downloaded from IP address 137.108.206.6 on 16/08/2022 at 15:32

https://doi.org/10.1088/1748-0221/17/08/C08010
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvfsOqh0r9xUyq93MEFsL8F-Ni-hAlw74ZB2cC3XqaATmn4oT_D1TpOb3pvckL0krPWwXz7GkdTj48pK8K-QaTuIp9kFiDYuBWcV7ec2hxMdMjB4LgtfdqmLsDichAuPhhrRq8hvrgw9D7QA5pmmZ0gVCp24kMeouVqSYgu-uoGxui66206MnuXqm4E9x40RGSTSCIZBVswjDGB5WU5xFNZpmgx7xr_06Xtnbb6IyKSs-jx35NxbByB8KZnGyVpU8MMHicyKOmCyDATqGYBrz42_XNVI76i8lRmTJmkmM0Dzw&sai=AMfl-YQQ7tzZsKjsgQ1w1J5XzbV07K1Wv73flrMSSHOb15OEKSMkG-nUEnpjTO8O2fAhLb9XvoumHT4v4eJbcmQ&sig=Cg0ArKJSzGvkOfc1Yth0&fbs_aeid=[gw_fbsaeid]&adurl=https://www.electrochem.org/individual-membership%3Futm_source%3DIOP%26utm_medium%3D1640x440%26utm_campaign%3D2022Membership%23community


2
0
2
2

J
I
N
S
T

1
7

C
0
8
0
1
0

Published by IOP Publishing for Sissa Medialab

Received: November 28, 2021
Accepted: June 8, 2022

Published: August 16, 2022

Modelling the impact of radiation damage effects in
in-flight and on-ground irradiated Gaia CCDs

S. Ahmed,𝑎,∗ D.J. Hall,𝑎 J.M. Skottfelt,𝑎 B. Dryer,𝑎 A. Holland,𝑎 C. Crowley𝑏

and J. Hernandez𝑐

𝑎Centre for Electronic Imaging, The Open University,
Milton Keynes, MK7 6AA, U.K.

𝑏HE Space Operations BV for ESA/ESAC, Camino Bajo del Castillo s/n,
28691 Villanueva de la Cañada, Spain

𝑐ESA, European Space Agency Astronomy Centre, Camino Bajo del Castillo s/n,
28691 Villanueva de la Cañada, Spain

E-mail: saad.ahmed@open.ac.uk

Abstract: The European Space Agency’s Gaia spacecraft was launched in 2013 and has been
in operation ever since. It has a focal plane of 106 Charge-Coupled Devices (CCDs) which are
of the CCD91-72 variant, custom designed by Teledyne e2v. The detectors have been making
measurements of parallaxes, positions, velocities, and other physical properties of over one billion
stars and other astronomical objects in the Milky Way. Whilst operating in space, CCDs undergo
non-ionizing displacement damage from incoming radiation. This causes radiation induced trap
defects to form in the silicon lattice which can trap electrons during readout and increase the charge
transfer inefficiency (CTI) of the devices significantly. From analysis of in-flight charge calibration
data, Gaia’s CTI values have been measured to be lower than what was expected based on the
on-ground pre-flight tests. In this study, the CTI and trap landscape in both in-flight and irradiated
on-ground devices are modelled to fit the new datasets. This was done thanks to the help of a
detector simulation toolkit called Pyxel which implemented a version of a CTI model developed
for Gaia called the Charge Distortion Model (CDM). These results provide more insights into the
nature of radiation damage and the resulting trap landscapes, both in space and from on-ground
irradiations.
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1 Introduction

The Gaia spacecraft is a European Space Agency (ESA) observatory that utilises a focal plane of
106 charge-coupled devices (CCDs) to map out the Milky Way [1]. CCDs in space suffer from
performance degradation over time due to radiation damage. Interstellar radiation leads to the
formation of trap defects in the silicon; these capture electrons from signals and release them on
probabilistic timescales causing charge loss and forming charge tails. This is known as Charge
Transfer Inefficiency (CTI). The CTI degradation on-board Gaia has been measured to be lower
than what was predicted given pre-flight laboratory tests. By performing simulations that forward
model the CCD data, properties of the trap defects causing CTI in the devices can be better
understood [2, 3].

2 Pyxel

Pyxel is a detector simulation framework, developed to promote reusability, reliability, and knowl-
edge transfer in instrumentation research. It hosts a suite of different algorithms that can be used
to simulate a variety of detectors effects, such as CTI. It also has several different running modes
including a calibration mode that optimizes model and detector parameters to fit a user-defined
target dataset [4]. In this work, Pyxel’s calibration mode was used with an implementation of
a CTI model called the Charge Distortion Model (CDM) to find the best parameters that would
describe the CTI behaviour in the Gaia data [5].

Figure 1 details the charge tails of a single trap species, as simulated by CDM and by a more
physically realistic but computationally expensive model called C3TM [6]. A single trap can be
fitted with a single exponential fit in CDM but requires multiple fits when using C3TM. While
CDM is reliable at finding parameters that best fit the data, these may not necessarily be physically
accurate as it does not simulate all the physical effects, such as charge recapture [6].
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Figure 1. Charge tails produced from a single trap species as simulated by CDM on the left and C3TM on
the right. Fits are also made at different points in the C3TM charge tail, illustrating non-linear behaviour.

3 In-flight and on-ground CTI comparison

3.1 Data

In-flight charge calibration data is routinely obtained from Gaia to track the in-flight CTI over
time. Analysis of this data has revealed that the in-flight CTI after more than five years in orbit was
measured to be lower than the expected CTI level from Gaia’s pre-flight tests [3]. This suggests
that the on-ground irradiations and subsequent radiation damage during the pre-flight tests were
not reflective of radiation damage in space. For the case of Gaia, the on-ground irradiations were
performed at room-temperature which are known to produce different trap landscapes as compared
to cryogenic irradiations that are more reflective of in-flight conditions [7]. In order to compare
the CTI measurements and the irradiation effects between in-flight and on-ground conditions, a
new set of on-ground charge calibration data was obtained in the same format as the in-flight data,
using a Gaia CCD91-72 flight-spare in the laboratory.

The on-ground charge calibration data was taken from a room-temperature irradiated device,
before and after it was irradiated. The room temperature irradiations were performed at the
predicted fluence levels during Gaia’s pre-flight testing phase. The in-flight charge calibra-
tion data was taken from May 2014 and December 2019 to represent more than five years of
irradiation in space. Pyxel was used on the in-flight and on-ground datasets respectively to mea-
sure the differences in the radiation-induced trap defect landscapes resulting from these different
conditions.

3.2 Simulation results

Pyxel’s calibration mode was used to find the best CDM parameters that would describe the CTI
behaviour in the in-flight and on-ground datasets; these are highlighted in tables 1 and 2. The
fitted CDM parameters represent the emission time constant and densities of the trap defects.

– 2 –
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Table 1. Best fit trap parameters for the on-ground charge calibration data.
Trap No. τe(s) Trap density (traps/cm3)

1 5.0 ×10−4 8.0 ×108

2 3.7 ×10−3 3.6 ×108

3 3.1 ×10−2 1.2 ×109

Table 2. Best fit trap parameters for the in-flight charge calibration data.
Trap No. τe(s) Trap density (traps/cm3)

1 4.7 ×10−4 6.9 ×108

2 3.6 ×10−3 2.5 ×108

3 2.3 ×10−2 4.2 ×108

4 Discussion

When comparing the three fitted emission time constants between the results for the in-flight and
the on-ground data, it is noted that while the orders of magnitude are the same between the two
datasets, the fitted values are not. Furthermore, the emission time constants in tables 1 and 2 do
not match values of any real, physical traps when comparing the results with trap landscapes from
other studies [7].

As discussed previously, CDM does not simulate all the physical effects and the fitted traps are
the best fits from a collection of multiple physical trap defects producing non-linear effects. This
would indicate that the fitted trap densities are not physically realistic as well but a combination
of several effects. Given previous results, the ‘divacancy’, the ‘unknown’ and the ‘continuum’ are
the likely trap defects to be acting in this region [6, 7]. The CDM calibration results are able to
reproduce the charge calibration data very accurately. To get the most likely trap defect landscapes
however, the results will need to be compared with C3TM simulations.

5 Conclusion

Simulations were performed on charge data to find the best trap defect parameters that describe
the CTI in in-flight and on-ground Gaia data. While similar results were obtained between the two
datasets, likely indicating the presence of similar defects, the emission time constant results did
not match any physical values due to the limitations of the CDM. More investigations need to be
done with more physically realistic models in conjunction with Pyxel and CDM to obtain a greater
understanding of the trap defect landscape in irradiated Gaia CCDs.
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